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Abstract

The formation of condensed, transcriptionally repressed heterochromatin is essential for
controlling gene expression throughout development, silencing parasitic DNA elements, and for
genome stability and inheritance. Cells employ diverse mechanisms for controlling
heterochromatin states through proteins that modify DNA and histones. An emerging theme is that
chromatin-associated RNAs play important roles in regulating heterochromatin proteins by
controlling their initial recruitment to chromatin, their stable association with chromatin, their
spread along chromatin, or their enzymatic activity. Major challenges for the field include not only
identifying regulatory RNAs, but understanding the underlying biochemical mechanisms for how
RNAs associate with chromatin, the specificity of interactions between heterochromatin proteins
and RNA, and how these binding events manifest in cells to orchestrate RNA-mediated regulation
of heterochromatin.

Introduction

A single diploid nucleus in a human zygote gives rise to all the diverse cell types in the
body. This is achieved though cell type specific gene expression, which must be established
during development and maintained in differentiated somatic cells. The nucleus must also
constitutively silence diverse DNA elements — such as selfish transposons and non-coding
repetitive sequences — that threaten genome integrity. To achieve both facultative and
constitutive transcriptional silencing, eukaryotic organisms regulate DNA through the
formation of repressive chromatin states, called heterochromatin.

Heterochromatin regulation begins at the level of the nucleosome — the fundamental basic
unit of chromatin — which is comprised of DNA wrapped around an octameric histone core.
Cells employ covalent modifications on DNA and histone proteins, as well as specialized
histone variants, to regulate several aspects of chromatin behavior, such as transcriptional
output, regulatory protein accessibility, compaction, and sub-nuclear localization. Although
many protein factors involved in establishing and propagating heterochromatin states have
been identified, many large questions remain, including: how do heterochromatin proteins
find and modify specific genomic loci? How are improper modifications prevented? And
how is heterochromatin regulated throughout development, across cell divisions, and over
generations?
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Chromatin-associated RNAs have emerged as important regulators of the interactions
between chromatin and chromatin-modifying proteins. This idea first gained wide
recognition with the characterization of Xist, a non-coding RNA that coats and silences an
entire chromosome as part of a dosage compensation mechanism in most mammals to
equalize X chromosome expression across the sexes. Since this initial discovery, chromatin-
associated RNAs have been shown to influence not only developmentally-controlled
facultative heterochromatin, but also the constitutively repressed, gene-poor, repetitive DNA
of eukaryotic genomes. These RNAs apparently perform diverse functions, including
recruiting factors for establishment of heterochromatin, maintaining heterochromatin over
many cell divisions, and/or limiting the activity or spread of heterochromatin proteins.

A complete discussion of RNA-mediated regulation of chromatin is outside the scope of this
review (for an excellent in-depth review, see [1]); however, we will focus on recent research
on chromatin-associated RNAs that control either facultative or constitutive
heterochromatin, with an emphasis on the interactions between RNA and chromatin
modifying proteins in mammalian cells. We will discuss challenges in the field for
understanding how direct interactions mediate RNA control of heterochromatin, possible
models for RNA-dependent chromatin control, and key questions going forward.

Non-coding RNAs that control facultative heterochromatin

As mentioned above, the field of chromatin-associated RNA largely arose with the discovery
of Xist RNA and its unique role in X chromosome inactivation in eutherian mammals (for
current reviews, see references [2,3]). Although a single X7stlocus exists on each X
chromosome, Xist RNA is transcribed from only one of the two alleles in XX females, and
its localization spreads in cisto cover and inactivate the entire chromosome. Analogous
RNAs play similar roles in dosage compensation in other systems, either to repress or
upregulate gene expression (e.g. roX1 and roX2 RNA in flies [4], Rsx RNA in metatherians

[5D-

Xist RNA is proposed to silence gene expression by directly binding to and recruiting
chromatin modifying proteins to chromatin. One of these factors is Polycomb Repressive
Complex 2 (PRC2), a multi-subunit complex with H3K27 methyltransferase activity and an
essential regulator of gene expression during development and cell differentiation. Though
previous work proposed that PRC2 directly and specifically recognizes a stem loop
structural element within the Repeat A (RepA) portion of Xist RNA [6-8], recent work has
shown PRC2 binding to be promiscuous /n vitro and in vivo[9,10], and demonstrated that
the RepA stem loop is insufficient for PRC2 recruitment [11¢]. In addition, although
chromatin immunoprecipitation (ChlP-seq) and capture hybridization analysis of RNA
targets (CHART-seq) strategies show high correlation between PRC2, H3K27me3, and Xist
RNA localization across the inactive X chromosome [12,13], PRC2 and Xist show weak
colocalization by superresolution microscopy [14], and purification of Xist RNA from cells
using antisense RNA pull down strategies failed to identify PRC2 as an interactor of Xist
RNA in cells [15¢,16¢°]. These data and others point to a model in which PRC2, if it does
directly interact with Xist RNA, perhaps does so transiently, and that other interactions may
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be largely responsible for driving heterochromatin formation on the inactive X, even if
PRC2 contributes with other redundant mechanisms to its long-term maintenance [17,18].

