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Abstract

In recent years, RNA has reemerged as a versatile biological macromolecule capable of 

performing an astonishing number of biochemical activities. Initially described as the ubiquitous 

but transient carrier of genetic information in the Central Dogma, RNA has surprised scientists 

with its capacity to store genetic information, catalyze biochemical reactions, protect telomeres, 

guide proteins to their targets, help DNA replication and protein synthesis, scaffold 

ribonucleoprotein complexes, and transmit developmental and epigenetic information through 

mitotic and even meiotic cell divisions. The latest surprise came during the past decade with 

advances in deep sequencing technologies, which uncovered the pervasive world of noncoding 

RNAs (ncRNAs). Functional analysis of ncRNAs has revealed their wide-spread use in several 

biological pathways including the ones in the nucleus. We now know that nuclear ncRNAs of 

various sizes facilitate genome stability by inhibiting spurious recombination among repetitive 

DNA elements, repressing mobilization of transposable elements (TEs), templating or bridging 

DNA double-strand breaks (DSBs) during repair, and directing developmentally-regulated genome 

rearrangements in some ciliates. In this paper, we will survey the known mechanisms with which 

nuclear ncRNAs directly contribute to the maintenance of genome stability and outline the major 

advances in our understanding of the role of ncRNAs in the nucleus. These studies reveal an 

unexpected range of mechanisms by which ncRNAs contribute to genome stability and even 

potentially influence evolution by acting as templates for genome modification.
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Introduction

All cells have evolved mechanisms to maintain the integrity of their genomes whose 

accurate duplication and transmission to progeny cells is critical for life. Exposure to 

genotoxic agents, metabolic byproducts and DNA replication errors can result in the 

formation of a variety of DNA lesions which must be repaired efficiently to maintain 

genome stability (Ciccia and Elledge, 2010). In addition to these, chromosome segregation 

errors or mobilization of transposable elements (TEs) cause aneupoloidies and genome-wide 

mutagenesis respectively, both of which threaten the stability and fidelity of eukaryotic 

genomes (Cordaux and Batzer, 2009). To manage these daunting challenges, cells have 

evolved a variety of molecular mechanisms to maintain genomic stability, some of which, as 

shown recently, utilize nuclear noncoding RNAs (ncRNAs).

Continued advances in next generation sequencing has uncovered a variety of new 

functional ncRNAs that have revolutionized our understanding of RNA biology. 

Transcription from previously-thought silent regions of the genome have demonstrated the 

pervasive nature of this process throughout all kingdoms of life, and the functional analysis 

of these ncRNAs have expanded the repertoire of known mechanisms by which these 

molecules contribute to biological processes (Morris and Mattick, 2014; Rinn and Chang, 

2012; Sabin et al., 2013). These molecules have emerged as key cis- or trans-acting 

regulators of eukaryotic gene expression, governing diverse biological functions including 

metabolism, fertility, differentiation, oncogenesis and immunological responses, to name a 

few. These observations have sprouted a great deal of interest in ncRNAs not only as 

important regulators of biological activities, but also as potential therapeutic tools or 

pharmacological targets.

One of the most intriguing and unexpected recent discoveries about ncRNAs is their direct 

contribution to genome stability and DNA repair. In this Review, we describe the well-

characterized and recently proposed mechanisms by which nuclear RNAs participate in 

genome-related functions beyond their capacity to encode proteins. Specifically, by using at 

least one example, we will describe their roles in the maintenance of genome stability, 

genome organization and rearrangement in ciliates and their emerging role in directly 

mediating double-strand break (DSB) repair in eukaryotes. These new findings underscore 

the biochemical versatility of RNA as an effector molecule in biological pathways, and yield 

unexpected insight into the mechanisms by which these molecules participate in a variety of 

biological pathways.

ncRNA classifications

Eukaryotic genomes produce a large number of ncRNAs, which with the exception of 

ncRNAs such as tRNAs, rRNAs, snoRNAs and snRNAs, are divided into two operational 

categories based on their size - long (>200bp) ncRNAs (lncRNA), and small (<200bp) 

ncRNAs (sRNA) (Table 1). The 200bp size is a convenient cutoff based on the biochemical 

fractionation properties of RNA, at which all known sRNAs are excluded from the lncRNA 

fraction (Kapranov et al., 2007).
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lncRNAs are primary transcripts for which no protein product has been detected or predicted 

