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Mechanistic Dissection of RNA-Binding Proteins in Regulated
Gene Expression at Chromatin Levels

Jia-Yu Chen, Do-Hwan Lim, Xiang-Dong Fu
Department of Cellular and Molecular Medicine, Institute of Genomic Medicine, University of
California, San Diego, La Jolla, California 92093, USA

Abstract

Eukaryotic genomes are known to prevalently transcribe diverse classes of RNAs, virtually all of
which, including nascent RNAs from protein-coding genes, are now recognized to have regulatory
functions in gene expression, suggesting that RNAs are both the products and the regulators of
gene expression. Their functions must enlist specific RNA-binding proteins (RBPs) to execute
their regulatory activities, and recent evidence suggests that nearly all biochemically defined
chromatin regions in the human genome, whether defined for gene activation or silencing, have the
involvement of specific RBPs. Interestingly, the boundary between RNA- and DNA-binding
proteins is also melting, as many DNA-binding proteins traditionally studied in the context of
transcription are able to bind RNAs, some of which may simultaneously bind both DNA and RNA
to facilitate network interactions in three-dimensional (3D) genome. In this review, we focus on
RBPs that function at chromatin levels, with particular emphasis on their mechanisms of action in
regulated gene expression, which is intended to facilitate future functional and mechanistic
dissection of chromatin-associated RBPs.

The traditional view of transcription is to produce either structural RNAs or protein-coding
mRNAs. Specific structural RNAs are assembled into various RNA machines to catalyze
specific biochemical reactions, and protein-coding RNAs are processed in the nucleus (such
as capping, splicing, and polyadenylation) and then exported to the cytoplasm to translate
into proteins. The advent of deepsequencing technologies has now revealed that mammalian
genomes are far more active in transcription (Djebali et al. 2012), generating a large
repertoire of regulatory RNAs, including long noncoding RNAs (IncRNAs) (Long et al.
2017), repeat-derived RNAs (Johnson and Straight 2017), and enhancer RNAs (eRNAs) (Li
et al. 2016). Even protein-coding genes are producing various smaller RNA species that are
either cause or consequence of regulated gene expression as a result of divergent or
convergent transcription and transcription pausing and pause release (Wissink et al. 2019).
Most regulatory RNAs are predominantly retained in the nucleus (Li and Fu 2019), where
they may modulate gene expression at different steps of transcription on specific
transcription units or genomic loci (Skalska et al. 2017), remodel chromatin structures and
dynamics (Bohmdorfer and Wierzbicki 2015), and mediate long-distance genomic
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interactions (Schoenfelder and Fraser 2019), together contributing to the organization of the
three-dimensional (3D) genome.

RNA molecules contain a series of single- and double-stranded regions that enable them to
interact with DNA, RNA, and protein, thus providing versatile structural modules that are
distinct from those in proteins to mediate network interactions. Through functional
dissection of specific RNA metabolism pathways, a large number of RNA-binding proteins
(RBPs) have been characterized, which often process unique structural motifs for direct
contact with RNA sequences, base compositions and modifications, polynucleotide
backbone, double-stranded regions, or RNA tertiary structures. However, recent global
surveys of RBPs reveal ~ 1500 RBPs encoded by mammalian genomes, many of which do
not carry canonical RNA-binding domains (Hentze et al. 2018). It is particularly interesting
to note that many DNA-binding proteins are also able to directly bind RNA through either
the same or distinct nucleic acid recognition motif(s), which are collectively termed DNA/
RNA-binding proteins (DRBPs) (Hudson and Ortlund 2014). Consequently, many traditional
DNA-binding transcription factors (TFs) may also function as RBPs in mammalian cells.
These DRBPs are exemplified by many zinc-finger proteins, which often contain multiple
fingers in the same polypeptides with divided tasks in interacting with DNA, RNA, and/or
protein.

Given prevalent transcription activities in mammalian genomes, our recent large-scale
chromatin immunoprecipitation sequencing (ChIP-seq) analysis of RBPs reveals that nearly
all biochemically defined chromatin regions (based on RNA production, chromatin marks,
and accessible chromatin regions) in the human genome involve specific RBPs, and a
significant fraction of these nuclear RBPs appear to directly participate in transcriptional
control (Xiao et al. 2019). In this review, we focus on RBPs that function at chromatin
levels. We highlight recent advances in detecting RBP-chromatin interactions and in
dissecting their mechanisms in transcriptional control and co-transcription RNA processing
through acting on selective “hotspots” on chromatin to aid in future research to (i)
understand a suspected function of an RBP on chromatin, (ii) probe the regulatory activity of
a chromatin-associated RNA through identifying and characterizing its associated RBPs,
(iii) dissect a specific chromatin activity that may involve both regulatory RNAs and RBPs,
or (iv) deduce global DNA-RNA—protein networks in 3D genome critical for specific
biological processes. Because of limited space, we select specific examples to illustrate how
to experimentally approach the function and mechanism of chromatin-associated RBPs,
rather than trying to be comprehensive in covering all related literature on regulatory RNAs
and RBPs. Readers are directed to the outstanding reviews on such topics cited above.

STRATEGIES TO DETECT CHROMATIN-ASSOCIATED RBPs

Chromatin-associated RBPs can be detected either on an individual basis or at the genome-
wide scale. If the experimental goal is to explore a suspected function of a specific RBP on
chromatin (Fig. 1A), the first step is to perform ChlP-seq if specific antibody is available or
through genomic tagging using the CRISPR technology to determine the binding pattern of
the RBP of interest on chromatin, essentially treating the RBP under investigation as a
candidate TF. Options for genomic tagging include in-frame insertion of a GFP, FLAG, or
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SPY tag to the endogenous gene (Zakeri et al. 2012; Kimple et al. 2013). Multiple variations
of ChlIP-seq may be chosen, including ChlP-exonuclease (ChIP-exo) to increase the
resolution (Rhee and Pugh 2011) or ChIPmentation to improve the robustness in library
construction (Schmidl et al. 2015). More sophisticated variations include CUT&RUN and
CUT&Tag, which use a Protein A-Micrococcal Nuclease or a Protein-A-Tn5 fusion protein
to recognize chromatin-bound antibody (Skene and Henikoff 2017; Kaya-Okur et al. 2019).
These techniques would avoid cross-linking and the harsh sonication step as in standard
ChiIP-seq. Deduced RBP-binding peaks can lead to functional and mechanistic studies
through motif identification (Landt et al. 2012), Gene Ontology (GO)-term and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment analyses (Kanehisa and Goto
2000; The Gene Ontology Consortium 2019), and cobinding analyses by using existing
ChiIP-seq data for known TFs and other RBPs (Xiao et al. 2019).

Before mechanistic dissection, two important questions may be addressed. The first is to
determine whether the RBP of interest binds chromatin in an RNA-dependent manner. This
can be addressed by using RNase A to treat permeabilized cells before ChlP-seq or using a
drug, such as a-amanitin, to block transcription to determine the dependence on nascent
RNA production. The second question is to identify specific RNAs that might mediate the
interaction of the RBP with chromatin, which may not be as straightforward as it might
sound. One approach is to sequence RNA, rather than DNA, in the IPed sample by RNA
immunoprecipitation (RIP) (Gilbert and Svejstrup 2006) or formaldehyde RIP (fRIP)
(Hendrickson et al. 2016). As these techniques do not differentiate direct from indirect
binding, a better choice would be cross-linking immunoprecipitation (CLIP) (Lee and Ule
2018). still, the problem is twofold: RBPs may bind RNAs both on and beyond chromatin
and the RNA-binding profiles for most RBPs rarely match with those detected by ChlP-seq
(Ji et al. 2013; Van Nostrand et al. 2018). One potential solution to this problem is to
perform CLIP on biochemically enriched chromatin fractions, which may provide critical
insights into RNA-guided interactions with DNA. This may be amenable with cis-acting
RNAs, but it is quite challenging to link RBP—chromatin interactions mediated by #rans-
acting RNAs. However, this is readily approachable if a study begins with a specific
chromatin-associated noncoding RNA and the goal is to understand the function and
mechanism of such potential regulatory RNA on chromatin by identifying its interaction
with DNA and then searching for potential RBPs involved (Fig. 1B). For this experimental
goal, established RNA capture strategies could be used to identify the associated DNA and
proteins, as exemplified by a set of related methods, such as ChIRP (Chu et al. 2011; Quinn
et al. 2014), CHART (Simon et al. 2011), RAP (Engreitz et al. 2013), R3C (Zhang et al.
2014), and a potential dCas13-based approach similar to that using a dCas9-based strategy
to target a specific genomic loci (Tsui et al. 2018). Additionally, RNA-linked chromatin
architecture could be approached with HIChIRP (Mumbach et al. 2019), and RNA-RNA
interactions with hiCLIP (Sugimoto et al. 2015). These technologies enable the elucidation
of potential DNA-, RNA-, and protein-mediated network interactions in 3D genome.