A likely candidate for an Xist-recruited heterochromatin initiator is SHARP (SMRT/HDAC1
Associated Repressor Protein), a mammalian homolog of the fly protein SPEN (Split Ends),
identified in two independent studies as a /7 vivo binder of Xist RNA [15¢¢,16¢¢]. SHARP
contains three RNA recognition motifs (RRMs), binds to histone deacetylases, and appears
to be responsible for early repressive marks on the inactive X and for downstream
recruitment of PRC2, making it an attractive candidate for a direct molecular link between
Xist localization and transcriptional repression [16¢]. Future research will likely explore the
RNA binding specificity of SHARP in vitroand in vivo, to determine whether specific Xist
RNA sequences or structures may specifically recruit SHARP to the inactive X, or if
SHARP exhibits broad, promiscuous RNA binding that may non-specifically stabilize its
interactions with chromatin.

Since the discovery of Xist, other chromatin-associated RNAs have been discovered that
mediate gene silencing at loci distant from their transcription sites. A landmark example of
trans regulation is HOTAIR, a non-coding RNA associated with the HOX gene family,
whose precise spatiotemporal regulation is necessary for proper pattern formation during
development. Initial experiments performed in human cells indicated that although HOTAIR
RNA is transcribed from the H#OXC cluster of HOX genes, it localizes to the distant HOXD
cluster in frans and represses HOXD transcription by recruiting PRC2 [19]; subsequent
studies found this mechanism to be conserved in mice, and observed that loss of HOTAIR
leads to developmental abnormalities [20]. However, another study challenged the assertion
that this model is conserved and important in mouse development, as HOXD derepression
was not detected in mice with the entire HOXC locus deleted [21]. A recent follow-up study
has suggested that developmental defects in HOTAIR mutant mice are not due to HOXD
derepression in #rans, but from an unrelated mechanism of HOXC chromatin disruption in
Cis [22¢]. The trans mechanism is likely to still apply in humans, as HOTAIR was found to
localize to the HOXD locus in human cells by ChIRP-seq [23]; nevertheless, its relevance to
human development is impossible to test directly. In addition, similar to the recent models
for Xist described above, it has been recently suggested that contrary to the original models,
HOTAIR can lead to transcriptional repression independent of PRC2 recruitment [24],
suggesting a downstream, maintenance role for PRC2.

A key objective for those studying HOTAIR or other frans-acting RNAs, in addition to
elucidating their biological relevance, is understanding the mechanisms by which RNAs find
and associate with their target loci, and how localization specificity is achieved (Figure 1).
The development of tools for unbiased discovery and mapping of chromatin-associated
RNAs will undoubtedly clarify the prevalence of frans-acting mechanisms, identify classes
of RNAs acting by these mechanisms, and begin to dissect their modes of chromatin
recognition [25,26].
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PRC2: a model chromatin modifying complex regulated by RNA

Because of its established role in facultative heterochromatin — and its proposed association
with Xist, HOTAIR, and other RNAs — the PRC2 complex became a model chromatin-
modifying complex influenced by RNA binding [27]. PRC2 is a large multi-subunit protein
complex with many essential and accessory factors [28]. PRC2 associates with Polycomb
Responsive Elements (PRES) in the fly genome, which are necessary for maintenance of
silencing over multiple rounds of DNA replication; however, in non-dividing cells, PRC2
localizes independent of these DNA sequences [29,30], and may depend on other interactors
such as H3K27 methylation and RNA. Mammalian PRC2 binds RNA through the H3K27
methyltransferase subunit EZH2 and the subunit Eed; but other subunits and modifications
can affect RNA binding affinity and specificity [8,31]. Although PRC2 was initially thought
to associate with specific RNA sequences through recognition of a stem loop structure [8],
recent work has demonstrated that PRC2 is a highly promiscuous RNA binder in cells [9,10]
and exhibits largely nonspecific interactions with RNA /n vitro [11+]. Several studies have
indicated that G-quadraplex RNA structures are preferentially recognized by PRC2; a motif
common enough to explain broad binding to many RNAs [32¢,33,34].

