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Abstract

Cells can adapt to their environment and develop distinct identities by rewiring their
transcriptional networks to regulate the output of key biological pathways without concomitant
mutations to the underlying genes. These alterations, called epigenetic changes, persist stably
through mitotic or, in some instances, meiotic cell divisions. In eukaryotes, heritable changes to
chromatin structure are a prominent, but not exclusive, mechanism by which epigenetic changes
are mediated. These changes are initiated by sequence-specific events, which trigger a cascade of
molecular interactions resulting in feedback mechanisms, alterations in chromatin structure,
histone posttranslational modifications (PTMs), and ultimately establishment of distinct
transcriptional states. In recent years, advances in next generation sequencing have led to the
discovery of several novel classes of noncoding RNAs (ncRNAS). In addition to their well-
established cytoplasmic roles in posttranscriptional regulation of gene expression, ncRNAS have
emerged as key regulators of epigenetic changes via chromatin-dependent mechanisms in
organisms ranging from yeast to man. They function by affecting chromatin structure, histone
PTMs, and the recruitment of transcriptional activating or repressing complexes. Among histone
PTMs, lysine methylation serves as the binding substrate for the recruitment of key protein
complexes involved in regulation of genome architecture, stability, and gene expression. In this
review, we will outline the known mechanisms by which ncRNAs of different origins regulate
histone methylation, and in doing so contribute to a variety of genome regulatory functions in
eukaryotes.
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Introduction

Cells exhibit a variety of phenotypes by altering the expression patterns of their genes. The
accurate propagation of these phenotypes to progeny cells is critical for survival and
adaptability. In all organisms the stable inheritance of phenotypic states is achieved by a
combination of genetic and epigenetic means [1]-[3]. Precise DNA replication and
chromosome segregation mechanisms transmit a complete blueprint of genes from parental
to progeny cells through mitotic and meiotic cell divisions [4]-[6]. The accuracy of this
process is of paramount importance for survival. Environmental mutagens, DNA replication
and chromosome segregation errors, and activation of mobile genetic elements threaten the
fidelity of this process, and endanger the stability of genomes [7]-[11]. In face of these,
organisms have evolved rigorous mechanisms to repair their damaged DNA, correct
replication and chromosome segregation errors, safeguard their genomes against
mobilization of transposable elements, and prevent spurious recombination among repetitive
sequences, the loss of which can lead to the erosion of genetic information [12]-[14].
Together these mechanisms accurately duplicate and transfer the genetic information to
progeny cells upon which transcriptional regulatory mechanisms act.

Epigenetic mechanisms also contribute to the stable transmission of cellular phenotypes
through mitotic, and in some instances, meiotic cell divisions [15]-[17]. Unlike genetic
alterations, epigenetic changes occur in the absence of mutations to the underlying genes.
Once triggered, these alterations persist through numerous cell divisions independently of
the original inducing signal. The establishment, maintenance and transmission of stable
epigenetic properties enable organisms to develop distinct cellular identities during
development, resist stress by optimizing gene expression patterns, and, broadly, display
properties favoring survival. All epigenetic changes are inherently reversible, thus equipping
cells with dynamic adaptive responses, whose potential is limited by the combination of the
available genetic information and epigenetic systems regulating gene expression [16], [18],
[19]. Disruptions to epigenetic pathways can have serious pathological consequences
including malignancies [20] infertility [21] neurological disorders [22] and metabolic
diseases [23]-[26]. Epigenetic changes occur by a variety of mechanisms, frequently
involving changes to gene expression patterns, but, examples in which stable epigenetic
alterations occur with no apparent change to gene expression patterns also exist [27]-[29].
For this review, we will focus our discussion on RNA-mediated epigenetic changes that
involve alterations to gene expression patterns via histone methylation.

Three features are common to all epigenetic pathways which operate by altering gene
expression programs [19]. (1) Sequence-dependent binding events (e.g. proteins binding to a
specific DNA or RNA sequence) lead to the recruitment of regulatory factors to a target
genomic site; (2) cooperative interactions of various strengths among regulatory and
sequence-dependent factors enhance and reinforce specificity; (3) these interactions trigger
positive and negative feedback mechanisms which stabilize regulatory factor-mediated
transcriptional changes at the target locus, and ensure its propagation through cell division.

Biochim Biophys Acta. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Joh etal. Page 3

Eukaryotic chromatin

In eukaryotes, long tracks of DNA are packaged and organized into a nucleoprotein
structure called chromatin. The functional unit of chromatin is a hucleosome: an octameric
DNA-protein complex composed of two copies of each histone (H2A, H2B, H3 and H4)
around which roughly 147 base-pairs (bp) of DNA wraps. Nucleosomes are the basic
repetitive unit of chromatin, which are assembled into long linear arrays separated by a 10—
70 bp linker DNA region. Nucleosome density, compaction, and nuclear localization
profoundly impact chromatin structure and the transcriptional state of the underlying genes.
In addition to transcription, chromatin structure also regulates other key DNA metabolic
activities including repair, recombination and replication [30]. Accordingly, eukaryotic cells
have evolved highly conserved mechanisms to alter chromatin structure of specific parts of
their genomes as an amenable and programmable means for regulating their genomes. But
how is this achieved?

The crystal structure of a nucleosome reveals that the N- (and in some cases C-) termini of
individual histones protrude out of the nucleosomal globular core domain. These ‘tails’ are
accessible for interaction with other proteins and are marked a variety of posttranslational
modifications (PTMs), the best characterized of which are acetylation, methylation,
ubiquitination, sumoylation, and phosphorylation [31]. These modifications regulate
chromatin structure, function, and nuclear localization by helping recruit or restrict
chromatin regulatory complexes to specific regions of the chromosome.