Given that all active chromatin regions are suspected to involve regulatory RNAs and RBPs,
it would require strategies to identify specific RNAs and RBPs at a specific genomic locus

or genome-wide that are linked to a specific epigenetic event or a regulated gene expression
program (Fig. 1C). A specific nucleic acid probe (Dejardin and Kingston 2009) or a dCas9-
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based strategy (Tsui et al. 2018) have been developed to detect locus-specific interactions by
capture followed by genomic or proteomic profiling. To identify potential regulatory RNAs
and RBPs associated with an epigenetic event, IP-coupled chromatin proteomic profiling
would provide a general approach. This strategy has been applied to specific histone-marked
genomic regions, uncovering multiple RBPs in complex with specific histone modification
events (Ji et al. 2015). Conversely, regulated gene expression may enlist proteins that interact
with nascent RNAs from various genomic regions, which can be approached by ethynyl
uridine (EU) labeling to enable nascent RNAs to react with azide-biotin for streptavidin
enrichment, which has uncovered many noncanonical RBPs that are well-known TFs and
chromatin remodelers (Bao et al. 2018). In fact, EU may be combined with 4-thiouridine
(4sV) labeling to enhance protein—-RNA cross-linking (Huang et al. 2018). We may also
envision a general strategy to systematically identify chromatin-associated RBPs by loading
a biotinlabeled adaptor to Tn5 (Lai et al. 2018) to access all open chromatin regions
followed by streptavidin enrichment and proteomic profiling. This approach would enable
unbiased survey of annotated RBPs on chromatin in different cell types.

DEFINING THE FUNCTIONAL IMPACT OF CHROMATIN-ASSOCIATED RBPs
ON GENE EXPRESSION

Chromatin-associated RBPs may have direct roles in transcription or mediate
cotranscriptional processing or both. It is thus critical to measure their functional impacts
before investigating the mechanism of their actions. RNA-seq following knockdown has
been typically used to quickly assess the functional consequence; however, the data do not
necessarily reflect regulated gene expression at the level of transcription because steady state
RNA is the collective consequence of transcription, RNA processing, and stability as well as
indirect effects induced by knockdown of a specific RBP To determine potential impact on
transcription, the most straightforward assay is global nuclear run-on (GRO-seq), which
measures nascent RNA production (Core et al. 2008).

To help differentiate between direct versus indirect effects, one may determine whether
RBP-chromatin interactions are linked to target genes the RBP binds, assuming that bound
target genes are more affected than unbound genes. However, if the RBP under investigation
preferentially binds intergenic regions, such as enhancers, it would be important to link
individual binding events to likely target genes (Yao et al. 2015). Most studies infer the
closest genes as targets for enhancers, which is reasonable for metagene analysis, but there
are numerous exceptions to this assumption, as many enhancers may engage in long-
distance interactions with target gene promoters through DNA looping, thus skipping the
nearest neighboring genes (Schoenfelder and Fraser 2019). As transcription is a multistep
process from the assembly of preinitiation complex (PIC) to transcription pausing and pause
release to productive elongation to termination; various high-throughput technologies for
analyzing different portions of nascent RNAs have been developed for mechanistic
dissection. Readers are referred to a recent thorough review on these technologies and their
applications to addressing specific mechanistic questions (Wissink et al. 2019).
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If an RBP is suspected to play a direct role in transcription, it is often informative to survey
its impact on the behavior of specific RNA polymerases. Using Pol Il as an example, the
carboxy-terminal domain (CTD) of the largest subunit is posttranslationally modified, and
specific modification events have been linked to different steps in transcription according to
the so-called CTD code (Hsin and Manley 2012). Therefore, quantifying those modification
events and mapping them to chromatin by ChlIP-seq in response to RBP knockdown are
often informative to pinpoint a specific transcription step(s) being regulated (Takeuchi et al.
2018). Moreover, altered transcription is frequently linked to modified histones according to
the histone code hypothesis (Jenuwein and Allis 2001), which can also be used to
characterize the regulation of the epigenetic landscape by a specific chromatin-associated
RBP.

Chromatin-bound RBPs are not necessarily involved in transcription, but rather in coupling
transcription with downstream RNA processing events, which can affect RNA fates by
multiple mechanisms. A battery of high-throughput technologies may be used to pinpoint
changes in RNA fate. RNA-seq is again a powerful strategy to obtain the first approximation
on differential gene expression. Resultant high-density reads can be aligned to the reference
genome to deduce alternative splicing events by using rMATS (Shen et al. 2014). Various
strategies to sequence the 3" end of mMRNAs can be used to quantify changes in steady state
MRNAs as well as evaluate potential alternative polyadenylation (Zhou et al. 2014).
Cotranscriptional RNA modifications can be determined by mapping specific modification
events, such as m6A and YU, in mRNAs (Limbach and Paulines 2017). Functional impacts
can be evaluated with 4sU-based methods in pulse-chase experiments for RNA stability
(Tani and Akimitsu 2012), with subcellular fractionation and RNA sequencing (Frac-seq) for
RNA export by performing separate RNA-seq analyses on cytoplasmic versus nuclear RNAs
(Sterne-Weiler et al. 2013), and with ribosome profiling (Ribo-seq) for translational control
(Ingolia et al. 2009). As an RBP may perform any of those functions independent of their
association with chromatin, it has been a great challenge to determine whether their
chromatin-binding activities contribute to specific functional impacts.

ACTIONS AND MECHANISMS OF RBPs ON CHROMATIN

Below, we discuss specific RBPs that have been characterized to some mechanistic details to
illustrate how RBPs may be coupled with regulatory RNAs to control gene expression via
their actions on chromatin.

RBPs as Part of RNA Polymerase Complexes

Multiple RBPs are known to be either part of the Pol 11 holoenzyme or PIC that contains Pol
I1. In fact, the active center cleft of Pol Il has been found to be able to bind B2 noncoding
RNA transcribed from a repeat (SINE) element (Kettenberger et al. 2006), which can
potently inhibit transcription initiation (Espinoza et al. 2004). One of the Pol Il subunit
POLR2G (aka RPB7) contains a putative RNA-binding domain, which can bind DNA and
RNA with similar affinity (Meka et al. 2005). As part of Pol 11, this subunit sits close to the
RNA exit channel and may play a critical role in transcription elongation. Interestingly, this
Pol 1l subunit forms a heterodimer with POLR2D (aka RPB4), which has been recognized to
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modulate 3’-end formation of a subset of MRNAS in yeast, suggesting that it may play a
critical role in polyadenylation-coupled transcription termination (Runner et al. 2008). By
colP, the RBP SFPQ has been reported to tightly associate with Pol 11 and modulate its
phosphorylation in the Ser2 positions to influence transcription elongation (Takeuchi et al.
2018). Collectively, these findings illustrate that the Pol Il complex has the capacity to bind
RNA, either through its own active site or an RNA-binding subunit or a tightly associated
RBP, thus rendering the Pol Il machinery a direct target for modulation by regulatory RNAs.

Promoters as Hotspots for RBP Actions

Initiation of transcription requires the accessibility of gene promoters to DNA-binding TFs,
and a recent large-scale survey of RBPs reveals that gene promoters are also the most
predominant hotspots for RBPs (Xiao et al. 2019). Although it is entirely conceivable that
various downstream RNA processing events may begin via promoter-associated RBPs (see
below), increasing evidence suggests that RBPs may have direct roles in facilitating
chromatin accessibility to aid in transcription initiation. The formation of non-B DNA
structure, such as Z-DNA, is known to contribute to the formation of nucleosome-free
chromatin regions (Liu et al. 2006; Mulholland et al. 2012) to license transcription activation
(Fig. 2A,; Shin et al. 2016). Interestingly, ADARL, a double-stranded RBP functioning in
RNA editing (Nishikura 2010), appears to have the capacity to bind Z-DNA to enhance gene
expression (Oh et al. 2002). Many gene promoters contain CpG islands. G-rich sequences
have been suggested to form G-quadruplex (G4), and the RBP HNRNPAL appears to help
unfold such G4 DNA, thus altering the chromatin accessibility (Fig. 2B; Paramasivam et al.
2009). Interestingly, the opposite C-rich strand has also been postulated to form a
fourstranded DNA referred to as “i-motif,” a structure that a recent study suggests does form
in the cell (Zeraati et al. 2018), and HNRNPLL and several other RBPs appear to bind and
unfold this motif to activate transcription (Fig. 2B; Kang et al. 2014; Abou Assi et al. 2018).
The exposed single-stranded DNA (ssDNA) region at promoters is a potential platform for
RBPs to act on, especially by those RBPs containing a KHdomain or RRM motif that has
been long recognized to also bind ssDNA (Fig. 2B; Maris et al. 2005; Valverde et al. 2008).
These findings together suggest that RBPs may participate in the formation and resolution of
various non-B DNA structures to modulate chromatin accessibility, thus modulating
transcription.

Most gene promoters in mammalian genomes are now known to be regulated by
transcription pausing and pause release in promoter-proximal regions (Core and Adelman
2019). A large number of gene promoters contain CpG islands, which promote the formation
of R-loop, a threestranded RNA/DNA structure in which nascent RNA anneals back to
template DNA (Ginno et al. 2012). The ability of hascent RNA to invade into duplex DNA is
greatly enhanced by the high propensity of nontemplate DNA to form G4-like structure, and,
thus, R-loops are tightly associated with GC-skewed (G-rich sequence in nontemplate and
C-rich sequence in template DNA) promoter regions (Chen et al. 2017b). R-loop formation
is likely part of the mechanism for Pol 1l pausing (Chen et al. 2017b), which has been
thought to repress gene expression and induce genome instability (Skourti-Stathaki and
Proudfoot 2014). However, recent studies show that R-loop formation is also linked to gene
activation, perhaps by facilitating the recruitment of chromatin remodeler, such as Tip60
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(Fig. 2C; Chen et al. 2015), thereby enhancing TF binding (Boque-Sastre et al. 2015).
Because RNA is a key participant in R-loop formation, various RBPs have been shown to
modulate R-loop formation and/or resolution, which creates opportunities for RBPs to
positively or negatively modulate transcription (Cristini et al. 2018; Wang et al. 2018). For
example, the RNA helicases DDX21 and DDX5 have been suggested to help resolve R-loop
to promote transcription (Fig. 2C; Argaud et al. 2019; Mersaoui et al. 2019). Pre-mRNA
splicing and RNA export factors appear to help pull nascent RNAs out from R-loops to
facilitate RNA processing and transport, thus preventing R-loop accumulation (Fig. 2C;
Santos-Pereira and Aguilera 2015). Transient R-loop formation may also lead to sustainable
changes in gene promoters by repulsing DNA methyltransferases DNMT1 (Grunseich et al.
2018) and recruiting DNA demethylase TET1 (Arab et al. 2019), together converting them
to the hypomethylated state for gene activation (Fig. 2C). On the other hand, a recent study
(Alecki et al. 2019) suggests that Polycomb complex 2 (PRC2) can help RNA invade into
DNA to enhance R-loop formation and that Polycomb complex 1 (PRC1) can bind R-loop,
together facilitating H3K27me3 deposition to silence gene expression (Fig. 2C).