How RNA binding influences PRC2 localization and silencing at specific loci remains a key
question in the field, with several possible models that are not mutually exclusive (Figure 1).
One model is that RNA binding is the main determinant of PRC2 recruitment, and this RNA
recognition depends on some sequence or structure specificity that may be cryptic [35,36].
Another model is that RNA binding is just one of many biochemical interactions with PRC2
that define its genomic targets — in addition to binding to DNA, H3K27-methylated
histones, and other factors [28] — and may either contribute to initial recruitment
(increasing on rate) or to post-recruitment stabilization (decreasing off rate). A third model
is the RNA association by PRC2 reduces its interaction with non-target loci by clearing
PRC2 away from loci that are actively transcribed [9], and/or by inhibiting its
methyltransferase activity [34]. Going forward, to clarify the role of each one of these
models, it will be essential to systematically combine unbiased /in vitroand in vivo RNA
binding measurements to understand PRC2 RNA binding specificity in cells, how that
relates to its intrinsic RNA binding, what factors influence that specificity, and how PRC2
integrates this information to find target genomic sites.

A role for RNAI in constitutive heterochromatin

In addition to regulating gene expression coupled to organismal development and cell
differentiation, non-coding RNAs have also been implicated in the constitutive silencing of
gene-poor, repetitive regions of eukaryotic genomes, often concentrated near centromeres
and telomeres. Constitutive heterochromatin components include the HP1 (heterochromatin
protein 1) and SUV39 (suppressor of variegation 3-9) protein families, which are conserved
in a broad range of eukaryotes — including those lacking H3K27-methylated facultative
heterochromatin. SUV39 proteins are histone methyltransferases that catalyze the di-
methylation and tri-methylation of H3K9; a chromatin mark specifically recognized by both
SUV39 and HP1 proteins. HP1 proteins are highly versatile adaptor proteins that can
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oligomerize and recruit other chromatin factors, resulting in chromatin compaction and
transcriptional silencing [37].

Perhaps the most well-studied example of RNA-regulated constitutive heterochromatin is the
role for RNAI in pericentric heterochromatin formation and maintenance in fission yeast
(Schizosaccharomyces pombe). In this system, RNAs transcribed from pericentric repeat
sequences are converted into double-stranded species and processed by Dicer into short
siRNAs, which bind to the Argonaute-containing RITS (RNA-induced transcriptional
silencing) complex. The RITS complex uses base pairing interactions between the loaded
siRNA and nascent transcripts — along with H3K9me2 interactions — to localize to
pericentric regions [1]. Localized RITS complexes recruit Clr4/SUV39, leading to H3K9
methylation, Swi6/HP1 recruitment, heterochromatic silencing, and generation of more
siRNAs through recruitment of Dicer and an RNA-dependent RNA polymerase (RdRP). In
this way, heterochromatin is maintained through a self-reinforcing positive feedback loop;
SiRNA promotes H3K9 methylation which promotes siRNA production, and both siRNA
and H3K9me?2 interact with the RITS complex to facilitate its localization to pericentric
heterochromatin.

Why would this type of RNA-mediated heterochromatin regulation be beneficial? In contrast
to proposed roles of Xist and HOTAIR, fission yeast pericentric RNAs function exclusively
at the site of local transcription in cis (Figure 1). This means that RNA transcription is
required to effectively silence itself. An attractive advantage of this ¢/s mechanism is that in
addition to the positive feedback generation of siRNA, there is negative feedback for RNA
transcription, as any defects in transcriptional silencing lead to increased recruitment of
heterochromatin factors and reestablishment of repression. In addition, recent studies have
shown that a H3K9me2-dependent feedback loop — that is, CIr4/SUV39 recruitment though
its own methylation product — on its own is only sufficient for long-term maintenance of
heterochromatin in the absence of the endogenous demethylase Epel [38¢¢,39¢¢]. Therefore,
the siRNA feedback loop contributes an extra layer of regulation that allows for more robust
silencing — less vulnerable to an imbalance between demethylation and methylation — than
H3K9me2 feedback alone. Finally, these mechanisms are less susceptible to DNA mutations
than a mechanism in which heterochromatin factors simply recognize a DNA sequence;
which is especially advantageous for regions with high mutation rates, such as centromeres.
Consistent with this idea, a heterochromatin region in fission yeast with a lower mutation
rate than centromeres — the mating-type locus — relies on specific transcription factor
binding DNA sequences for both establishment and maintenance of heterochromatin [40],
and only requires RNA. for establishment [41]. In contrast, pericentric heterochromatin
requires RNAI for both establishment and maintenance, with no known specific DNA
binding factors. This suggests that sequence-specific binding factors may effectively
maintain silencing at regions with relatively low mutation rates, but RNAI is a more effective
at maintaining quickly evolving regions.