Several conserved protein families cooperate to regulate chromatin. Because of their
biochemical activities, they are classified into three broad categories: histone-modifying,
histone-binding and chromatin remodeling protein families. Histone-modifying proteins
catalyze the addition or removal of specific PTMs (e.g. methyl groups) on different histone
residues. Often these proteins are targeted to different parts of the genome by a variety of
mechanisms, and their activity profoundly impacts the transcriptional outcome of the
affected chromosomal region [19]. Histone-binding proteins recognize and bind to specific
histone PTMs [32], [33], and their binding often recruits other regulatory complexes through
their protein-protein interactions [31]. Chromatin remodelers, as their name suggests, alter
the overall structure and packaging of chromatin, by using the energy of ATP hydrolysis to
reposition, evict or change the histone composition of nucleosomes [34]. These activities
together impact chromatin compaction, organization and positioning within the eukaryotic
nucleus, and regulate the DNA accessibility and transcriptional state of the underlying
genes. Targeting and temporal coordination of these activities allows cells to establish,
maintain and duplicate chromatin and transcriptional properties of specific parts of their
genome.

Chromatin-based epigenetic mechanisms

In eukaryotes, many, but not all (for example [35]), epigenetic mechanisms involve heritable
alterations of chromatin states, which regulate the transcription of the underlying genes.
Several cis- and/or trans-acting factors cooperate to establish these chromatin states whose
duplication and propagation after DNA replication is critical for epigenetic inheritance.
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DNA replication poses a special challenge to inheritance of chromatin states because
histones must dissociate from chromosomes during the passage of replication forks, and
newly synthesized nucleosomes are incorporated to restore proper nucleosome density on
the newly replicated daughter strands. Pioneering work in 70’s and 80’s [36]-[40] revealed
that parental histones are retained and distributed randomly to newly replicated DNA
molecules. However, newly incorporated nucleosomes carry different PTMs than the
parental histones [41]; therefore, a mechanism for restoring the parental histone PTMs must
exist for propagation of chromatin states following replication. These observations were
confirmed by recent work [42] suggesting that at least some nucleosomes, carrying parental
histone PTMs, are transferred onto the newly replicated chromosomes. Below we will
discuss several models for inheritance of chromatin states, a few of which suggest that the
parentally inherited nucleosomes may contribute to the efficiency of reestablishment of
chromatin states after DNA replication.

Models of inheritance of chromatin states

Several models for inheritance of chromatin states have been proposed, but the exact
mechanism by which chromatin states are reestablished after DNA replication remains
poorly understood. One model proposes that chromatin states are duplicated by histone-
modifying complexes that bind to the same PTM which they catalyze on a neighboring
nucleosome [23]-[25]. According to this model, the PTMs inherited from the parental
nucleosomes deposited on newly replicated DNA provide sufficient specificity to reestablish
chromatin states independently of sequence-specific events. A prediction of this would be
that histone PTMs alone are epigenetic (self-perpetuating) marks. Other models propose that
either sequence-specific events alone [43] or (at least partially) assisted by chromatin-based
mechanisms [44] restore parental histone PTMs by targeting and recruiting chromatin-
modifying proteins after each round of DNA replication. According to these models, histone
PTMs alone do not provide sufficient specificity to mediate their own duplication; instead
specificity is encoded by sequence-dependent interactions which recruit histone-modifying
activities to specific parts of the genome. Experiments in yeast and flies which directly
tested these two models fail to provide support for the first model [45]-[50], and
demonstrate that histone PTMs alone are incapable of self-perpetuation. Rather, these results
show that sequence-specific events are upstream of histone PTMs, and are critical for the
duplication and reestablishment of chromatin states. The requirement for sequence-
specificity can be considered a ‘check’, which may serve as a corrective mechanism to
ensure that aberrant histone modifications on unintended parts of the genome are not
propagated indefinitely. Without sequence-specific events to reinforce PTMs, these marks
would disappear quickly after a few rounds of DNA replication. Thus only the chromatin
state of the targeted parts of the genome, dictated by sequence-dependent interactions, are
duplicated.

Regardless of the initiating event, histone PTMs act as binding substrates for the recruitment
of other chromatin-regulatory complexes, whose activities regulate gene expression of the
target region. Iterative cycles of trans recruitment of regulatory complexes create a positive
feedback mechanism, establishing chromatin modifications locally, which can spread in cis
to the neighboring chromosomal regions forming large tracks of transcriptionally co-
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regulated chromosomal domains. Similar initiation and spreading mechanisms appear to
govern activating (e.g. Drosophila dosage compensation [51]) or repressing transcriptional
events (e.g. mammalian dosage compensation [52]).

Histone methylation

Among the different histone tail PTMs, lysine methylation has emerged as a key histone
mark involved in several important nuclear functions including transcription,
heterochromatin formation, replication and DNA repair. Highly conserved lysine
methyltransferases (KMTs) and demethylases (KDMs) catalyze the addition and removal of
methyl marks from specific lysine residues, respectively [53]. Lysines can be mono-, di- or
tri-methylated and the degree and specificity of methylation is exquisitely regulated by a
combination of enzymatic specificity of KMTs/KDMs and their expression and recruitment
mechanism to chromatin. Several chromatin-binding proteins can bind to these methylated
lysine residues through their methyl lysine-binding motifs [54] and target the recruitment of
regulatory proteins through their protein-protein interactions [31].

In this review we will focus on noncoding (nc)RNA-regulated lysine methylation events.
These include histone H3 lysine 9 methylation (H3K9me), the hallmark of eukaryotic
heterochromatin, histone H3 lysine 4 methylation (H3K4me), the ubiquitous mark of active
transcription, and histone H3 lysine 27 methylation (H3K27me), the polycomb group
protein modification which demarcates transcriptional repression of developmentally
regulated genes [53]. Together these histone modifications impact critical biological
processes as diverse as maintenance of genomic stability to regulation of gene expression
during development.