The release of paused Pol Il is a major step in transcriptional control, which is regulated by
the P-TEFb complex, consisting of cyclin T and CDK9 kinase, to phosphorylate NELF,
DSIF, and Pol 11 Ser2 (Saunders et al. 2006). Interestingly, P-TEFb is part of an inhibitory
complex containing the 7SK noncoding RNA, which is associated with gene promoters, and
releasing and relocating P-TEFb from the 7SK complex to the Pol 11 complex has been
recognized to play a key role in Pol Il pause release (Fig. 2D; Core and Adelman 2019). An
increasing number of RBPs have been shown to be involved in this process. The RBP
HNRNPA1 appears to promote the disassociation of P-TEFb from 7SK complex, thus
tripping the kinase in promoter-proximal regions (Barrandon et al. 2007; Van Herreweghe et
al. 2007). SR proteins, which have been extensively characterized as splicing commitment
factors, are also part of the 7SK complex, which help extract P-TEFb from the 7SK complex
and relocate this critical Pol 11 CTD kinase to nascent RNA to activate transcription (Ji et al.
2013). DDX21 has also been shown to release p-TEFb from the 7SK complex via its
helicase activity (Calo et al. 2015), and more recently, another RBP WDRA43 has been found
to activate transcription by releasing P-TEFb from the 7SK complex (Bi et al. 2019). These
findings suggest multiple mechanisms for releasing P-TEFb from the 7SK complex through
coordinated actions of regulatory RNAs and RBPs. In fact, nascent RNA-induced P-TEFb
release may also be part of the mechanism for eRNAs to activate transcription (Schroder et
al. 2012; Chen et al. 2017a; Rahnamoun et al. 2018).

RBPs to Facilitate Heterochromatin Formation, Spreading, and Maintenance

Gene silencing results from the formation of heterochromatin, but, counterintuitively, both
the formation and maintenance of heterochromatin appear to depend on ongoing
transcription. Heterochromatin can be further classified into facultative or constitutive
heterochromatin, which are respectively decorated with H3K27me3 and H3K9me2/3.
Interestingly, both IncRNAs and small RNAs have been shown to play critical roles in
establishing heterochromatin (Li and Fu 2019). Exemplary analysis of X inactivation has
provided critical insights into facultative heterochromatin formation and spreading, which is
mediated by the IncRNA Xist (Wutz 2011). Through RNA pull-down coupled with mass
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spectrometric analysis, Xist has been shown to interact with multiple RBPs, particularly
SPEN/SHARP, which appears to synergize with PRC2 in depositing H3K27me3 on targeted
DNA regions (McHugh et al. 2015). Interestingly, all subunits of PRC2 have the capacity to
directly bind RNA, thus contributing to both PRC2 recruitment and PRC2 spreading (Yan et
al. 2019). PRC2 also interacts with nascent mMRNAs; however, the functional consequence is
still under active debate. The RBP RBFox2 has been shown to couple nascent RNA
production with the recruitment of PRC2 as part of the feedback mechanism to maintain the
bivalency for a subset of gene promoters (Wei et al. 2016), which are particularly prevalent
in stem cells (Bernstein et al. 2006). The recently elucidated roles of Polycomb complexes in
R-loop formation and recognition is consistent with RNA-guided H3K27me3 deposition in
gene promoter regions (Alecki et al. 2019). On the other hand, when nascent RNAs are of
sufficient abundance, they are able to evict PRC2 to prevent H3K27me3 deposition and thus
help maintain genes in the highly active state (Kaneko et al. 2013; Beltran et al. 2016, 2019;
Wang et al. 2017).

Repeat-derived small RNAs are well known to mediate the formation of constitutive
heterochromatin (Matzke and Mosher 2014; Holoch and Moazed 2015; Johnson and Straight
2017). Briefly, in fission yeast, repeat-derived transcripts from active retrotransposons are
amplified by RNA-dependent RNA polymerase and processed by Dicer to generate endo-
SiRNAs. In Drosophila germline cells, piRNAs are generated and amplified by the “ping-
pong” mechanism. These endo-siRNASs or piRNAs are loaded on RNA-induced
transcriptional silencing complex to target nascent homologous transcripts on chromatin,
which help recruit H3K9me2/3 methyltransferases (SUV39) to deposit the histone marks to
establish constitutive heterochromatin. Importantly, this process involves numerous RNA-
mediated interactions, including direct interactions of the constitutive heterochromatin
factors themselves with RNA to facilitate both the formation and spreading of
heterochromatin (Muchardt et al. 2002; Johnson et al. 2017). It is thus conceivable that
additional RBPs may be involved to fine-tune various steps, as illustrated by the role of the
RBP Vigilin/HDLBP in binding hyperedited RNAs or other unstructured RNAs to enhance
SUV39H1 recruitment (Zhou et al. 2008). Therefore, both RNAs and RBPs are instrumental
to heterochromatin formation and maintenance, particularly in centromeric and
pericentromeric regions, which is known to be critical for chromosome alignment during
mitosis (Simon et al. 2015).

CONNECTING TRANSCRIPTION TO DOWNSTREAM RNA METABOLISM
EVENTS

The primary purpose for RBPs to associate with chromatin has been thought to facilitate
cotranscriptional processing events from RNA modification to intron removal to
polyadenylation to RNA export (Proudfoot et al. 2002; Bentley 2014). Although
cotranscriptional RNA processing has been well-documented, the mechanisms are still
poorly understood. A popular idea is that specific RBPs or RNA processing machineries
may ride with elongating Pol I to facilitate cotranscriptional RNA processing. The CTD of
the largest Pol 11 subunit is thought to play a key role in this process by providing a docking
platform for various RNA processing machineries. However, whereas depletion of CTD did
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show profound impacts on capping, alternative splicing, and alternative polyadenylation
(Fong and Bentley 2001), it remains to be determined whether the CTD is required for Pol Il
to interact with various RNA processing machineries. To our knowledge, this has only been
documented with capping enzymes (McCracken et al. 1997).

Interestingly, promoters have been reported to dictate downstream events from splicing
(Cramer et al. 1997; Moldon et al. 2008) to RNA stability (Bregman et al. 2011; Trcek et al.
2011) to RNA export (Xiao et al. 2019), and even translation in the cytoplasm (Zid and
O’Shea 2014). These promoter-dependent RNA metabolic steps have been convincingly
shown by promoter swap in budding yeast genome, but such strategy has not been applied to
mammals. It is conceivable that specific promoter-associated RBPs may be switched to
nascent RNAs according to the so-called recruitment model (Naftelberg et al. 2015), but to
date, specific RBPs critical for such promoter-dependent RNA processing events have not
yet been identified. Alternatively, different promoters may equip the Pol 11 machinery with
different factors to influence elongation speed, thereby creating different windows of
opportunities for positive and negative regulators to recognize emerging RNA signals to
facilitate specific RNA processing events (Bentley 2014; Fong et al. 2014). This has been
referred to as the kinetic model (Naftelberg et al. 2015), but the mechanism for this attractive
model has remained poorly understood, which requires the identification of specific RNA
processing regulators that recognize specific nascent RNA elements in a Pol Il elongation
speed-dependent manner.

Another popular idea is for RBPs to interact with various modified histones, thereby
coupling specific epigenetic features to the regulation of RNA processing. Indeed, many
RBPs have been identified to associate with histone modification events (Ji et al. 2015), and
some potential H3K36me3 readers have been reported to mediate alternative splicing (Luco
et al. 2010; Guo et al. 2014). However, evidence has remained relatively thin to support
modified histones as a widespread coupling mechanism between transcription and
cotranscriptional RNA processing, and, therefore, the epigenetic control of cotranscriptional
RNA processing still largely remains as an attractive hypothesis. Interestingly, the converse
scenario has also been documented by which cotranscriptional splicing appears also to
influence specific histone modification events, such as H3K4me3 in gene promoters
(Bieberstein et al. 2012) and H3K36me3 in gene bodies (de Almeida et al. 2011; Kim et al.
2011).