(but see (Banfai et al., 2012; Frith et al., 2006)). Nuclear lncRNAs often localize at their 

sites of synthesis and can act as platforms for the assembly of regulatory complexes in cis. 

sRNAs, on the other hand, are cleavage products of endogenous or exogenous primary 

transcripts and often target the recruitment of other proteins in trans. The most frequently 

studied groups of noncoding sRNAs are 20–30bp in length and are associated with 

Argonaute (Ago) proteins. These are further divided into three classes based on their 

mechanism of biogenesis. Because of the focus of this review, we will also include an 

additional class of sRNAs whose biogenesis is dependent on DSB formation (Table 1).

1. microRNAs (miRNAs) (19–24 nts) are cleavage products of endogenous 

hairpin ncRNAs by Drosha and Dicer proteins. miRNAs are loaded onto 

the Ago-bearing RNA-induced silencing complex (RISC) and direct RISC 

to complementary transcripts. RISC mediates posttranscriptional gene 

silencing (PTGS) by promoting degradation or inhibiting translation of the 

complementary transcripts. Because miRNAs are cytoplasmic and regulate 

DNA repair and genome stability indirectly (Wan et al., 2014), we will not 

discuss them further in this review.

2. Small interfering RNAs (siRNAs) (21–25 nts) are produced by Dicer-

dependent cleavage of endogenous or exogenous double-stranded RNAs 

(dsRNAs). siRNAs specify the trans recruitment of Ago complexes to 

complementary genomic regions, which in some organisms contribute to 

genomic stability by repressing transcription and recombination at 

repetitive DNA elements (Discussed below in detail) (Castel and 

Martienssen, 2013; Malone and Hannon, 2009; Moazed, 2009).

3. PIWI-associated RNAs (piRNAs) (24–30 nts) are associated with the 

PIWI clade of Argonaute proteins. PIWI-piRNA complexes play a critical 

role in protecting genomes against instability by repressing transposon 

activity via transcriptional gene silencing (TGS) and/or PTGS mechanisms 

(Ross et al., 2014; Siomi et al., 2011).

4. Damage-induced sRNAs (diRNAs) are another class of recently 

discovered Ago-associated sRNAs (20–22 nts long) whose formation is 

DNA damage-dependent. Originally discovered in Neurospora (Lee et al., 

2009), diRNAs appear to play a direct and/or indirect role in DSB repair in 

many organisms, including humans (Francia et al., 2012; Wei et al., 2012). 

This class of sRNAs has been given several different names, but for 

simplicity, we will refer to all damaged-induced sRNAs as ‘diRNAs’ in 

this review.

RNA – a versatile biological polymer with unique properties and 

mechanisms of action

Similar to DNA and proteins, RNA is a polymer built on a fixed backbone from which 

monomeric residues protrude. But unlike DNA, which is often found in its double-stranded 
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(ds) form, RNA is predominately single-stranded (ss), availing its bases for hydrogen 

bonding with other molecules or intramolecularly to form complex structures. Three main 

features equip ssRNAs with their diverse range of molecular activities: (A) their base 

composition and order; (B) availability to basepair with complementary sequences; and (C) 

capacity to not only form three-dimensional structures and act as enzymes, but also, to create 

flexible scaffolds for the assembly of ribonucleoprotein particle (RNP) complexes (Zappulla 

and Cech, 2006).

These features contribute to RNA’s unique biological activities via three well-established 

and a fourth emerging mechanisms (Figure 1). ncRNAs have been shown to (1) specify the 

trans recruitment of complexes by basepairing interactions with complementary sequences; 

(2) provide a platform for assembly of regulatory complexes in cis to the site of their 

synthesis; (3) act as a structural subunit of important biological complexes; and finally, (4) 

provide molecular bridges and/or act as genetic templates for genome reassembly and DSB 

repair. Initially described in ciliates and yeast, the fourth mechanism (Figure 1D) suggests 

that RNAs temporarily glue and/or act as transient archives of genetic information necessary 

for DSB repair or genome reassembly, respectively (Discussed in detail later).