NcRNAs and histone methylation

In recent years, the multitude of cellular functions attributed to ncRNAs has been growing
rapidly. This is mainly due to the discovery of the RNA interference (RNAI) pathway,
which revealed that (antisense) noncoding transcripts have critical gene regulatory functions.
This discovery brought renewed research interest and urgency to the ncRNA field, which at
the time was mostly focused on highly abundant and easily detectable ncRNAS (e.g rRNA,
snoRNA, etc) with roles in RNA processing and protein translation. Breakthrough advances
in next-generation sequencing technologies uncovered several new classes of ncRNAs and
the surprisingly pervasive (albeit low-level) transcriptional landscape of the noncoding
regions of the eukaryotic genomes. Recent studies have revealed that many of the newly
identified classes of ncCRNAs are regulators of several chromatin-dependent nuclear
functions in eukaryotes ranging from yeast to man [55]-[57]. These functions include
regulation of gene expression, transposon silencing, dosage compensation, genomic stability
and heterochromatin formation. Work from several organisms has shown that ncRNAs
mediate some of these functions by regulating histone methylation at various genomic loci.
Mechanistically, ncRNAs directly regulate histone methylation by acting as (1) specificity
factors for the trans recruitment of KMTSs, (2) molecular scaffolds which act in cisupon
which KMTs and other chromatin regulatory complexes assemble, or (3) structural
components of KMT complexes. Indirectly, (4) inducible transcription of ncRNAs can
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regulate histone methylation of promoters of overlapping protein-coding genes. Even though
in these instances ncRNA molecules themselves do not contribute to histone methylation
directly, their transcription recruits KMTSs, which methylate histones of overlapping
promoters, regulating their activity in cis (Figure 2). We will discuss at least one example
for each mechanism in detail in the sections below.

Classes of ncRNAs

ncRNAs fall under two categories: small RNAs and long noncoding RNAs (IncRNAS).
Small ncRNAs are derived from the degradation of larger endogenous or exogenous
transcripts, which range in size from 21-30 nucleotides. IncRNAs are defined as
endogenous transcripts greater than 200 base pairs (bp) long, with no known or predicted
protein products. Both types of RNAs have been shown to regulate histone methylation in
the nucleus of a variety of eukaryotic cells.

1. Small RNA-mediated histone methylation

Three different classes of small ncRNAs have been described: microRNAs (miRNAs), small
interfering RNAs (SiRNAs), and PIWI-interacting RNAs (piRNAs). miRNAs are Argonaute
(Ago)-associated small RNAs, derived from processing of RNA hairpins, which once loaded
onto the Ago family of proteins can mediate PTGS by degrading or inhibiting the translation
of cytoplasmic RNAs. Even though implicated in epigenetic phenomena, no direct role for
this class of small RNAs have been described for histone methylation in the nucleus, thus
we refer the readers interested in this topic to other excellent reviews covering miRNA
biology [58]-[60].

SiRNAs are 20-25nt long degradation products of long exogenous or endogenous double-
stranded (ds) RNAs. Long dsRNAs are substrates for the highly conserved RNase 111 family
of proteins called Dicer (DCR), which degrade these transcripts into short dSRNA species.
These are loaded onto effector Ago-containing complexes [60] whose slicer activity cleaves
the passenger strand of the ds siRNAs, liberating the guide strand for basepairing
interactions with complementary RNA molecules. siRNASs require perfect complementarity
for target recognition, and can act as guides for the recruitment of a variety of chromatin-
modifying complexes, including KMTSs, to complementary sequences. In organisms such as
S pombe, N. crassa, C. elegans and plants, another class of proteins, RNA-dependent RNA
polymerases (RARP) are used to convert endogenous single-stranded (ss) RNAs into
dsRNAs, thus availing these molecules as substrates for Dicer degradation. These proteins
are used to target [61] and/or amplify the RNAI signal [62]-[64], generating positive
feedback loops, a central feature of epigenetic regulation.

The last class of small ncRNAs discussed in this review is the PIWI-interacting small
ncRNAs (piRNAS). piRNAs are 22-30bp long and are found associated with the PIWI clade
of the Argonaute family of proteins [65]. Originally described in Drosophila, piRNAs and
Piwi proteins protect the genome against germline activation of transposable elements by
repressing transposon activity.
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a. siRNAs in Schizosaccharoymces pombe—The discovery that small ncRNAs can
direct the methylation of histone lysine residues in the fission yeast, Schizosaccharomyces
pombe, was made in 2002 [62]. In this organism like most other eukaryotes, H3K9me
demarcates heterochromatin, which is found at centromeres, telomeres, rDNA, and in the
fission yeast mating-type region. Interestingly, RNAi proteins Dicer (Dcrl), Argonaute
(Agol) and RNA-dependent RNA polymerase (Rdpl) homologs are required for H3K9
methylation at centromeres by the sole KMT1 histone methyltransferase protein, Clr4 [62] —
a member of the Suv39h family of proteins. This discovery raised the intriguing possibility
that RNAI proteins and possibly siRNAs (which mostly were known for their cytoplasmic
PTGS role at the time) target histone modifications to heterochromatin and directly or
indirectly participate in transcriptional gene silencing (TGS) mechanisms in the nucleus.
The first clue about how siRNAs function in TGS came with the discovery of the RNA-
induced Transcriptional Gene silencing complex (RITS) [66]. RITS physically connects the
RNAI pathway to heterochromatin. It is composed of Agol, the sole Argonaute homolog
which associates with heterochromatic siRNAs, Chpl, a chromodomain protein which
specifically binds to H3K9me [67] and Tas3, a GW motif protein [68] which links Chpl and
Agol [69] and whose self-polymerization is required for spreading of RITS-dependent
silencing to non-transcribed regions of centromeres [70]. Efficient RITS recruitment to
heterochromatin requires siRNAs and H3K9me [66] suggesting that RITS is a bivalent
complex whose binding to H3K9me (via Chpl) and siRNA basepairing interactions with
centromeric (cen) sequences target RITS to heterochromatin. RITS physically interacts with
the Rdpl-bearing complex, RDRC [63] which converts RNA Pol Il-transcribed single-
stranded cen RNAs into dsRNAs. RDRC, in turn, physically associates with Dcrl, thus
targeting Dcrl activity to heterochromatic dsSRNAs [71] creating a positive feedback loop
for siRNA production. Furthermore, RITS, RDRC and Dcrl physically interact with cen
RNAs in an H3K9me-dependent manner. Together these observations led to the proposal of
the Nascent Transcript Model in which long centromeric ncRNAS act as specificity
platforms for the recruitment of histone-modifying and -binding proteins in cis[63] (Figure
1A). Many key features of this model have emerged as conserved components of all small
RNA or long RNA-mediated histone methylation studied in other systems including humans
(see below).