ORGANIZING 3D GENOME FOR REGULATED GENE EXPRESSION
PROGRAMS

Chromatin-associated RBPs may play larger roles in 3D genome beyond their functions in
modulating local transcriptional and cotranscriptional activities (Fig. 3), as regulatory RNAs
have been increasingly recognized to provide multivalent interactions to coordinate
chromosomal interactions (Li and Fu 2019). Chromosomes can be segregated into active A
compartments and inactive B compartments (Lieberman-Aiden et al. 2009). Recent studies
show that RNA-dependent oligomerization of the nuclear matrix—associated RBP HNRNPU
plays key regulatory roles at the chromosome level (Nozawa et al. 2017; Fan et al. 2018).
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Deletion of HNRNPU weakens the boundary between A and B compartments, leading to A-
to-B switches and overall chromosome condensation (Nozawa et al. 2017; Fan et al. 2018).
HNRNPU appears to work with various chromatin-associated RNAs to help organize 3D
genome, including some INcRNAs, such as FIRRE (Hacisuleyman et al. 2014), Xist
(Hasegawa et al. 2010), and double-stranded viral RNAs (Cao et al. 2019). As 3D genome
involves numerous long-range interactions, chromatin-associated RNAs and RBPs may
bridge such interactions (Kim and Shendure 2019). CTCF, one of the best-known high-order
chromatin organizers, is able to bind DNA and RNA (Sun et al. 2013; Saldafia-Meyer et al.
2014), which has recently been shown to be mediated by distinct zinc fingers (Hansen et al.
2019; Saldafia-Meyer et al. 2019). As zinc fingers are also involved in protein—protein
interactions, CTCF appears to form oligomers through the same zinc finger for RNA
binding, and disruption of this domain greatly impairs specific long-range genomic
interactions (Hansen et al. 2019; Saldafia-Meyer et al. 2019), suggesting that CTCF may
mediate critical RNA—protein—-DNA interaction networks in 3D genome.

More recently, another zinc-finger-containing TF YY1 is recognized to also play a broad
role in mediating long-distance genomic interactions between promoters and enhancers
(Weintraub et al. 2017). Interestingly, YY1 is also able to bind RNA, which appears to be
required for its efficient targeting to specific promoters and enhancers (Sigova et al. 2015).
A recent large-scale cobinding analysis between TFs and RBPs on chromatin reveals that
YY1 colocalizes with the RBP RBM25 on chromatin in which RBM25 appears to direct
YY1 to target genomic loci (Xiao et al. 2019). Thus, unlike CTCF, which can bind both
DNA and RNA, the genome organization function of YY1 is mediated through its
partnership with a specific RBP. It is attempting to speculate that various TFs may
functionally interact with specific RBPs to increase the specificity and/or efficiency in
genomic targeting, which is in line with the emerging concept for the formation of
transcription hubs that result from multivalent interactions to induce liquid-liquid phase
transition for gene activation in the nucleus (Hnisz et al. 2017; Boija et al. 2018; Sabari et al.
2018; Cramer 2019). RBPs may play critical roles in this process (Saha et al. 2016;
Maharana et al. 2018), as RBPs are highly enriched with intrinsically disordered regions
(Castello et al. 2012), which have been shown to be key driving forces for phase separation
(Molliex et al. 2015; Lin et al. 2017). Therefore, 3D genome is likely orchestrated by
network interactions among DNA, RNA, TFs, and RBPs to drive cell type—specific gene
expression programs (Guo et al. 2019).

CONCLUSION

We have particularly focused in this review on diverse functions and mechanisms of
chromatin-associated RBPs in regulated gene expression. An important message is that
RNAs are no longer just products, but are also regulators of gene expression. Their
regulatory functions are executed by specific RBPs, together contributing to network
interactions in 3D genome. Such RNA and RBP-mediated interactions are critical for both
gene activation and silencing, which calls for future research in this direction to understand
how functional genome is organized and dynamically regulated by RNAs and RBPs in
development and disease.

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2020 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 11

ACKNOWLEDGMENTS

X.-D.F. is supported by National Institutes of Health (NIH) grants GM131796, HG004659, and DK098808, and J.-
Y.C. is supported by K99 grant DK120952. We thank members of the Fu laboratory for their critical reading of this
manuscript.

REFERENCES

Abou Assi H, Garavis M, Gonzalez C, Damha MJ. 2018 i-Motif DNA: structural features and
significance to cell biology. Nucleic Acids Res 46: 8038-8056. doi:10.1093/nar/gky735 [PubMed:
30124962]

Alecki C, Chiwara V, Sanz LA, Grau D, Pérez OA, Armache K-J, Chédin F, Francis NJ. 2019 RNA
strand invasion activity of the Polycomb complex PRC2. bioRxiv do0i:10.1101/635722

Arab K, Karaulanov E, Musheev M, Trnka P, Schafer A, Grummt I, Niehrs C. 2019 GADDA45A binds
R-loops and recruits TET1 to CpG island promoters. Nat Genet 51: 217-223. doi:10.1038/
s41588-018-0306-6 [PubMed: 30617255]

Argaud D, Boulanger MC, Chignon A, Mkannez G, Mathieu P. 2019 Enhancer-mediated enrichment
of interacting IMID3-DDX21 to ENPP2 locus prevents R-loop formation and promotes
transcription. Nucleic Acids Res 47: 8424-8438. doi:10.1093/nar/gkz560 [PubMed: 31251802]

Bao X, Guo X, Yin M, Tariq M, Lai Y, Kanwal S, Zhou J, Li N, Lv Y, Pulido-Quetglas C, et al. 2018
Capturing the interactome of newly transcribed RNA. Nat Methods 15: 213-220. doi:10.1038/
nmeth.4595 [PubMed: 29431736]

Barrandon C, Bonnet F, Nguyen VT, Labas V, Bensaude O. 2007 The transcription-dependent
dissociation of P-TEFb-HEXIM1-7SK RNA relies upon formation of hnRNP-7SK RNA complexes.
Mol Cell Biol 27: 6996—7006. doi:10.1128/MCB.00975-07 [PubMed: 17709395]

Beltran M, Yates CM, Skalska L, Dawson M, Reis FP, Viiri K, Fisher CI, Sibley Cr, Foster Bm, Bartke
T, et al. 2016 The interaction of PRC2 with RNA or chromatin is mutually antagonistic. Genome
Res 26: 896-907. doi:10.1101/gr.197632.115 [PubMed: 27197219]

Beltran M, Tavares M, Justin N, Khandelwal G, Ambrose J, Foster BM, Worlock KB, Tvardovskiy A,
Kunzelmann S, Herrero J, et al. 2019 G-tract RNA removes Polycomb represssive complex 2 from
genes. Nat Struct Mol Biol 26: 899-909. doi:10.1038/s41594-019-0293-z [PubMed: 31548724]

Bentley DL. 2014 Coupling mRNA processing with transcription in time and space. Nat Rev Genet 15:
163-175. doi:10.1038/nrg3662 [PubMed: 24514444]

Bernstein BE, Mikkelsen TS, Xie X, Kamal M, Huebert DJ, Cuff J, Fry B, Meissner A, Wernig M,
Plath K, et al. 2006 A bivalent chromatin structure marks key developmental genes in embryonic
stem cells. Cell 125: 315-326. doi:10.1016/j.cell.2006.02.041 [PubMed: 16630819]

Bi X, XuY, Li T, Li X, Li W, Shao W, Wang K, Zhan G, Wu Z, Liu W, et al. 2019 RNA targets
ribogenesis factor WDR43 to chromatin for transcription and pluripotency control. Mol Cell
75:102-116 €109. doi:10.1016/j.molcel.2019.05.007 [PubMed: 31128943]

Bieberstein NI, Carrillo Oesterreich F, Straube K, Neugebauer KM. 2012 First exon length controls
active chromatin signatures and transcription. Cell Rep 2:62—68. doi:10.1016/j.celrep.2012.05.019
[PubMed: 22840397]

Bohmdorfer G, Wierzbicki AT. 2015 Control of chromatin structure by long noncoding RNA. Trends
Cell Biol 25:623-632. doi:10.1016/j.tch.2015.07.002 [PubMed: 26410408]

Boija A, Klein 1A, Sabari BR, Dall’Agnese A, Coffey EL, Zamudio AV, Li CH, Shrinivas K, Manteiga
JC, Hannett nM, et al. 2018 Transcription factors activate genes through the phaseseparation
capacity of their activation domains. Cell 175:1842-1855 e1816. d0i:10.1016/j.cell.2018.10.042
[PubMed: 30449618]

Boque-Sastre R, Soler M, Oliveira-Mateos C, Portela A, Moutinho C, Sayols S, Villanueva A, Esteller
M, Guil S. 2015 Head-to-head antisense transcription and R-loop formation promotes
transcriptional activation. Proc Natl Acad Sci 112:5785-5790. doi:10.1073/pnas.1421197112
[PubMed: 25902512]

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2020 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 12

Bregman A, Avraham-Kelbert M, Barkai O, Duek L, Guterman A, Choder M. 2011 Promoter elements
regulate cytoplasmic mRNA decay. Cell 147:1473-1483. doi:10.1016/j.cell.2011.12.005 [PubMed:
22196725]

Calo E, Flynn RA, Martin L, Spitale RC, Chang HY, Wysocka J. 2015 RNA helicase DDX21
coordinates transcription and ribosomal RNA processing. Nature 518:249-253. doi:10.1038/
nature13923 [PubMed: 25470060]

CaolL, LiuS,LiY,Yang G, Luo Y, Li S, DuH, Zhao Y, Wang D, Chen J, et al. 2019 The nuclear
matrix protein SAFA surveils viral RNA and facilitates immunity by activating antiviral enhancers
and super-enhancers. Cell Host Microbe 26: 369-384 €368. doi:10.1016/j.chom.2019.08.010
[PubMed: 31513772]

Castello A, Fischer B, Eichelbaum K, Horos R, Beckmann BM, Strein C, Davey NE, Humphreys DT,
Preiss T, Steinmetz LM, et al. 2012 Insights into RNA biology from an atlas of mammalian
mRNA-binding proteins. Cell 149:1393-1406. doi:10.1016/j.cell.2012.04.031 [PubMed:
22658674]

Chen PB, Chen HV, Acharya D, Rando OJ, Fazzio TG. 2015 R loops regulate promoter-proximal
chromatin architecture and cellular differentiation. Nat Struct Mol Biol 22:999-1007. doi:10.1038/
nsmh.3122 [PubMed: 26551076]