Each of the above mechanisms provides an evolutionary benefit for the cell. For example in 

mechanism 1, it is important to point out that specificity can be encoded within a 20–30nt 

piece of RNA. This means that protein-sRNA interactions can be used to target the same 

enzyme to all complementary sequences (a strategy used for regulation of repetitive DNA 

elements in eukaryotes (Holoch and Moazed, 2015; Moazed, 2009), or, by varying the 

interacting sRNA, to different unique cytoplasmic or nuclear sequences (e.g. miRNA and 

siRNA pathways). Protein-sRNA interaction is regulated tightly at several steps, but most 

importantly by determining which transcripts become substrates for sRNA biogenesis. For 

example in the RNAi pathway, sRNAs biogenesis and amplifications are tightly controlled 

by the coordinated activities of several RNA processing and amplifying enzymes, which use 

unique features of transcripts for substrate recognition (Castel and Martienssen, 2013; 

Holoch and Moazed, 2015). These suggest that mechanism 1 provides an efficient adaptive 

solution to supplant (short term), or augment (long term), the more time-consuming process 

of co-evolving sequence-specific nucleic acid binding motifs in enzymes. Indeed, sRNAs 

have emerged as key components of stress and adaptive responses in organisms ranging 

from yeast to humans (Amaral et al., 2013), by acting as, among other things, specificity 

factors for the recruitment of regulatory complexes to different parts of the genome, thus 

permitting the transient or sustained regulation of genome functions globally.

Below, we will expand on how the aforementioned mechanisms equip ncRNAs to function 

in genome stability and repair pathways. (1) We begin by discussing three well-established 

examples in which nuclear ncRNAs regulate genome stability in organisms ranging from 

yeast to mammals. These provide a mechanistic snapshot of how nuclear ncRNAs of various 

lengths can establish amplification loops or platform to target genome stability functions to 

various regions of the genome via ncRNA-protein interactions. (2) Next, we discuss a series 

of elegant discoveries in ciliates in which ncRNAs not only orchestrate the developmentally-

regulated reassembly of their fragmented genomes, but also can transmit somatic mutations 

to the next generation. (3) Finally, we summarize the emerging mechanisms through which 
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small and long ncRNAs may assist in the repair of DSBs. Intriguingly, these data suggest 

that nuclear ncRNAs may act as bridges or templates for DSB repair by a mechanism that 

may involve the reverse transfer of genetic information from RNA to DNA. Together these 

examples reveal that the aforementioned mechanisms depicted in Figure 1 are recurrent 

themes in ncRNA-dependent pathways and underscore the biochemical versatility of RNAs 

in catalyzing biological processes.

(1) ncRNAs in genome stability

Heterochromatin and genome stability—A large fraction of the eukaryotic genome is 

composed of repetitive DNA elements, such as transposable elements (TEs), whose 

profusion have profoundly influenced eukaryotic evolution by affecting genome 

organization and stability (Cordaux and Batzer, 2009). To maintain genome stability by 

preventing transposition and homologous recombination (HR), the large tracks of repetitive 

DNA such as those found at telomeres (tel), centromeres (cen) and rDNA, are packaged into 

heterochromatin. Heterochromatin represses gene expression by TGS and PTGS 

mechanisms (Discussed below), but the mechanism involved in HR repression remains 

poorly understood. (Similar to transcription, HR repression appears to involve the exclusion 

or repression of HR activities within heterochromatic regions (Chiolo et al., 2011; Sinha et 

al., 2009; van Sluis and McStay, 2015). Heterochromatin also plays an important role in the 

proper incorporation of histone H3 variant CENP-A (Folco et al., 2008; Kagansky et al., 

2009) at centromeres, a critical step in the assembly and attachment of kinetochores during 

cell division, and the proper cohesion of sister chromatids by recruiting cohesin to 

centromeres (Bernard et al., 2001; Gartenberg, 2009; Hahn et al., 2013; Nonaka et al., 2002). 

Cells defective for heterochromatin proteins show increased transposon activity, spurious 

recombination among repetitive DNA elements, chromosome segregation errors, and loss of 

telomere length regulation, all of which cause genome-wide instability and are associated 

with several human maladies including cancers. We will use the fission yeast 

(Schizosaccharomyces pombe) siRNA system, Drosophila piRNA system, and the telomeric 

RNA, TERRA, as examples of how nuclear ncRNAs help establish heterochromatin in 

eukaryotes (Figure 2).