How do siRNAs guide CLRC recruitment?: Clr4 exists in the Clr4-Rik1-Cul4 (CLRC)
complex [72]-[76] and is solely responsible for the methylation of H3K9 in S. pombe. Four
observations support the siRNA-mediated mechanism for CLRC targeting: (1) siRNAs
guide CLRC to complementary centromere-like sequences throughout the genome including
the ones found at the fission yeast mating-type region [77] and telomeres [78]; (2) CLRC
physically interacts with the RNAi complexes RITS, RDRC [49], [50], [79] and Dcr1 [80]
through a complicated series of cooperative interactions which are assisted in part by the
LIM domain protein, Stcl, siRNAs, centromeric RNAs and H3K9me; (3) RITS
programmed with ectopic siRNAs generated from hairpins can establish H3K9me and
silencing of a reporter gene with complementary sequences [81], [82]; and (4) artificial
tethering of the Tas3 subunit of RITS to a euchromatic transcript can induce H3K9me-
dependent silencing at the locus [83]. Together these data demonstrate the CLRC interaction
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with RNAI complexes targets its activity to regions of SiRNA complementarity in the
genome (Figure 1A).

A novel class of small ncRNAs and their role in H3K9me spreading: A recent report has
identified a novel class of siRNA-sized ncRNAs, which are not Agol-associated, but appear
to be the Dcrl degradation product of a IncRNA called BORDERLINE. This INCRNA is
expressed at the heterochromatin-euchromatin border of the fission yeast pericentromeric
regions, and its SiRNA-sized degradation products appears to prevent the spreading of
H3K9me marks outside of these borders [84]. Even though BORDERLINE is essential for
boundary function, it operates in a sequence-independent manner such that expression of an
ectopic RNA also can provide the barrier function at this locus. These small RNAs are
thought to disrupt the cis spreading of heterochromatin by sequestering chromatin-binding
or -modifying proteins away from chromatin. Even though the exact mechanism remains to
be determined, these data potentially reveal a new class of ncRNAs which are products of
Dcrl, but are not associated with Agol complexes [84]. It will be interesting to determine
whether the two inverted repeats (IRs) which circumscribe the fission yeast mating-type
region also mediate their boundary function by a similar mechanism. In this instance though,
the IRs prevent the spreading of euchromatin into heterochromatic domains [85].

How do centromeric (cen) IncRNASs guide CLRC recruitment?: Current models propose
that cen nascent INcRNAs are tethered to chromatin and act as scaffolds [63] or epigenetic
sensors [44] for the assembly of chromatin- and RNA-regulatory complexes. In support of
this, RNA Pol Il-mediated transcription of cen IncRNAs is required for sSiRNA production,
H3K9 methylation and full transcriptional repression at centromeres [86], [87], which
operates by two parallel mechanisms [88], [89]. Together these data suggest that SIRNAs
carry the sequence-dependent transcriptional memory of their complementary INcRNA
sequences, and which, in concert with H3K9me inherited from parental nucleosomes,
stabilize RITS interaction with heterochromatic domains [90] promote CLRC recruitment,
and rapidly reestablish chromatin states after DNA replication [91], [92]. Overall these
observations suggest that cis-acting IncRNAs provide the scaffold and sequence specificity
required for the recruitment and reestablishment of chromatin states after DNA replication
(Figure 2B,D). This seems to be a general mechanism by which all cis-acting INcRNA
elements in eukaryotes contribute to epigenetic propagation of chromatin states (See section
on cisIncRNAS).

b. siRNAs in C. elegans—In C. elegans, a similar RNA-dependent mechanism is
required for epigenetic inheritance of H3K9 methylation. In this organism, cytoplasmic and
nuclear RNAI pathways cooperate to mediate epigenetic changes to chromatin
modifications. Trigger dsRNAs introduced into animals via soaking, feeding or
microinjection induce multigenerational gene silencing, which in some instances is
concomitant with heritable changes to H3K9 methylation at the complementary gene [93],
[94]. In this system, exogenous dsSRNAs are sliced into primary siRNAs by the activities of
DICER homologs DCR-1 [95] and RDE-4 [96] in the cytoplasm. Primary siRNAs are bound
by the Argonaute homolog, RDE-1, guiding this protein to its target mMRNA [97] by base-
pairing interactions. RARP homologs EGO-1 [98] and RRF-1 [99] are then recruited to the
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target transcript amplifying the dsRNA signal, and leading to the formation of secondary
siRNAs after processing by DICER. Secondary siRNAs are incorporated into another group
of Argonaute proteins [100] whose accumulation results in drastic increase of H3K9me
marks [101]. Recent reports have shown that the nucleocytoplasmic Argonaute NRDE-3
directly binds cytoplasmic secondary siRNAs and transports them into the nucleus. This
leads to the recruitment of other nuclear RNAI factors NRDE-1, NRDE-2 and NRDE-4 [93],
[94], [102] which together are thought to associate with the nascent complementary
sequences in the nucleus. NRDE interaction with the complementary nuclear transcripts is
thought to lead to the H3K9me-dependent transcriptional repression of target sequences.
These results suggest that sSiRNA-NRDE complexes can target nascent transcripts or DNA,
and recruit histone-modifying enzymes directly. However, mechanistic details of this
pathway remain largely unknown. It is important to note that SiRNA generation precedes
H3K9me, suggesting that siRNAs reinforce the fidelity of H3K9me state in each generation,
and carry the memory of the RNAi-dependent silencing event from the previous generation.