Chen FX, Xie P, Collings CK, Cao K, Aoi Y, Marshall SA, Rendleman EJ, Ugarenko M, Ozark PA,
Zhang A, et al. 2017a PAF1 regulation of promoter-proximal pause release via enhancer activation.
Science 357:1294-1298. doi:10.1126/science.aan3269 [PubMed: 28860207]

Chen L, Chen JY, Zhang X, Gu Y, Xiao R, Shao C, Tang P, Qian H, Luo D, Li H, et al. 2017b R-ChIP
using inactive RNase H reveals dynamic coupling of R-loops with transcriptional pausing at gene
promoters. Mol Cell 68:745-757 e745. doi:10.1016/j.molcel.2017.10.008 [PubMed: 29104020]

Chu C, Qu K, Zhong FL, Artandi SE, Chang HY 2011 Genomic maps of long noncoding RNA
occupancy reveal principles of RNA-chromatin interactions. Mol Cell 44: 667-678. doi:10.1016/
j.molcel.2011.08.027 [PubMed: 21963238]

Core L, Adelman K. 2019 Promoter-proximal pausing of RNA polymerase I1: a nexus of gene
regulation. Genes Dev 33: 960-982. d0i:10.1101/gad.325142.119 [PubMed: 31123063]

Core LJ, Waterfall JJ, Lis JT. 2008 Nascent RNA sequencing reveals widespread pausing and divergent
initiation at human promoters. Science 322:1845-1848. doi:10.1126/science.1162228 [PubMed:
19056941]

Cramer P 2019 Organization and regulation of gene transcription. Nature 573: 45-54. doi:10.1038/
s41586-019-1517-4 [PubMed: 31462772]

Cramer P, Pesce CG, Baralle FE, Kornblihtt AR. 1997 Functional association between promoter
structure and transcript alternative splicing. Proc Natl Acad Sci 94: 11456-11460. doi:10.1073/
pnas.94.21.11456 [PubMed: 9326631]

Cristini A, Groh M, Kristiansen MS, Gromak N. 2018 RNA/DNA hybrid interactome identifies DXH9
as a molecular player in transcriptional termination and R-loop-associated DNA damage. Cell Rep
23:1891-1905. doi:10.1016/j.celrep.2018.04.025 [PubMed: 29742442]

de Almeida SF, Grosso AR, Koch F, Fenouil R, Carvalho S, Andrade J, Levezinho H, Gut M, Eick D,
Gut I, et al. 2011 Splicing enhances recruitment of methyltransferase HYPB/Setd2 and
methylation of histone H3 Lys36. Nat Struct Mol Biol 18: 977-983. doi:10.1038/nsmb.2123
[PubMed: 21792193]

Dejardin J, Kingston RE. 2009 Purification of proteins associated with specific genomic loci. Cell 136:
175-186. doi:10.1016/j.cell.2008.11.045 [PubMed: 19135898]

Djebali S, Davis CA, Merkel A, Dobin A, Lassmann T, Mortazavi A, Tanzer A, Lagarde J, Lin W,
Schlesinger F, et al. 2012 Landscape of transcription in human cells. Nature 489: 101-108.
d0i:10.1038/nature11233 [PubMed: 22955620]

Engreitz JM, Pandya-Jones A, McDonel P, Shishkin A, Sirokman K, Surka C, Kadri S, Xing J, Goren
A, Lander ES, et al. 2013 The Xist IncRNA exploits three-dimensional genome architecture to
spread across the X chromosome. Science 341: 1237973. doi:10.1126/science.1237973 [PubMed:
23828888]

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2020 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 13

Espinoza CA, Allen TA, Hieb AR, Kugel JF, Goodrich JA. 2004 B2 RNA binds directly to RNA
polymerase 11 to repress transcript synthesis. Nat Struct Mol Biol 11: 822—-829. doi:10.1038/
nsmb812 [PubMed: 15300239]

Fan H, Lv P, Huo X, Wu J, Wang Q, Cheng L, Liu Y, Tang QQ, Zhang L, Zhang F, et al. 2018 The
nuclear matrix protein HNRNPU maintains 3D genome architecture globally in mouse
hepatocytes. Genome Res 28: 192-202. doi:10.1101/gr.224576.117 [PubMed: 29273625]

Fong N, Bentley DL. 2001 Capping, splicing, and 3’ processing are independently stimulated by RNA
polymerase Il: different functions for different segments of the CTD. Genes Dev 15: 1783-1795.
d0i:10.1101/gad.889101 [PubMed: 11459828]

Fong N, Kim H, Zhou Y, Ji X, Qiu J, Saldi T, Diener K, Jones K, Fu XD, Bentley DL. 2014 Pre-
mRNA splicing is facilitated by an optimal RNA polymerase Il elongation rate. Genes Dev 28:
2663-2676. doi:10.1101/gad.252106.114 [PubMed: 25452276]

Gilbert C, Svejstrup JQ. 2006 RNA immunoprecipitation for determining RNA-protein associations in
vivo. Curr Protoc Mol Biol Chapter 27: Unit 27 24. doi:10.1002/0471142727.mb2704s75

Ginno PA, Lott PL, Christensen HC, Korf I, Chedin F. 2012 R-loop formation is a distinctive
characteristic of unmethylated human CpG island promoters. Mol Cell 45: 814-825. doi:10.1016/
j.molcel.2012.01.017 [PubMed: 22387027]

Grunseich C, Wang 1X, Watts JA, Burdick JT, Guber RD, Zhu Z, Bruzel A, Lanman T, Chen K,
Schindler AB, et al. 2018 Senataxin mutation reveals how R-loops promote transcription by
blocking DNA methylation at gene promoters. Mol Cell 69: 426-437 e427. doi:10.1016/
j.molcel.2017.12.030 [PubMed: 29395064]

Guo R, Zheng L, Park JW, Lv R, Chen H, Jiao F, Xu W, Mu S, Wen H, Qiu J, et al. 2014 BS69/
ZMYND11 reads and connects histone H3.3 lysine 36 trimethylation-decorated chromatin to
regulated pre-mRNA processing. Mol Cell 56: 298-310. doi:10.1016/j.molcel.2014.08.022
[PubMed: 25263594]

Guo YE, Manteiga JC, Henninger JE, Sabari BR, Dall’Agnese A, Hannett NM, Spille JH, Afeyan LK,
Zamudio AV, Shrinivas K, et al. 2019 Pol 11 phosphorylation regulates a switch between
transcriptional and splicing condensates. Nature 572: 543-548. doi:10.1038/s41586-019-1464-0
[PubMed: 31391587]

Hacisuleyman E, Goff LA, Trapnell C, Williams A, Henao-Mejia J, Sun L, McClanahan P,
Hendrickson DG, Sauvageau M, Kelley DR, et al. 2014 Topological organization of
multichromosomal regions by the long intergenic noncoding RNA Firre. Nat Struct Mol Biol 21:
198-206. doi:10.1038/nsmb.2764 [PubMed: 24463464]

Hansen AS, Hsieh T-HS, Cattoglio C, Pustova I, Saldafia-Meyer R, Reinberg D, Darzacq X, Tjian R.
2019 Distinct classes of chromatin loops revealed by deletion of an RNA-binding region in CTCF.
Mol Cell 76: 395-411.e13. doi:10.1016/j.molcel.2019.07.039. [PubMed: 31522987]

Hasegawa Y, Brockdorff N, Kawano S, Tsutui K, Tsutui K, Nakagawa S. 2010 The matrix protein
hnRNP U is required for chromosomal localization of Xist RNA. Dev Cell 19: 469-476.
doi:10.1016/j.devcel.2010.08.006 [PubMed: 20833368]

Hendrickson DG, Kelley DR, Tenen D, Bernstein B, Rinn JL. 2016 Widespread RNA binding by
chromatin-associated proteins. Genome Biol 17: 28. doi:10.1186/s13059-016-0878-3 [PubMed:
26883116]

Hentze MW, Castello A, Schwarzl T, Preiss T. 2018 A brave new world of RNA-binding proteins. Nat
Rev Mol Cell Biol 19: 327-341. doi:10.1038/nrm.2017.130 [PubMed: 29339797]

Hnisz D, Shrinivas K, Young RA, Chakraborty AK, Sharp PA. 2017 A phase separation model for
transcriptional control. Cell 169: 13-23. d0i:10.1016/j.cell.2017.02.007 [PubMed: 28340338]
Holoch D, Moazed D. 2015 RNA-mediated epigenetic regulation of gene expression. Nat Rev Genet

16: 71-84. d0i:10.1038/nrg3863 [PubMed: 25554358]

Hsin JP, Manley JL. 2012 The RNA polymerase Il CTD coordinates transcription and RNA
processing. Genes Dev 26: 2119-2137. doi:10.1101/gad.200303.112 [PubMed: 23028141]

Huang R, Han M, Meng L, Chen X. 2018 Transcriptome-wide discovery of coding and noncoding
RNA-binding proteins. Proc Natl Acad Sci 115: E3879-E3887. doi:10.1073/pnas.1718406115
[PubMed: 29636419]

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2020 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 14

Hudson WH, Ortlund EA. 2014 The structure, function and evolution of proteins that bind DNA and
RNA. Nat Rev Mol Cell Biol 15: 749-760. doi:10.1038/nrm3884 [PubMed: 25269475]

Ingolia NT, Ghaemmaghami S, Newman JR, Weissman JS. 2009 Genome-wide analysis in vivo of
translation with nucleotide resolution using ribosome profiling. Science 324: 218-223.
doi:10.1126/science.1168978 [PubMed: 19213877]