Centromeric silencing in fission yeast—The aforementioned functions of 

heterochromatin in genome stability are also true in fission yeast (Bernard et al., 2001; 

Ellermeier et al., 2010; Jia et al., 2004; Nonaka et al., 2002; Yamanaka et al., 2013), where 

centromeric heterochromatin formation requires the RNAi pathway (Volpe et al., 2002). In 

this system, centromeric lncRNAs (cen) tethered to their sites of synthesis act as platforms 

upon which complementary cen siRNAs target the assembly of silencing complexes: 

Nascent Transcript Model (Figure 2A and Figure 1A–C) (Buhler et al., 2006; Motamedi et 

al., 2004; Verdel et al., 2004). According to this model, lncRNA platforms establish two 

interdependent amplification loops - siRNA and histone H3 lysine 9 methylation (H3K9me) 

- both of which are essential for the formation, maintenance and propagation of 

epigenetically heritable chromatin states at centromeres. The molecular details of this 

pathway have been reviewed extensively elsewhere (Castel and Martienssen, 2013; Holoch 

and Moazed, 2015), so for this review, we limit our discussion to those features shared with 

other nuclear ncRNA pathways.
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Heterochromatin formation in fission yeast requires H3K9 methylation (Rea et al., 2000), 

the hallmark of eukaryotic heterochromatin, to which several proteins bind (Bannister et al., 

2001; Jacobs and Khorasanizadeh, 2002; Jacobs et al., 2001; Nakayama et al., 2001; 

Partridge et al., 2002). The sole H3K9 methyltransferase in S. pombe is Clr4 (Suv39H1/H2 

homolog), whose efficient recruitment to centromeres requires the RNAi proteins (Volpe et 

al., 2002). In this system, dicer (Dcr1)-dependent cleavage of cen dsRNAs produces 22–

24bp cen siRNAs which are loaded onto the Argonaute (Ago1)-bearing effector complex 

called RITS. RITS is a bivalent complex composed of Ago1, loaded with cen siRNAs, Chp1, 

an H3K9me-binding protein, and Tas3, a GW motif linker protein. Because RITS 

recruitment to centromeres requires siRNAs and H3K9me, current models propose that 

siRNA basepairing with nascent cen lncRNAs and Chp1 binding to H3K9me guide RITS to 

centromeres (Verdel et al., 2004). Once at centromeres, RITS binds to and recruits an RNA-

dependent RNA polymerase (RdRP) complex called RDRC, which converts single-stranded 

cen transcripts to dsRNAs (Motamedi et al., 2004). These dsRNAs are processed by Dcr1, 

amplifying the cen siRNA pools (Colmenares et al., 2007; Sugiyama et al., 2005) and 

recruiting more RITS to centromeres. Also, RITS physically interacts with the Clr4 complex 

called CLRC (Bayne et al., 2010; Gerace et al., 2010; Zhang et al., 2008), through whose 

recruitment the H3K9me signal is amplified and spread to the surrounding regions (Noma et 

al., 2004). Artificial tethering of RITS to a euchromatic gene induces RNAi- and H3K9me-

dependent TGS and PTGS silencing (Buhler et al., 2006), demonstrating that RITS acts as a 

recruitment hub for the establishment of H3K9me and siRNA amplification loops. Indeed 

much has been discovered about how several TGS and PTGS pathways converge at the 

fission yeast centromeres (Alper et al., 2013; Buhler et al., 2007; Buscaino et al., 2013; Egan 

et al., 2014; Fischer et al., 2009; Lee et al., 2013; Motamedi et al., 2008; Reyes-Turcu et al., 

2011; Sugiyama et al., 2007; Zhang et al., 2011), but here, this example serves to illustrate 

how small and long nuclear ncRNAs are used to provide specificity for the recruitment of 

silencing factors, or a platform for the assembly of complexes, critical for safeguarding the 

genome against instability (Figure 1A–C and Figure 2A).