Interestingly, a recent genetic screen identified another germline-specific nuclear Argonaute,
HRDE-1, which associates with exogenous siRNAs and is required for multigeneration
RNA.I inheritance. In hrde-1 mutant animals, RNAi-dependent silencing operates in the
parental worms, however their F1 progeny exhibit no memory of their exposure to trigger
dsRNAs [103]. This is unlike wild-type animals in which silencing of the target transcript is
maintained for up to five generations after the removal of the dsRNA-inducing signal.
Kennedy and colleague show that HRDE-1 operates in the NRDE pathway, is loaded with
exogenous siRNA, and is required for NRDE-2 interaction with nascent transcripts.
Interestingly, deep sequencing of HRDE-1-assoicated siRNAs revealed that HRDE-1 also
interacts with a set of endogenous siRNAs, complementary to transcripts whose expression
is repressed by the H3K9me-dependent NRDE pathway. Loss of HRDE-1 similar to other
NRDE proteins results in the up-regulation of these endogenous transcripts, loss of H3K9me
and infertility. Collectively these data reveal that the nuclear HRDE-1 is a key mediator of a
mutligenerational epigenetic inheritance mechanism whose memory is transmitted via
SiRNAs to the next generation. Whether the NRDE proteins along with HRDE-1 directly
recruit KMTSs to these genes remains to be determined, but the current model posits such a
mechanism, similar to the co-transcriptional silencing mechanism described in the fission
yeast [103].

c. piRNAs in Drosophila—As mentioned above, piRNAs are another class of Argonaute-
associated small ncRNAs which may regulate histone methylation by guiding KMTS to their
target sites around the genome via basepairing interactions. Uniquely, piRNAs are found
mostly in germ cells, and their primary role seems to be protection of the genome against
activation of transposable elements (TEs) [104]. piRNAs specifically associate with the
PIWI clade of Argonaute proteins. PIWI proteins are critical for germ cell development and
fertility in organisms ranging from flies to mammals, and their loss or reduction in activity
results in genomic instability, loss of transposon silencing, infertility and DNA damage
[105]. In addition to their role in germline development, recent work has revealed that
piRNAs and PIWI proteins also contribute to important biological functions, including
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epigenetic programming and stem cell functions in somatic tissues of different organisms
[106].

piRNAs were originally discovered in Drosophila, in which three germline-specific PIWI
members, Aubergine (Aub), Piwi, and Argonaute3 (Ago3) associate with piRNAs. In this
organism, piRNAs are 23-29nt long and have a strong preference for a 5’ terminal uridine.
Unlike miRNAs and siRNAs, primary piRNA biogenesis is thought to occur independently
of Dicer [107] and the subsequent generation of secondary piRNAs go through the so called
‘ping-pong’ mechanism in the cytoplasm [108], [109]. Numerous excellent reviews have
described piRNA biogenesis pathways in detail [55], [104], [105] and we encourage the
readers to refer to these papers for additional details. However we will briefly describe the
‘ping-pong’ model below.

According to the ‘ping-pong’ model transcription of piRNA clusters, whose transcripts are
antisense to active transposons, is a key initiating step in piRNA biogenesis. Both piRNA
cluster transcripts and the complementary TE RNAs are exported to the cytoplasm. piRNA
cluster transcripts are then processed into primary antisense piRNAs by an unknown
mechanism. These primary piRNAs associate with Piwi or Aub proteins, and target the
sense strand of complementary TE RNAs. This results in the cleavage of the TE transcript,
thus generating the 5’ end of a new ‘sense’ piRNA. Ago3 then binds to sense piRNAs and
targets the cleavage of antisense piRNA cluster transcripts, producing more antisense
piRNAs [108], [109]. Iterative cycles of antisense-sense binding and cleavage of respective
transcripts creates a positive feed forward loop, which amplifies the piRNA signal and
represses TE expression in germ cells. Whether the ping-pong model describes all instances
of piRNA biogenesis remains untested. Several new reports suggest that piRNA formation
can occur independently of the ping-pong pathway, however the details of this alternative
mechanism for piRNA biogenesis remains largely unknown [106], [110]-[112].

Germline TGS: Even though piRNAs can repress the expression of TE RNAs via
cytoplasmic PTGS mechanisms, recent studies suggest that piRNAs also contribute to
silencing of TE genes by a chromatin-based TGS pathway. Several observations support
such a model. (1) Piwi physically interacts with the Drosophila HP1a protein which itself
associates with heterochromatin via binding to H3K9me [111], [113]. (2) Piwi depletion
results in loss of silencing and H3K9me at transposons in ovarian somatic follicle cell lines
[114]. (3) Piwi proteins programmed with piRNAs complementary to a reporter construct
cause a decrease in Pol 11 occupancy, increase in H3K9me3 and HP1 localization, and
induce transcriptional silencing of the reporter gene [115]. (4) Insertion of transposable
elements at euchromatic sites leads to the formation of Piwi-mediated H3K9me3 islands in
these regions [116]. Together these data suggest that Piwi-bound piRNAs interact with
nascent transposon transcripts and directly or indirectly recruit TGS complexes, including
KMTs (Figure 1B) leading to H3K9me at the TE genes. A similar mechanism of chromatin-
based piRNA-dependent TGS seems to operate in C. elegans[117], [118].