In addition to their role in fission yeast, small RNAs contribute to heterochromatin
regulation in other fungi, ciliates, plants, and worms; and like in fission yeast, act through
RdRP-dependent, self-reinforcing feedback loops with either histone methylation or DNA
methylation systems [1]. How RNAi-based mechanisms contribute to constitutive
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heterochromatin formation in other eukaryotes such as flies and mammals is less clear, as
RdRPs have not been identified in these organisms. RNAi may still play some role, however,
as loss of Dicer leads to apparent misregulation of heterochromatin in Drosophila
melanogaster cells [42], chicken/human hybrid cells [43], and mouse embryonic stem cells
[44] — though small siRNA-sized pericentric RNAs have not been detected in other
mammalian cell types [45]. Additionally, injection of pericentric major satellite dSRNAs into
mouse embryos was sufficient to rescue phenotypes caused by mutating lysine 27 of histone
H3.3 — a critical residue for pericentric heterochromatin establishment during mouse
development — suggesting a role for H3.3 in dsRNA generation and RNAi-mediated
heterochromatin silencing during this developmental stage [46].

Even though many metazoans lack RdRPs, they employ known germline-specific silencing
mechanisms that rely on small RNAs. The largely germline-specific Piwi subfamily of
Argonaute proteins and Piwi-interacting RNAs (piRNAS) act both post-transcriptionally and
at chromatin to silence transposable elements in the germline and to maintain genome
integrity [47]; though it is unclear, particularly in mice, if positive feedback between DNA/
histone methylation and piRNA generation occurs.

Direct RNA regulation of constitutive heterochromatin factors HP1 and

SUV39

RNA at constitutive heterochromatin can also directly bind HP1 and SUV39 proteins —
factors of interest because their high conservation across diverse eukaryotes and their direct
role in heterochromatin function. Like PRC2, the RNA binding activity of these proteins
may contribute to their recruitment, their stable interaction with chromatin, and/or prevent
their mislocalization to ectopic loci.

In addition to recruiting the RITS complex, heterochromatic RNAs in fission yeast have
proposed roles in preventing heterochromatin spread. Highly-transcribed clusters of tRNAs
genes have long been observed to prevent spread at heterochromatin boundaries; however, a
direct role for RNA is unclear. Recently, it has been shown that a non-coding RNA called
BORDERLINE, transcribed at a heterochromatin/euchromatin boundary with no tRNA
genes, limits heterochromatin spread through a direct interaction with Swi6/HP1 [48].
Interestingly, direct RNA binding by Swi6/HP1 also assists in targeting heterochromatic
RNAs for degradation [49]. This involves a mechanism in which RNA and H3K9me2
compete for binding to Swi6/HP1, although RNA and H3K9me2 bind different domains (the
hinge and the chromodomain, respectively). Future work is needed to understand Swi6/HP1
RNA binding specificity, how RNA/H3K9me2 competition influences this specificity, and
how this impacts heterochromatin regulation by Swi6/HP1.

RNA binding is conserved in at least some mammalian isoforms of HP1. Like Swi6/HP1,
mammalian HP1a can directly bind RNA through its hinge domain [50], and in mouse cells,
HP1a binds pericentric major satellite RNAs in a manner dependent on HP1a sumoylation
[51]. Treatment of mammalian cells with RNase, or inhibition of HP1a sumaylation,
reduces HP1a localization [51-53]. These data support a model in which mammalian
HP1a, unlike fission yeast Swi6/HP1, relies on direct binding to RNA for its localization to

Curr Opin Cell Biol. Author manuscript; available in PMC 2017 December 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnson and Straight

Page 7

chromatin. Interestingly, the sensitivity of HP1a localization to RNase, even after cells are
permeabilized on coverslips, indicates that RNA acts as a structural component necessary for
HP1a’s continued stable association with chromatin; as opposed to a dynamic interaction
only necessary for recruitment. A recent paper also found that mouse Suv39h1 protein
facilitates HP1a sumoylation, and therefore indirectly promotes RNA binding and
localization of HP1a [54]. It is unclear whether RNA binding prevents HP1a and
heterochromatin spread in mammalian cells, as it does in fission yeast.