Transposable element (TE) silencing in flies—Activation of TEs can lead to 

insertional mutagenesis, genomic rearrangements and genome-wide instability in somatic 

and germ cells (Burns and Boeke, 2012). In organisms ranging from flies to mammals, germ 

cell TE silencing uses an Ago-mediated sRNAs (piRNA) pathway (Dumesic and Madhani, 

2014; Siomi et al., 2011), which bears many similarities to the S. pombe pathway described 

above. The piRNA pathway is best understood in flies in which nuclear TGS and 

cytoplasmic PTGS pathways cooperate to silence TEs (Figure 2B). In Drosophila, piRNAs 

(22–30 nts), which associate with the PIWI clade of Argonaute proteins (Aub, Piwi and 

Ago3), orchestrate TE silencing in germ cells (Dumesic and Madhani, 2014; Siomi et al., 

2011). This process is initiated by transcription from piRNA clusters: distinct genes 

encoding lncRNAs, which are antisense to TEs (Vagin et al., 2006). piRNA precursor 

lncRNAs are transported to and degraded in the cytoplasm, producing primary piRNAs, 

antisense to TE transcripts. These piRNAs bind to Aub and Piwi protein, which direct the 

cleavage of complementary TE RNAs in the cytoplasm (Figure 2B). This cleavage in turn 

produces sense piRNAs, which, once loaded onto Ago3, cleave piRNA precursor transcripts. 

Iterative cycles of Ago3 cleavage of piRNA precursors and Piwi/Aub cleavage of TE 
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transcripts (so called Ping-Pong mechanism) amplifies the piRNA signal and leads to 

cytoplasmic degradation of TE transcripts (PTGS) (Figure 2B) (Brennecke et al., 2007; 

Gunawardane et al., 2007). These create a piRNA amplification loop which, even though 

cytoplasmic and using different enzymes, produces sRNAs as PTGS degradation products of 

TE transcripts, similar to the S. pombe siRNA amplification pathway.

The piRNA-Piwi complexes also are imported into the nucleus, triggering TGS silencing in 

the nucleus at the complementary sequences (TEs) by a mechanism similar to the one 

described in the fission yeast. In the nucleus, Piwi has been reported to physically interact 

with heterochromatin protein1a (HP1a), and is required for H3K9me and RNA Pol II 

repression at TEs (Brower-Toland et al., 2007; Le Thomas et al., 2013; Sienski et al., 2012; 

Wang and Elgin, 2011). Ectopic insertion of TE sequences in euchromatic regions or 

expression of ectopic piRNAs complementary to a reporter gene triggers H3K9me and TGS 

silencing at the target locus (Le Thomas et al., 2014; Sienski et al., 2012), suggesting a 

model in which piRNA-lncRNA basepairing interactions recruit PIWI and chromatin-based 

TGS silencing activities to TEs (Le Thomas et al., 2014; Mohn et al., 2014). (It is also 

possible that piRNAs or siRNAs interact with the complementary DNA sequences at the 

target loci, but a direct test of this has not been performed in either system.) Overall, the fly 

piRNA model extends the Nascent Transcript Model in S. pombe suggesting that 

cytoplasmic sRNA amplification loops (PTGS) can contribute to and cooperate with nuclear 

(TGS) silencing pathways to repress TE expression fully in germ cells and provide an 

efficient means to safeguard the genome against TE-induced genomic instability during 

gametogenesis.

Telomere function and genome stability—Telomeres are another chromosomal 

feature, which are packaged into heterochromatin and use ncRNAs to regulate their function 

and stability. Telomere formation prevents the recognition of chromosome ends as DSBs, 

thus repressing their inappropriate recombination and erosion. Loss of telomere function is 

linked to telomere shortening, genomic instability, cancer and premature aging. A nuclear 

telomeric lncRNA called TERRA (Telomeric Repeat-containing RNA which contains 

subtelomeric and telomeric sequences) is an integral component of the telomere structure 

(Figure 1B and Figure 2C), contributing to several telomeric functions (Cusanelli and 

Chartrand, 2015). Here we will use TERRA as an example to describe how properties of 

lncRNAs alone (without processing to sRNAs) create an interface between telomeric DNA 

and the regulatory proteins which maintain the integrity of these structures in eukaryotes.