Somatic nuclear RNA. in flies: In addition to its role in gametes, Drosophila nuclear RNAI
may promote transposon repression and heterochromatin maintenance in somatic cells via an
H3K9me-dependent pathway. Transposable element (TE)-derived siRNAs mapping to
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complementary regions of overlapping transcripts have been detected in flies [119]. The size
of these TE-derived small RNAs shifts from 25nts in germ cells to 21nts in somatic cells
during development, suggesting that endogenous TE-derived siRNAs may exist in the adult
animal [120]. Also, absence of Dcr2, and Ago2 leads to marked reduction of centromeric
H3K9me and TE silencing in this organism [121]. These data suggest that RNAi may play a
role in maintaining H3K9me mark at constitutive heterochromatin in flies, but the
mechanism of this process remains largely unknown.

Small ncRNA-mediated mechanisms of silencing are not limited to the organisms or the
examples described above. We refer the readers to several recent reviews covering siRNA-
and piRNA-mediated pathways in plants [56] and DNA elimination in tetrahymena [122],
[123]. These are additional examples of how small RNA-dependent mechanisms target
different parts of eukaryotic genomes by mechanisms similar to the ones described above.

2. IncRNA-dependent histone methylation

The majority of the eukaryotic genome is transcribed, and untranslated. Major advances in
RNA-Seq technologies have led to discovery of a rapidly increasing number of INCRNASs in
eukaryotes. IncRNAs are defined as RNA species longer than 200 nucleotides for which no
protein products are predicted [57], [124] or have been detected [125], [126] based on
current protein prediction and detection technologies, respectively. Even though IncRNAs
are similar to protein-coding genes in length, histone modification profile of their open
reading frames, and mechanism of transcription and splicing [127] they differ from protein-
coding genes in several important aspects. (A) Majority of IncRNAs show little sequence
conservation, but they are found in syntenic regions among species. Interestingly, these
transcripts regulate the expression of similar, often neighboring, sets of genes [128], [129].
(B) Their inter- [130] or intra-species [124] mutational patterns differ from canonical protein
coding genes, supporting their noncoding nature. (C) Most IncRNAs are nuclear, chromatin-
associated, and interact with chromatin proteins [131]. Together these observations suggest
that one of the main functions of the noncoding INcCRNAs is to provide an additional layer of
transcriptional regulation to the protein-coding regions of the genome. A spate of new
papers has revealed that InNcRNAs mediate this effect by different mechanisms such as
targeting the recruitment of chromatin modifiers, DNA methylation machinery or
transcriptional regulators by direct or indirect means [55], [57].

Below, we will focus our discussion on INcRNAs whose activities alter histone methylation
of their target genes both directly and indirectly (Figure 2). Three broad categories are
discussed. First, we will discuss instances in which inducible transcription of ncRNAs
regulates histone methylation of promoters of overlapping protein-coding genes. (Figure
2A). Second we will discuss how IncRNAs can act as specificity factors for recruitment of
KMTs in cis or transto various regions around the genome (Figure 2B). Lastly, we will
consider ribonucleoprotein complexes in which IncRNAs act as scaffolds to for association
of different chromatin-modifying complexes, coordinating their recruitment and activities of
their target loci. Considering the growing number of InNcRNAs, we discuss a few examples
per mechanism to illustrate the details of each pathway.
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a. Pol lI-mediated transcription of IncCRNAs alters methylation state of
neighboring genes—Proper positioning and distribution of nucleosomes over eukaryotic
genomes is important for regulation of gene expression. This is especially important in gene
promoters where nucleosome positioning and their histone modifications have a large
impact on promoter activity. Upstream of all transcription start sites is the AT-rich
nucleosome-devoid region (NDR), to which transcription factors often bind. Some IncRNAs
overlap promoters and their transcription disrupts NDRs and histone modifications of
nucleosomes in promoters [132]-[134].

During transcription in the budding yeast, histone H3 lysine 4 (H3K4) and lysine 36
(H3K36) are methylated by Setl and Set2 KMTs, respectively. These marks are critical for
maintaining the coding region in a hypoacetylated and repressive state [135] which prevents
spurious transcription by cryptic promoters within these sequences. An example of a
IncRNA whose transcription regulates the expression of a neighboring gene is IRT1. IRT1
resides within the promoter region of the master regulator of meiosis, Imel. Imel is only
active during meiotic events and its expression is inhibited in cisby IRT1. Imel silencing
requires not only transcription of IRT1, but also the SET2 methyltransferase (H3K36me)
and SET3 histone deacetylase complexes [134]. During IRT1 transcription, SET1 and SET2
methylate H3K4 and H3K36 cotranscriptionally [136], [137], which leads to the recruitment
of the repressive histone deacetylase complex RPD3C [137]. Together these complexes
disrupt nucleosome positioning and create a repressive chromatin state within the Imel
promoter which prevents its expression. There are several other examples of this type of cis
regulation of protein-coding genes by the expression of neighboring INcCRNAs, but overall,
transcription of IncRNAs residing within promoters of protein-coding genes leads to
deposition of methylation marks and recruitment of repressive complexes, which prevent
proper promoter activity.

b. IncRNAs recruit histone-modifying enzymes in cis—As described above
transcription of INcRNAs can impact the methylation and therefore transcriptional state of
their neighboring genes. In addition to this, there are a growing number of examples where
IncRNAs directly associate with histone-modifying enzymes, and similar to IncRNAs in the
fission yeast, recruit KMTs to chromatin. This way, INCcRNAs can serve as the key
specificity factors which regulate histone PMTs in a locus-specific manner [57], [138].