Another conserved component of constitutive heterochromatin has been proposed to bind to
RNA: the SUV39 methyltransferase responsible for catalyzing H3K9me2/3 formation. In
fission yeast, the chromodomain of Clr4/SUV39 was found to bind RNA /n vitro only in the
presence of H3K9me3 histone tail peptide [55], suggesting a cooperative mechanism of
H3K9me3 and RNA binding; however, the biological relevance of this interaction has yet to
be explored. Two recent papers have presented evidence that the mammalian homolog
SUV39HL1 is targeted by RNA-based mechanisms: to telomeres by the non-coding RNA
TERRA in human cells [56¢], and to the Oct4 locus by an Oct4 pseudogene RNA in mouse
cells [57]. It remains unclear how the RNA binding of HP1 and SUV39 isoforms contribute
to constitutive heterochromatin in different eukaryotes, including humans (Box 1). Like with
PRC2, it will be key to understand RNA binding specificities /n vitro and how that relates to
interactions and localization /n vivo.

Box 1
The complex contributions of a-satellite transcription in human cells

A unique challenge to studying constitutive heterochromatin and the effects of its
transcription in human cells is the repetitive but heterogeneous nature of the a-satellite
repeats that underlie both pericentric heterochromatin and core centromere regions of the
human genome. Although repeats in mice (minor and major) and fission yeast (imr and
otr) are distinctly partitioned to core centromere or pericentric regions, a-satellite RNAs
in human cells may come from either region, making it difficult to decouple their
contributions to centromere or heterochromatin function. At least some a-satellite
sequences are transcribed in human cells, and have been proposed to influence several
aspects of centromere biology [59-64]. A study in human cells showed that aberrant
overexpression of a-satellite RNA was sufficient to cause genome instability [65],
although the mechanisms by which this occurs remain unclear. These data, along with
several studies involved targeted repression or expression of centromeric sequences on
human artificial chromosome (HACs) [66—68], suggest that some a.-satellite transcription
may be necessary for proper centromere and/or heterochromatin function, but too much
may have damaging effects on the cell. Recent efforts to better classify and map a-
satellite repeats of the human genome will greatly improve our understanding of how
these sequences contribute to centromere and pericentric heterochromatin function [69].

Curr Opin Cell Biol. Author manuscript; available in PMC 2017 December 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Johnson and Straight

Page 8

Concluding remarks

Chromatin-associated RNAs play diverse roles in genome regulation [58], including
regulating both facultative and constitutive heterochromatin in a wide variety of eukaryotes.
These heterochromatin-controlling RNAs exhibit a range of different behaviors; localizing
through either cis or trans mechanisms, using long RNA tethers or short RNA feedback
loops, and either inhibiting or promoting heterochromatin function. Key questions going
forward in this field include: where do chromatin-associated RNAs interact with chromatin,
what heterochromatin proteins do they interact with, and what is the basis of the specificity
of these interactions? And how do these biochemical interactions lead to spatially and
temporally controlled heterochromatin in cells? The development of new unbiased
techniques for assessing RNA binding interactions /n vivo and in vitro, in combination with
traditional cell-based and biochemical methods, will allow us to further unravel the complex
interactions of chromatin-associated RNAs, and fully understand their contributions to the
specificity of chromatin-modifying complexes.
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Figurel.

General modes of RNA-based heterochromatin regulation. (a) Classes of RNA-chromatin
association. Chromatin-associated RNAs may localize mainly at the sites of their
transcription (cis), or at sites distant from their transcription sites (#rans). (b) Types of RNA
processing. Characterized RNA-based mechanisms for heterochromatin regulation fall into
two general categories: long, noncoding RNAs or short, siRNA-based mechanisms. (c)
Models for how RNA regulates localization of heterochromatin proteins. Chromatin-
associated RNAs may act to promote (top) or inhibit (bottom) the localization of
heterochromatin proteins. Promotion of protein localization may occur through recruitment
through direct recognition of specific RNA sequences and/or structures, or through non-
specific interactions that stabilize protein-chromatin associations. Heterochromatin
inhibition mechanisms include RNA binding events that compete with other chromatin
interactions (such as binding to heterochromatin modifications), or RNA binding that
inhibits enzymatic activity.
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