Even though different in sequence, TERRA expression is a conserved feature of eukaryotic 

telomeres, and its transcription moves from the subtelomere to telomere direction (Azzalin 

et al., 2007; Schoeftner and Blasco, 2008). TERRA plays critical roles in regulating (1) 

telomeric heterochromatin formation (Arnoult et al., 2012; Deng et al., 2009), (2) proper 

capping of telomeres (Flynn et al., 2011) and (3) R-loop formation. TERRA is postulated to 

act as a platform for the assembly of several heterochromatin factors at telomeres (Figure 1B 

and Figure 2C). It physically interacts with TRF1 and TRF2, components of the hexamerous 

Shelterin complex (required for telomeric heterochromatin formation), heterochromatin 

protein 1 alpha (HP1α), H3K9me3 (Deng et al., 2009), SUV39H1 (Porro et al., 2014) and 

MORF4L2 (Scheibe et al., 2013), whose budding yeast homolog, EAF3, is required for 
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formation of telomeric boundaries (Babiarz et al., 2006). A decrease in TERRA levels 

correlates with a decrease in H3K9me3 and other heterochromatic marks at telomeres (Deng 

et al., 2009), suggesting a model similar to lncRNA-dependent centromeric heterochromatin 

formation in S. pombe with TERRA acting as a scaffold for the recruitment of 

heterochromatin factors to telomeres (Figure 2C).

In addition to these proteins, TERRA is needed for proper capping of telomeres potentially 

by regulating the hnRNPA1- and cell cycle-dependent RPA to POT1 transition (Flynn et al., 

2011). During DNA replication, the ssDNA binding protein RPA binds to the exposed 

ssDNA regions at telomeres. But, RPA must be removed and replaced by POT1 (a Shelterin 

component) at telomeres to maintain telomeric integrity by preventing the RPA- and ATR-

dependent activation of the DNA damage response (DDR) pathway (Denchi and de Lange, 

2007). RPA replacement by POT1 requires hnRNPA1 in a TERRA-regulated manner. In 

early S phase when TERRA levels are high, TERRA binds to and sequesters hnRNPA1, 

allowing for RPA binding to single-stranded telomeric DNA. But in late S and early G2 as 

TERRA levels decrease, hnRNPA1 is free and can displace RPA from telomeric ends, 

allowing for POT1 loading to telomeres (Flynn et al., 2011). These results suggest that 

TERRA acts as a sponge for hnRNPA1 protein pools, through which RPA and POT1 binding 

to telomeres may be regulated. Some support for this model exist (Flynn et al., 2015; Redon 

et al., 2013); however, several aspects of this model remain to be tested. Here this serves to 

illustrate that in addition to the mechanism shown in Figure 1, transcriptional regulation of 

lncRNA pools may act as sponges to regulate the availability of RNA-binding proteins in 

biological processes.

Work in yeast and mammalian cells has revealed that TERRA basepairs with its DNA 

template, forming RNA:DNA structures called R-loops (Arora et al., 2014; Balk et al., 2013; 

Pfeiffer et al., 2013; Yu et al., 2014). R-loops are recombinogenic and their stability in wild-

type cells is tightly controlled by several pathways including the RNase H1 (RNH1) and 

RNase H2 (RNH201) proteins, which degrade the RNA component of R-loops (Aguilera 

and Garcia-Muse, 2012). In telomerase defective yeast and mammalian cells, telomeres 

shorten after each round of DNA replication, but the surviving cells enact an HR-dependent 

pathway to maintain telomeric length (Bryan et al., 1995; Lundblad and Blackburn, 1993). 

Interestingly loss of RNase H activity in these cells improves survival and delays senescence 

by increasing HR at telomeres (Arora et al., 2014; Balk et al., 2013). Even though the 

mechanism by which R-loops promote recombination remains elusive, their accumulation is 

linked to genomic instability, which, together with their role at telomeres, suggest that 

TERRA:DNA hybrids play a critical role in telomere stability. These results reveal that 

nuclear lncRNAs such as TERRA, in addition to providing a stable interface for the 

assembly of complexes (Figure 1B), their abundance in the form of RNA or RNA:DNA 

hybrids can be used as biological sensors for regulating functions important for genome 

stability.

(2) ncRNAs in genome organization

In recent years, one of the most surprising and intriguing discoveries about ncRNAs has 

come from studies of ciliates. In these organisms small and long nuclear ncRNAs mediate 
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the reorganization and elimination of up to 95–98% of their genomes during sexual 

reproduction. Beyond insights into new mechanisms by which ncRNA regulate genome 

functions, ciliate studies have also revealed that ncRNAs can be agents of transgenerational 

epigenetic inheritance (TEI) (Discussed later). Because of these findings, we devote a 

significant part of our discussion to this work.