INcRNAS regulate vernalization in plants: Vernalization is an adaptive switch that
regulates the timing of flowering in plants. Consistent exposure to cold temperatures in
winter triggers a chromatin-based epigenetic silencing mechanism which targets the
repressors of flowering genes in plants [139]. This mechanism ensures proper timing and
efficient flowering during spring. In Arabidopsis, two IncRNAs found at a potent repressor
of flowering called Flowering Locus C (FLC) mediate its repression. One of the two
IncRNA s is an antisense transcript found at the 3’ end of FLC locus, called COOLAIR,
which is strongly induced upon exposure to cold and silences the sense FLC transcription by
promoter interference similar to what was described in 2a (see above) [140]. The other
IncRNA, COLD ASSISTED INTRONIC NONCODING RNA (COLDAIR), is transcribed
in the sense orientation to FLC transcript and represses FLC by directly interacting with the
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Polycomb Repressive Complex 2 (PRC2). COLDAIR binds PRC2 via its Enhancer of Zest
(E(2)) homolog CURLY LEAF (CLF), and knockdown of COLDAIR greatly reduces the
repressive H3K27me3 marks in the neighboring region [141]. This suggests that COLDAIR
represses FLC expression in cis via recruiting PRC2 to the FLC locus specifically (Figure
2B).

X chromosome inactivation in mammalian cells: Many mammalian IncRNAs also
associate directly with histone-modifying complexes. An example of such a mechanism is
dosage compensation or X-chromosome inactivation (XCI) in mammals. XCI maintains
comparable levels of X chromosome gene expression between males (XY) and females
(XX). The details for this mechanism have been studied extensively and we refer the readers
to other recent reviews for details [142], [143]. Here we will use mammalian X-chromosome
inactivation as an example of how cis-acting INCRNAs interact with KMTs and affect the
transcriptional fate of, in this case, an entire chromosome.

One copy of X chromosomes in females is inactivated during development. The inactive X
(Xi) is “decorated” with a INcCRNA called X-inactive-specific transcript (Xist), which is only
expressed on Xi and mediates its silencing in cis[144]-[146]. Xist resides in the cis-acting
silencing region called X-Inactivation Center (Xic), which is necessary and sufficient to
mediate chromosome-wide transcriptional repression [143]. Several other INCRNAs are
expressed from Xic in addition to Xist [147] but we will limit our discussion to those which
physically interact with KMTSs . Xist, which coats Xi [148] interacts with the PRC2 complex
and targets its recruitment and H3K27me to Xi [149]. RepA, a 1.6kb IncRNA within Xist,
binds to EZH2, the KMT member of the PRC2 complex and promotes EZH2-mediated
H3K27me3 of the Xi [149]. PRC2-Xist interaction and binding to Xi is regulated by several
factors, one of which is a bivalent transcription factor called Yin Yang 1 (YY1). YY1 binds
to both DNA (three YY1 binding sites at Xic) and RNA (Xist) sequences through its
sequence-specific binding domains [150]. These interactions are thought to tether the PRC2-
Xist to Xic cotranscriptionally [150]. Recent studies have demonstrated that JARID2, a
cofactor of PRC2, binds to IncRNAs including Xist and is required for efficient PRC2
recruitment to Xi [151], [152]. Together these data suggest that YY1 anchors Xist-PRC2 to
Xicand promotes its interaction with JARID2, which leads to H3K27me3 at Xi. However,
how silencing spread to 100 megabases scale remains a topic of intense research. Overall the
model presented for cis-acting InNcRNAs (Figure 2B) shares many conserved mechanisms to
the one proposed in the fission yeast (Figure 1A), in which IncRNAs tethered to chromatin
coordinate histone methylation by recruiting KMTSs to their site of synthesis.

c. IncRNA-mediated methylation in trans—Hox genes regulate the development of
body patterning in metazoans and their expression is tightly regulated during development
and in adults. Hox genes are found in clusters on different chromosomes in humans and
contain many IncRNAs that display differential expression during development.
Overexpression of Hox genes correlates with cancer [153]. A well-studied trans-acting
IncRNA is the 2.2kb long Hox Antisense Intergenic RNA, called HOTAIR. HOTAIR is
expressed from within the HoxC gene cluster and represses transcription of the HoxD genes
in trans by regulating PRC2 recruitment. The 5" end of HOTAIR binds to EZH2 component

Biochim Biophys Acta. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Joh etal.

Page 14

of the PRC2 complex, and mediates its recruitment to the 40kb region of HoxD cluster on
another chromosome. Disruptions to HOTAIR expression correlate with breast and
colorectal cancers [154]-[156]. These data suggest that InNcRNAs can recruit KMTs in trans
to other genomic sites.

H19 IncRNA has been shown to regulate H3K9 methylation of nine genes in the Imprinted
Gene Network (IGN), which are important for the control of embryonic growth [157]. RNA
immunoprecipitation has shown that H19 IncRNA interacts with MBD1, a protein involved
in the recruitment of H3K9 KMTs SETDB1 and SUV39H1 [158], [159]. MBD1 is
necessary for the repression of five genes in the IGN repressed by H19 IncRNA and has
been shown to directly interact with differentially methylated regions (DMR) of three IGN
genes. These data suggest that H19-MBD1 interaction recruits KMTs to maintain the
repressive chromatin mark on these genes.

Recent work also has implicated InNcRNAs in transcriptional activation of several genes,
however the mechanistic details of their involvements remains to be determined [129],
[160], [161].

d. Scaffold IncRNASs recruit multiple histone-modifying complexes—Activation
and repression of target genes often requires coordinated modification of histone PTMs such
as methylation/deacetylation and acetylation/demethylation. These are primarily mediated
by interactions between chromatin complexes. Interestingly, recent studies have shown that
IncRNAs sometimes have multiple binding sites for distinct histone-modifying complexes,
and similar to a scaffold bring together two or more protein complexes [162]. As previously
discussed, 5" end of the HOTAIR transcript binds to the EZH2 component of the PRC2
complex [156]. Recently it was shown that the 3’ end of HOTAIR transcripts binds to the
LSD1 component of the REST/CoREST complex, which has H3K4 demethylation activity
[163]. Knockdown of HOTAIR leads to reduction in both H3K27me and increased H3K4me
at target regions. These data suggest that HOTAIR through its interaction with both PRC2
and REST/CoREST complexes simultaneously coordinates H3K27 methylation and H3K4
demethylation at target loci around the genome.