Jenuwein T, Allis CD. 2001 Translating the histone code. Science 293: 1074-1080. doi:10.1126/
science.1063127 [PubMed: 11498575]

Ji X, Zhou Y, Pandit S, Huang J, Li H, Lin CY, Xiao R, Burge CB, Fu XD. 2013 SR proteins
collaborate with 7SK and promoter-associated nascent RNA to release paused polymerase. Cell
153: 855-868. d0i:10.1016/j.cell.2013.04.028 [PubMed: 23663783]

Ji X, Dadon DB, Abraham BJ, Lee TI, Jaenisch R, Bradner JE, Young RA. 2015 Chromatin proteomic
profiling reveals novel proteins associated with histone-marked genomic regions. Proc Natl Acad
Sci 112: 3841-3846. doi:10.1073/pnas.1502971112 [PubMed: 25755260]

Johnson WL, Straight AF. 2017 RNA-mediated regulation of heterochromatin. Curr Opin Cell Biol 46:
102-109. doi:10.1016/j.ceb.2017.05.004 [PubMed: 28614747]

Johnson WL, Yewdell WT, Bell JC, McNulty SM, Duda Z, O’Neill RJ, Sullivan BA, Straight Af. 2017
RNA-dependent stabilization of SUV39HL1 at constitutive heterochromatin. Elife 6: €25299.
doi:10.7554/eLife.25299 [PubMed: 28760200]

Kanehisa M, Goto S. 2000 KEGG: Kyoto Encyclopedia of Genes and Genomes. Nucleic Acids Res
28: 27-30. doi:10.1093/nar/28.1.27 [PubMed: 10592173]

Kaneko S, Son J, Shen SS, Reinberg D, Bonasio R. 2013 PRC2 binds active promoters and contacts
nascent RNAs in embryonic stem cells. Nat Struct Mol Biol 20: 1258-1264. doi:10.1038/
nsmb.2700 [PubMed: 24141703]

Kang HJ, Kendrick S, Hecht SM, Hurley LH. 2014 The transcriptional complex between the BCL2 i-
motif and hnRNP LL is a molecular switch for control of gene expression that can be modulated
by small molecules. J Am Chem Soc 136: 4172-4185. doi:10.1021/ja4109352 [PubMed:
24559432]

Kaya-Okur HS, Wu SJ, Codomo CA, Pledger ES, Bryson TD, Henikoff JG, Ahmad K, Henikoff S.
2019 CUT&Tag for efficient epigenomic profiling of small samples and single cells. Nat Commun
10: 1930. doi:10.1038/s41467-019-09982-5 [PubMed: 31036827]

Kettenberger H, Eisenfuhr A, Brueckner F, Theis M, Famulok M, Cramer P. 2006 Structure of an RNA
polymerase 11-RNA inhibitor complex elucidates transcription regulation by noncoding RNAs. Nat
Struct Mol Biol 13: 44-48. d0i:10.1038/nsmb1032 [PubMed: 16341226]

Kim S, Shendure J. 2019 Mechanisms of interplay between transcription factors and the 3D genome.
Mol Cell 76: 306-319. doi:10.1016/j.molcel.2019.08.010 [PubMed: 31521504]

Kim S, Kim H, Fong N, Erickson B, Bentley DL. 2011 Pre-mRNA splicing is a determinant of histone
H3K36 methylation. Proc Natl Acad Sci 108: 13564-13569. doi:10.1073/pnas.1109475108
[PubMed: 21807997]

Kimple ME, Brill AL, Pasker RL. 2013 Overview of affinity tags for protein purification. Curr Protoc
Protein Sci 73: 9.9.1-9.9.23. do0i:10.1002/0471140864.ps0909s73

Lai B, Tang Q, Jin W, Hu G, Wangsa D, Cui K, Stanton BZ, Ren G, Ding Y, Zhao M, et al. 2018 Trac-
looping measures genome structure and chromatin accessibility. Nat Methods 15: 741-747.
doi:10.1038/s41592-018-0107-y [PubMed: 30150754]

Landt SG, Marinov GK, Kundaje A, Kheradpour P, Pauli F, Batzoglou S, Bernstein BE, Bickel P,
Brown JB, Cayting P, et al. 2012 ChIP-seq guidelines and practices of the ENCODE and
modENCODE consortia. Genome Res 22: 1813-1831. doi:10.1101/gr.136184.111 [PubMed:
22955991]

Lee FCY, Ule J. 2018 Advances in CLIP technologies for studies of protein-RNA interactions. Mol
Cell 69: 354-369. d0i:10.1016/j.molcel.2018.01.005 [PubMed: 29395060]

Li X, Fu XD. 2019 Chromatin-associated RNAs as facilitators of functional genomic interactions. Nat
Rev Genet 20: 503-519. d0i:10.1038/s41576-019-0135-1 [PubMed: 31160792]

Li W, Notani D, Rosenfeld MG. 2016 Enhancers as non-coding RNA transcription units: recent
insights and future perspectives. Nat Rev Genet 17:207-223. doi:10.1038/nrg.2016.4 [PubMed:
26948815]

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2020 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 15

Lieberman-Aiden E, van Berkum NL, Williams L, Imakaev M, Ragoczy T, Telling A, Amit |, Lajoie
BR, Sabo PJ, Dorschner MO, et al. 2009 Comprehensive mapping of long-range interactions
reveals folding principles of the human genome. Science 326: 289-293. doi:10.1126/
science.1181369 [PubMed: 19815776]

Limbach PA, Paulines MJ. 2017 Going global: the new era of mapping modifications in RNA. Wiley
Interdiscip Rev RNA 8: e1367. doi:10.1002/wrna.1367

Lin 'Y, Currie SL, Rosen MK. 2017 Intrinsically disordered sequences enable modulation of protein
phase separation through distributed tyrosine motifs. J Biol Chem 292: 19110-19120. doi:10.1074/
jbc.M117.800466 [PubMed: 28924037]

Liu H, Mulholland N, Fu H, Zhao K. 2006 Cooperative activity of BRG1 and Z-DNA formation in
chromatin remodeling. Mol Cell Biol 26: 2550-2559. doi:10.1128/MCB.26.7.2550-2559.2006
[PubMed: 16537901]

Long Y, Wang X, Youmans DT, Cech TR. 2017 How do IncRNAs regulate transcription? Sci Adv 3:
€aa02110. doi:10.1126/sciadv.aa02110 [PubMed: 28959731]

Luco RF, Pan Q, Tominaga K, Blencowe BJ, Pereira-Smith OM, Misteli T. 2010 Regulation of
alternative splicing by histone modifications. Science 327: 996-1000. doi:10.1126/
science.1184208 [PubMed: 20133523]

Maharana S, Wang J, Papadopoulos DK, Richter D, Pozniakovsky A, Poser I, Bickle M, Rizk S,
Guillen-Boixet J, Franzmann TM, et al. 2018 RNA buffers the phase separation behavior of prion-
like RNA binding proteins. Science 360: 918-921. doi:10.1126/science.aar7366 [PubMed:
29650702]

Maris C, Dominguez C, Allain FH. 2005 The RNA recognition motif, a plastic RNA-binding platform
to regulate post-transcriptional gene expression. FEBS J 272: 2118-2131. doi:10.1111/
j.1742-4658.2005.04653.x [PubMed: 15853797]

Matzke MA, Mosher RA. 2014 RNA-directed DNA methylation: an epigenetic pathway of increasing
complexity. Nat Rev Genet 15: 394-408. doi:10.1038/nrg3683 [PubMed: 24805120]

McCracken S, Fong N, Rosonina E, Yankulov K, Brothers G, Siderovski D, Hessel A, Foster S,
Shuman S, Bentley DL. 1997 5°-Capping enzymes are targeted to pre-mRNA by binding to the
phosphorylated carboxy-terminal domain of RNA polymerase Il. Genes Dev 11: 3306-3318.
doi:10.1101/gad.11.24.3306 [PubMed: 9407024]

McHugh CA, Chen CK, Chow A, Surka CF, Tran C, McDonel P, Pandya-Jones A, Blanco M,
Burghard C, Moradian A, et al. 2015 The Xist InNcRNA interacts directly with SHARP to silence
transcription through HDAC3. Nature 521: 232-236. doi:10.1038/nature14443 [PubMed:
25915022]

Meka H, Werner F, Cordell SC, Onesti S, Brick P. 2005 Crystal structure and RNA binding of the
Rpb4/Rpb7 subunits of human RNA polymerase 11. Nucleic Acids Res 33: 6435-6444.
doi:10.1093/nar/gki945 [PubMed: 16282592]

Mersaoui SY, Yu Z, Coulombe Y, Karam M, Busatto FF, Masson JY, Richard S. 2019 Arginine
methylation of the DDX5 helicase RGG/RG motif by PRMTS5 regulates resolution of RNA: DNA
hybrids. EMBO J 38: €100986. doi:10.15252/embj.2018100986 [PubMed: 31267554]

Moldén A, Malapeira J, Gabrielli N, Gogol M, Gémez-Escoda B, Ivanova T, Seidel C, Ayté J. 2008
Promoter-driven splicing regulation in fission yeast. Nature 455: 997-1000. doi:10.1038/
nature07325 [PubMed: 18815595]

Molliex A, Temirov J, Lee J, Coughlin M, Kanagaraj AP, Kim HJ, Mittag T, Taylor JP. 2015 Phase
separation by low complexity domains promotes stress granule assembly and drives pathological
fibrillization. Cell 163: 123-133. doi:10.1016/j.cell.2015.09.015 [PubMed: 26406374]