Genome reorganization in ciliates—One of the most unique features of ciliates is their 

nuclear dimorphism - the presence of two distinct nuclei per cell: the germline micronucleus 

(MIC) and the somatic macronucleus (MAC). MIC is compact (small), diploid, 

transcriptionally inert, contains repetitive TEs and archives all genetic information. The MIC 

genomes of some species (Oxytricha and Stylonychia) are scrambled - up to 20–30% of the 

genes are stored as fragmented pieces, scattered non-contiguously throughout the MIC 

genome (Figure 3A). On the other hand, MAC is highly transcribed, polyploid, devoid of 

TEs, consisting of amplified, neatly organized genes derived from the fragments found in the 

MIC genome (Chang et al., 2005). Following sexual reproduction, the progeny MAC 

genome is derived from the parental MIC genome by two developmentally-regulated 

processes: (1) repetitive DNA elements found in the MIC genome are removed, and (2) 

scattered gene fragments in the MIC nucleus are brought together, ordered and sewn 

forming contiguous genes in the MAC genome (Figure 3A–B) (Nowacki et al., 2011).

Gene unscrambling and copy number regulation—MAC development in Oxytricha 
and possibly Stylonychia uses maternally-inherited lncRNAs (called template RNAs) to 

template genome unscrambling. These lncRNAs arise during conjugation in the parental 

MAC nucleus, transported to the developing progeny MAC where they direct the accurate 

unscrambling of genes (Figure 3A) (Nowacki et al., 2008). In Oxytricha, the artificial 

introduction of a template RNA (sense, antisense, or double-stranded) directs the 

unscrambling of the cognate gene in the MAC nucleus, and its RNAi knockdown prevents 

its unscrambling. These unscrambling events are transgenerationally inherited (as far as F3), 

suggesting the existence of a mechanism responsible for the inheritance of template parental 

lncRNAs into the developing progeny MAC (Nowacki et al., 2008). Interestingly, template 

RNAs also determine gene copy number in the developing MAC. Injection or RNAi 

knockdown of wild-type RNA templates during conjugation results in an increase or 

decrease in the DNA copy number of the corresponding gene in the progeny MAC, 

respectively (Heyse et al., 2010; Nowacki et al., 2010). Moreover, introduction of a synthetic 

RNA carrying mutations at the gene segment junctions in Oxytricha (Nowacki et al., 2008) 

(or modified telomeres in Stylonychia (Fuhrmann et al., 2016)), causes the corresponding 

alterations in the progeny MAC genome. Taken together, these observations demonstrate 

that maternal lncRNAs instruct gene unscrambling, dosage and sequence in the developing 

MAC genomes (Figure 3A), thus transmitting the genic, dosage and transcriptional program 

of parents to progeny. In principle, this is similar to the TEI pathways observed in C. elegans 
(Buckley et al., 2012; Burton et al., 2011; Gu et al., 2012) whereby maternally-inherited 

siRNAs bound by nuclear Ago proteins transmit the transcriptional memory of the parental 

animals to offspring. Even though different in size, the inheritance of these nuclear ncRNAs 

provides an important adaptive advantage – it tunes the transcriptional programs of progeny 

to those of its parents, improving its chances of survival through the early and often 
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vulnerable time points in life. This is another unique molecular function of RNA, whose 

capacity to specify and establish transcriptional outputs is harnessed to relay important 

epigenetic adaptive responses to future generations.

Mechanistically, this process might use RNA:DNA hybrid intermediates to guide the cutting 

and pasting of the MAC genome. Precedents for RNA-templated genome modification also 

exit in yeast (Keskin et al., 2014; Storici et al., 2007) and potentially other eukaryotes 

(Onozawa et al., 2014; Shen et al., 2011), in which the repair of a DSB involves the 

formation of damage-induced lncRNAs, hypothesized to bridge or template repair via an 

RNA:DNA hybrid intermediate (see below).

DNA retention in Oxytricha—In addition to gene unscrambling and copy number 

regulation, small and long ncRNAs orchestrate a DNA elimination process in Oxytricha by 

which large portions of the progeny MIC genome (satellite repeats, transposons, and 

intergenic regions) are eliminated in the developing progeny MAC (Nowacki et al., 2011). 