Antisense noncoding RNA in the INK4 locus (ANRIL) is another example of a cis-acting
scaffold IncRNA, whose expression is initiated from the INK4A-ARF-INK4B locus. This
locus encodes three tumor suppressor proteins, p16(INK4A), p14(ARF) and p15(INK4B)
whose expression are repressed by polycomb during normal cell growth and activated in
cancers by oncogenes such as Ras [164]. In leukemia and prostate cancer cells, ANRIL
overexpression has been shown to silence p15(INK4B) tumor suppressor gene [165]. In
addition to its interaction with the SUZ12 component of PRC2 complex, ANRIL binds to
CBX7, a component of the PRC1 complex. PRC1 contains an ubiquitin ligase RING1B
protein which ubiquitinates lysine 119 of histone H2A (H2AK119ub). This suggests that
ANRIL coordinates H3K27 methylation, H3K27me binding and H2AK119 ubiquitination by
bringing together PRC1 and PRC2 complexes [164], [166]. Overall, these examples
demonstrate that InNcRNASs can be coopted to serve as multivalent scaffolds for the assembly
and coordination of multiple chromatin-modifying complexes activities. These illustrate the
versatility of RNA, which through its sequence-specific binding interactions can assemble,

Biochim Biophys Acta. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Johetal. Page 15
coordinate and potentially target histone-modifying activities to a variety of specific
genomic regions in eukaryotes.

In Summary

The general picture that emerges from our current mechanistic understanding of how
ncRNAs contribute to chromatin-based epigenetic pathways demonstrate that they can act as
specificity factors and/or molecular scaffolds for the targeted recruitment and assembly of
chromatin-regulatory complexes in eukaryotic genomes. IncRNAs can function as
multivalent bridges, coordinating (and potentially targeting) several chromatin activities
together in one larger ribonucleoprotein complex. These observations highlight the
polytropic nature of RNA as a biological macromolecule, and illustrate its usefulness in
propagating chromatin-based epigenetic pathways.

ncRNAs provide a wide-range of nuclear functions from maintaining genomic stability to
coordinating DNA replication. Recently, work in Neurospora, plants and animals has
revealed that a new class of small Argonaute-associated ncRNAS arise in response to
double-strand breaks (DSBs) [167]-[169] which contributes to DSB repair directly or
indirectly. It may be that damage-induced siRNAs directly assist in recruiting repair and
chromatin complexes to sites of DSB, or indirectly activate or repress the expression of
other repair factors. Regardless of the details, these findings illustrate the surprising
capacities by which ncRNAs can mediate nuclear functions and make it difficult to predict
what other roles they may perform in the cell.

The regulatory and functional roles of IncRNAs are only now beginning to be understood.
Their diversity, low expression level and sequence divergence pose a challenge to studying
their functions. Advances in computational technologies, combined with improvements in
our predictive abilities for finding their protein or nucleic acid binding partners would
greatly enhance the speed by which we unravel their functions. Recent studies have shown
that RNAs can be posttrascriptionally methylated like histones [170], [171], which may add
an extra layer of complexity in RNA-mediated gene regulation. How these RNA
modifications affect their regulatory functions is largely unknown, and may hold a few
additional surprises in the coming years. Also, IncRNAs have been associated with many
human pathologies and have emerged as potential diagnostic targets for a variety of diseases
including cancers [154], [172]-[174]. These may yield some novel insights about how
ncRNAs contribute to pathogenesis. How the story of ncRNAs will unfold in the future is as
unpredictable as their diverse functions in the cell.
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Figure 1.
Small RNA-directed histone methylation. (A) siRNAs derived from processing of

endogenous dsRNAs transcripts are loaded onto Argonaute proteins. Ago:siRNA complexes
recognize complementary chromatin-associated transcripts by base-pairing interactions and
binding to H3K9me via Chpl component of RITS and target the recruitment of lysine
methyltransferase (KMT) to the genome via direct protein-protein interactions. Iterative
cycles of dsSRNA generation in organisms which possess RNA-dependent RNA polymerases
(RdARPs) leads to a positive feedback loop which amplifies the dSRNA/siRNA signal and
reinforces H3K9me in a sequence-specific manner (B) Similar to above, piRNAs recognize
transposable element (TE)-derived RNAs to promote methylation of TE loci in gonadal (and
maybe somatic) tissues. Instead of RARPs, ‘Ping-Pong’ cycles of cleavage activity by
different Piwi clade members of the Argonaute family amplify the piRNA signal. Primary
antisense piRNA clusters generate the complementary RNAs used in feed forward loop.
piRNA:Piwi complexes target H3K9me to TEs in a sequence-specific manner, but whether
this is through direct protein-protein interactions, by a linker protein, or other means remains
undetermined. Small circles above nucleosomes represent methylated histone tails.
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Figure 2.
Models of IncRNA-mediated histone methylation. (A) RNA Pol II-mediated transcription of

IncRNAs leads to the recruitment of KMTSs, and alterations in histone methylation within the
transcriptional unit of the InNcRNA itself. In these instances, InNcCRNAs are not directly
involved in KMT recruitment; instead their transcription results in recruitment of chromatin-
regulatory complexes that alter local chromatin structure and regulate the transcription of
neighboring genes in cis. (B) Chromatin-associated InNcRNAs work as specificity factors and
scaffolds for the cis recruitment of multiple histone-modifying complexes, including histone
methyltransferases. RNA-protein (or IncRNA:smallRNA/Ago) interactions recruit KMT
complexes and lead to coordinated modification of histone tails locally. In some instances,
these modifications can spread to the neighboring nontranscribed regions. Some ncRNAs
are known to interact with multiple proteins by distinct binding domains. (C) IncRNAs,
bound to histone-modifying complexes, target different genomic loci in trans. In some
instances, INCRNAs may act both as specificity factors, and as structural components of the
KMT complexes.

Biochim Biophys Acta. Author manuscript; available in PMC 2015 December 01.