Muchardt C, Guillemé M, Seeler JS, Trouche D, Dejean A, Yaniv M. 2002 Coordinated methyl and
RNA binding is required for heterochromatin localization of mammalian HP1a.. EMBO Rep 3:
975-981. doi:10.1093/embo-reports/kvf194 [PubMed: 12231507]

Mulholland N, Xu Y, Sugiyama H, Zhao K. 2012 SWI/SNFmediated chromatin remodeling induces Z-
DNA formation on a nucleosome. Cell Biosci 2: 3. doi:10.1186/2045-3701-2-3 [PubMed:
22264354]

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2020 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 16

Mumbach MR, Granja JM, Flynn RA, Roake CM, Satpathy AT, Rubin Aj, Qi Y, Jiang Z, Shams S,
Louie Bh, et al. 2019 HiChIRP reveals RNA-associated chromosome conformation. Nat Methods
16: 489-492. doi:10.1038/541592-019-0407-x [PubMed: 31133759]

Naftelberg S, Schor IE, Ast G, Kornblihtt AR. 2015 Regulation of alternative splicing through
coupling with transcription and chromatin structure. Annu Rev Biochem 84: 165-198.
doi:10.1146/annurev-biochem-060614-034242 [PubMed: 26034889]

Nishikura K 2010 Functions and regulation of RNA editing by ADAR deaminases. Annu Rev
Biochem 79: 321-349. doi:10.1146/annurev-biochem-060208-105251 [PubMed: 20192758]

Nozawa RS, Boteva L, Soares DC, Naughton C, Dun AR, Buckle A, Ramsahoye B, Bruton PC, Saleeb
RS, Arnedo M, et al. 2017 SAF-A regulates interphase chromosome structure through
oligomerization with chromatin-associated RNAs. Cell 169: 1214-1227 ¢1218. doi:10.1016/
j.cell.2017.05.029 [PubMed: 28622508]

Oh DB, Kim YG, Rich A. 2002 Z-DNA-binding proteins can act as potent effectors of gene expression
in vivo. Proc Natl Acad Sci 99: 16666-16671. doi:10.1073/pnas.262672699 [PubMed: 12486233]

Paramasivam M, Membrino A, Cogoi S, Fukuda H, Nakagama H, Xodo LE. 2009 Protein hnRNP Al
and its derivative Up1 unfold quadruplex DNA in the human KRAS promoter: implications for
transcription. Nucleic Acids Res 37: 2841-2853. doi:10.1093/nar/gkp138 [PubMed: 19282454]

Proudfoot NJ, Furger A, Dye MJ. 2002 Integrating mRNA processing with transcription. Cell 108:
501-512. doi:10.1016/S0092-8674(02)00617-7 [PubMed: 11909521]

Quinn JJ, ik 1A, Qu K, Georgiev P, Chu C, Akhtar A, Chang HY 2014 Revealing long noncoding
RNA architecture and functions using domain-specific chromatin isolation by RNA purification.
Nat Biotechnol 32: 933-940. doi:10.1038/nbt.2943 [PubMed: 24997788]

Rahnamoun H, Lee J, Sun Z, Lu H, Ramsey KM, Komives EA, Lauberth SM. 2018 RnAs interact with
BrD4 to promote enhanced chromatin engagement and transcription activation. Nat Struct Mol
Biol 25: 687-697. d0i:10.1038/s41594-018-0102-0 [PubMed: 30076409]

Rhee HS, Pugh BF. 2011 Comprehensive genome-wide protein-DNA interactions detected at single-
nucleotide resolution. Cell 147: 1408-1419. doi:10.1016/j.cell.2011.11.013 [PubMed: 22153082]

Runner VM, Podolny V, Buratowski S. 2008 The Rpb4 subunit of RNA polymerase Il contributes to
cotranscriptional recruitment of 3” processing factors. Mol Cell Biol 28: 1883-1891. doi:10.1128/
MCB.01714-07 [PubMed: 18195044]

Sabari BR, Dall’Agnese A, Boija A, Klein 1A, Coffey EL, Shrinivas K, Abraham BJ, Hannett NM,
Zamudio AV, Manteiga JC, et al. 2018 Coactivator condensation at super-enhancers links phase
separation and gene control. Science 361: eaar3958. doi:10.1126/science.aar3958 [PubMed:
29930091]

Saha S, Weber CA, Nousch M, Adame-Arana O, Hoege C, Hein MY, Osborne-Nishimura E, Mahamid
J, Jahnel M, Jawerth L, et al. 2016 Polar positioning of phase-separated liquid compartments in
cells regulated by an mRNA competition mechanism. Cell 166:1572-1584 e1516. doi:10.1016/
j.cell.2016.08.006 [PubMed: 27594427]

Saldafia-Meyer R, Gonzalez-Buendia E, Guerrero G, Narendra V, Bonasio R, Recillas-Targa F,
Reinberg D. 2014 CTCF regulates the human p53 gene through direct interaction with its natural
antisense transcript, Wrap53. Genes Dev 28: 723-734. doi:10.1101/gad.236869.113 [PubMed:
24696455]

Saldafia-Meyer R, Rodriguez-Hernaez J, Escobar T, Nishana M, Jacome-L6pez K, Nora EP, Bruneau
BG, Tsirigos A, Furlan-Magaril M, Skok J, et al. 2019 RNA interactions are essential for CTCF-
mediated genome organization. Mol Cell 76:412-422.e5. doi:10.1016/j.molcel.2019.08.015.
[PubMed: 31522988]

Santos-Pereira JM, Aguilera A. 2015 R loops: new modulators of genome dynamics and function. Nat
Rev Genet 16: 583-597. doi:10.1038/nrg3961 [PubMed: 26370899]

Saunders A, Core LJ, Lis JT. 2006 Breaking barriers to transcription elongation. Nat Rev Mol Cell
Biol 7: 557-567. d0i:10.1038/nrm1981 [PubMed: 16936696]

Schmidl C, Rendeiro AF, Sheffield NC, Bock C. 2015 ChlPmentation: fast, robust, low-input ChIP-seq
for histones and transcription factors. Nat Methods 12:963-965. doi:10.1038/nmeth.3542
[PubMed: 26280331]

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2020 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 17

Schoenfelder S, Fraser P. 2019 Long-range enhancer—promoter contacts in gene expression control.
Nat Rev Genet 20: 437-455. doi:10.1038/s41576-019-0128-0 [PubMed: 31086298]

Schréder S, Cho S, Zeng L, Zhang Q, Kaehlcke K, Mak L, Lau J, Bisgrove D, Schnélzer M, Verdin E,
et al. 2012 Two-pronged binding with bromodomain-containing protein 4 liberates positive
transcription elongation factor b from inactive ribonucleoprotein complexes. J Biol Chem
287:1090-1099. doi:10.1074/jbc.M111.282855 [PubMed: 22084242]

Shen S, Park JW, Lu ZX, Lin L, Henry MD, Wu YN, Zhou Q, Xing Y 2014 rMATS: robust and
flexible detection of differential alternative splicing from replicate RNA-Seq data. Proc Natl
Acad Sci 111: E5593-5601. d0i:10.1073/pnas.1419161111 [PubMed: 25480548]

Shin SI, Ham S, Park J, Seo SH, Lim CH, Jeon H, Huh J, Roh TY. 2016 Z-DNA-forming sites
identified by ChlP-Seq are associated with actively transcribed regions in the human genome.
DNA Res 23: 477-486. doi:10.1093/dnares/dsw031 [PubMed: 27374614]

Sigova AA, Abraham BJ, Ji X, Molinie B, Hannett NM, Guo YE, Jangi M, Giallourakis CC, Sharp PA,
Young RA. 2015 Transcription factor trapping by RNA in gene regulatory elements. Science 350:
978-981. doi:10.1126/science.aad3346 [PubMed: 26516199]

Simon MD, Wang CI, Kharchenko PV, West JA, Chapman BA, Alekseyenko AA, Borowsky ML,
Kuroda M, Kingston RE. 2011 The genomic binding sites of a noncoding RNA. Proc Natl Acad
Sci 108: 20497-20502. doi:10.1073/pnas.1113536108 [PubMed: 22143764]

Simon L, Voisin M, Tatout C, Probst AV 2015 Structure and function of centromeric and
pericentromeric heterochromatin in Arabidopsis thaliana. Front Plant Sci 6: 1049. doi:10.3389/
fpls.2015.01049 [PubMed: 26648952]

Skalska L, Beltran-Nebot M, Ule J, Jenner RG. 2017 Regulatory feedback from nascent RNA to
chromatin and transcription. Nat Rev Mol Cell Biol 18: 331-337. d0i:10.1038/nrm.2017.12
[PubMed: 28270684]

Skene PJ, Henikoff S. 2017 An efficient targeted nuclease strat-egy for high-resolution mapping
ofDNA binding sites. Elife 6: €21856. doi:10.7554/eLife.21856 [PubMed: 28079019]

Skourti-Stathaki K, Proudfoot NJ. 2014 A double-edged sword: R loops as threats to genome integrity
and powerful regulators of gene expression. Genes Dev 28: 1384-1396. doi:10.1101/
gad.242990.114 [PubMed: 24990962]

Sterne-Weiler T, Martinez-Nunez RT, Howard JM, Cvitovik I, Katzman S, Tarig MA, Pourmand N,
Sanford JR. 2013 Frac-seq reveals isoform-specific recruitment to polyribosomes. Genome Res
23:1615-1623. doi:10.1101/gr.148585.112 [PubMed: 23783272]

Sugimoto Y, Vigilante A, Darbo E, Zirra A, Militti C, D’ Ambrogio A, Luscombe NM, Ule J. 2015
hiCLIP reveals the in vivo atlas of mMRNA secondary structures recognized by Staufen 1. Nature
519: 491-494. doi:10.1038/nature14280 [PubMed: 25799984]

Sun S, Del Rosario BC, Szanto A, Ogawa Y, Jeon Y, Lee JT. 2013 Jpx RNA activates Xist by evicting
CTCF. Cell 153: 1537-1551. doi:10.1016/j.cell.2013.05.028 [PubMed: 23791181]

Takeuchi A, lida K, Tsubota T, Hosokawa M, Denawa M, Brown JB, Ninomiya K, Ito M, Kimura H,
Abe T, et al. 2018 Loss of Sfpg causes long-gene transcriptopathy in the brain. Cell Rep 23:
1326-1341. doi:10.1016/j.celrep.2018.03.141 [PubMed: 29719248]

Tani H, Akimitsu N. 2012 Genome-wide technology for determining RNA stability in mammalian
cells: historical perspective and recent advantages based on modified nucleotide labeling. RNA
Biol 9: 1233-1238. doi:10.4161/rna.22036 [PubMed: 23034600]

The Gene Ontology Consortium. 2019 The Gene Ontology Resource: 20 years and still GOing strong.
Nucleic Acids Res 47: D330-D338. doi:10.1093/nar/gky1055 [PubMed: 30395331]

Trcek T, Larson DR, Moldon A, Query CC, Singer RH. 2011 Single-molecule mRNA decay
measurements reveal promoter- regulated mRNA stability in yeast. Cell 147: 1484-1497.
doi:10.1016/j.cell.2011.11.051 [PubMed: 22196726]

Tsui C, Inouye C, Levy M, Lu A, Florens L, Washburn MP, Tjian R. 2018 dCas9-targeted locus-
specific protein isolation method identifies histone gene regulators. Proc Natl Acad Sci 115:
E2734-E2741. doi:10.1073/pnas.1718844115 [PubMed: 29507191]

Valverde R, Edwards L, Regan L. 2008 Structure and function of KH domains. FEBS J 275; 2712—
2726. doi:10.1111/j.1742-4658.2008.06411.x [PubMed: 18422648]

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2020 July 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chen et al. Page 18

Van Herreweghe E, Egloff S, Goiffon I, Jady BE, Froment C, Monsarrat B, Kiss T. 2007 Dynamic
remodelling of human 7SK snRNP controls the nuclear level of active P-TEFb. EMBO J 26:
3570-3580. d0i:10.1038/sj.emb0j.7601783 [PubMed: 17611602]

Van Nostrand EL, Freese P, Pratt GA, Wang X, Wei X, Xiao R, Blue SM, Chen J-Y, Cody NAL,
Dominguez D, et al. 2018 A large-scale binding and functional map of human RNA binding
proteins. bioRxiv doi:10.1101/179648

Wang X, Paucek RD, Gooding AR, Brown ZZ, Ge EJ, Muir TW, Cech TR. 2017 Molecular analysis of
PRC2 recruitment to DNA in chromatin and its inhibition by RNA. Nat Struct Mol Biol 24:
1028-1038. doi:10.1038/nsmb.3487 [PubMed: 29058709]

Wang IX, Grunseich C, Fox J, Burdick J, Zhu Z, Ravazian N, Hafner M, Cheung VG. 2018 Human
proteins that interact with RNA/DNA hybrids. Genome Res 28: 1405-1414. doi:10.1101/
gr.237362.118 [PubMed: 30108179]

Wei C, Xiao R, Chen L, Cui H, Zhou Y, Xue Y, Hu J, Zhou B, Tsutsui T, Qiu J, et al. 2016 RBFox2
binds nascent RNA to globally regulate Polycomb complex 2 targeting in mammalian genomes.
Mol Cell 62: 875-889. d0i:10.1016/j.molcel.2016.04.013 [PubMed: 27211866]

Weintraub AS, Li CH, Zamudio AV, Sigova AA, Hannett NM, Day DS, Abraham BJ, Cohen MA,
Nabet B, Buckley DL, et al. 2017 YY1 is a structural regulator of enhancer-promoter loops. Cell
171: 1573-1588 €1528. d0i:10.1016/j.cell.2017.11.008 [PubMed: 29224777]

Wissink EM, Vihervaara A, Tippens ND, Lis JT. 2019 Nascent RNA analyses: tracking transcription
and its regulation. Nat Rev Genet 20: 705-723. doi:10.1038/s41576-019-0159-6. [PubMed:
31399713]

Wutz A 2011 Gene silencing in X-chromosome inactivation: advances in understanding facultative
heterochromatin formation. Nat Rev Genet 12: 542-553. doi:10.1038/nrg3035 [PubMed:
21765457]

Xiao R, Chen JY, Liang Z, Luo D, Chen G, Lu ZJ, Chen Y, Zhou B, Li H, Du X, et al. 2019 Pervasive
chromatin-RNA binding protein interactions enable RNA-based regulation of transcription. Cell
178: 107-121 e118. doi:10.1016/j.cell.2019.06.001 [PubMed: 31251911]

Yan J, Dutta B, Hee YT, Chng WJ. 2019 Towards understanding of PRC2 binding to RNA. RNA Biol
16: 176-184. doi:10.1080/15476286.2019.1565283 [PubMed: 30608221]

Yao L, Berman BP, Farnham PJ. 2015 Demystifying the secret mission of enhancers: linking distal
regulatory elements to target genes. Crit Rev Biochem Mol Biol 50: 550-573.
d0i:10.3109/10409238.2015.1087961 [PubMed: 26446758]

Zakeri B, Fierer JO, Celik E, Chittock EC, Schwarz-Linek U, Moy VT, Howarth M. 2012 Peptide tag
forming a rapid covalent bond to a protein, through engineering a bacterial adhesin. Proc Natl
Acad Sci 109: E690-E697. d0i:10.1073/pnas.1115485109 [PubMed: 22366317]

Zeraati M, Langley DB, Schofield P, Moye AL, Rouet R, Hughes WE, Bryan TM, Dinger ME, Christ
D. 2018 I-motif DNA structures are formed in the nuclei of human cells. Nat Chem 10: 631-637.
doi:10.1038/s41557-018-0046-3 [PubMed: 29686376]

Zhang H, Zeitz MJ, Wang H, Niu B, Ge S, Li W, Cui J, Wang G, Qian G, Higgins MJ, et al. 2014 Long
noncoding RNA-mediated intrachromosomal interactions promote imprinting at the Kengl locus.
J Cell Biol 204: 61-75. doi:10.1083/jcb.201304152 [PubMed: 24395636]

Zhou J, Wang Q, Chen LL, Carmichael GG. 2008 On the mechanism of induction of heterochromatin
by the RNA-binding protein vigilin. RNA 14: 1773-1781. doi:10.1261/rna.1036308 [PubMed:
18648073]

Zhou Y, Li HR, Huang J, Jin G, Fu XD. 2014 Multiplex analysis of polyA-linked sequences (MAPS):
an RNA-seq strategy to profile poly(A+) RNA. Methods Mol Biol 1125; 169-178.
doi:10.1007/978-1-62703-971-0_15 [PubMed: 24590789]

Zid BM, O’Shea EK. 2014 Promoter sequences direct cytoplasmic localization and translation of
mRNASs during starvation in yeast. Nature 514: 117-121. doi:10.1038/nature13578 [PubMed:
25119046]

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2020 July 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Chen et al.

(

-

Page 19
C
~ %
)k ToE Biotinylated oligos-based ChIP-MS
% C &% (d)ChIRP / ChART / RAP
X/ ChiPmentati f(
mentation
N =4 ¥ \ W:\
Biotinylated A\ Do
mm@w ChiP-seq oligos o

A

RBP y  Tag-RBP
{ Sonication
— - \

CUT&Tag

\/ A-MNase
7/ ele

CUT&RUN (mr: 2 \ /
N Km*m’}

Biotin incoporation-based
R3C

Biotin labeled
1st strand cDNA

dCas13-based method

RO

Biotinylated LNA probe
dCas9-based method
O
dCas9
Tn5-based method

Tn5 with biotinylated adapter

Protein-centric

Figure 1.

RNA-centric

Region-centric

Strategies to detect chromatin-associated RNA-binding proteins (RBPs). (A) Protein-centric
approaches to explore whether a specific RBP directly acts on chromatin. (B) RNA-centric
approaches to identify both RBPs and associated DNA regions. (C) Regioncentric

approaches to profile associated RBPs.

Cold Spring Harb Symp Quant Biol. Author manuscript; available in PMC 2020 July 28.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Page 20

A BAF

Chromatin

remodeling™ Transcription

M’ 1 Transcription
{aﬁ,— |

DNA
methylation

DDX21 O
SRSF2

7SK RNA  P-TEFb ™= - .
Phosphorylation Pause release

Figure 2.
Mechanisms for RNA-binding proteins (RBPs) acting on promoters. (A) Mutual influence of

Z-DNA formation and transcription, and regulation by the RNA editing enzyme ADAR1.
(B) Recognition of G4, i-motif, or single-stranded DNA (ssDNA) by RBPs to regulate
transcription. (C) The formation and resolution of R-loops, which can play positive roles in
the recruitment of chromatin remodelers and DNA modification enzymes. (D) Multiple
mechanisms for transcriptional pause release by relocating p-TEFb from 7SK complex to
paused Pol I1.
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Figure 3.
RNAs and RNA-binding proteins (RBPSs) in 3D genome organization. Depicted are RNA-

mediated dimerization (i.e., YY1), oligomerization (i.e., CTCF and HNRNPU), and
genomic targeting (i.e., RBM25) for different TFs, together contributing to multivalent
interactions to drive phase separation and formation of transcription hubs.
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