During early conjugation, developmentally-regulated transcription of the parental MAC 

produces lncRNAs which are presumably degraded into 27 nt piRNAs (Bracht et al., 2013; 

Yerlici and Landweber, 2014). A PIWI homolog, Otiwi1, is loaded with these piRNAs (Fang 

et al., 2012; Zahler et al., 2012) and transported from the parental MAC to the progeny MIC, 

where piRNA interaction with complementary genomic sequences marks regions of the MIC 

genome protected from elimination during MAC genome development (Figure 3B). This 

piRNA-dependent pathway is similar to the one described in flies, in that piRNAs are 

utilized as sequence-specific guides for the regulation of the complementary sequences, but 

differ in that in Oxytricha, their association leads to the retention of these sequences instead 

of their transcriptional silencing. Many important questions remain unanswered in this 

fascinating field. For example, it would be interesting to determine how the lncRNA-

dependent genome rearrangement (Figure 3A) and piRNA-dependent DNA retention 

mechanisms (Figure 3B) are coordinated in the developing Oxytricha MAC nucleus. It is 

plausible that the two pathways share common components through which the two can be 

coordinated temporally in the progeny MAC.

DNA elimination in Tetrahymena—In Tetrahymena thermophila, progeny MAC is 

derived by the programmed deletion of roughly 6000 unique internal eliminated sequences 

(IESs), which are intergenic, intronic or transposon-like repeats found in the MIC genome 

(Figure 3C) (Fillingham et al., 2004; Heinonen and Pearlman, 1994; Wuitschick et al., 

2002). Similar to DNA retention mechanism outlined above, IES elimination is 

epigenetically regulated by the RNA sequences found in the parental MAC genome 

(Mochizuki and Gorovsky, 2004; Yao et al., 2003). During early conjugation, bidirectional 

transcription of the entire MIC genome produces double-stranded micronuclear non-coding 

RNAs (dsmic-ncRNAs) (Aronica et al., 2008; Chalker and Yao, 2001) which are processed 

by the meiosis-specific dicer-like enzyme called, Dcl1, into small RNAs (26–31nts) called 

scan RNAs (scnRNAs) (Malone et al., 2005; Mochizuki and Gorovsky, 2005). scnRNAs are 

exported to the cytoplasm where they complex with a PIWI clade Ago protein, Twi1p, and 

generate active Twi1p-scnRNA complexes by a process which requires the Twi1 slicer 

activity. The Twi1-scnRNA complexes are then transported to the parental MAC (Noto et al., 
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2010), undergo 2’-O-methylation by Hen1p, stabilizing scnRNAs (Kurth and Mochizuki, 

2009), and scan the parental macronuclear ncRNAs (pmac-ncRNAs) transcriptome. 

Complementary scnRNAs are selectively degraded (Aronica et al., 2008), and the remaining 

scnRNAs (homologous to MIC-specific sequences (mostly IESs)) move to the developing 

MAC where they scan and later interact with new macronuclear ncRNAs (nmac-ncRNAs). 

This results in the recruitment of the histone methyltransferase Ezl1p and the chromodomain 

proteins Pdd1 and Pdd3 to these IESs, which cause the packaging of these regions into 

heterochromatin followed by their elimination from the MAC genome by an unknown 

mechanism (Coyne et al., 1999; Liu et al., 2004; Liu et al., 2007; Taverna et al., 2002). Pdd1 

accumulation at heterochromatic IESs is dependent on scnRNAs and RNAi, demonstrating a 

direct role for scnRNAs in Pdd1 recruitment. Also, Pdd1 can interact with nuclear lncRNAs, 

potentially tethering these transcripts to their site of synthesis (Kataoka and Mochizuki, 

2015). Interestingly, ectopic tethering of Pdd1 to a genomic locus that is normally retained 

leads to the elimination of this sequence in the progeny MAC (Taverna et al., 2002). This 

process also can occur in trans such as sRNAs derived from one TE can recognize, form 

heterochromatin and direct the elimination of other complementary TEs (Noto et al., 2015). 

Together these observations demonstrate a direct role for Ago-associated sRNAs in guiding 

chromatin-modifying proteins and the subsequent DNA elimination machinery to IESs in 

Tetrahymena (Figure 3C). How IESs are precisely marked and excised from within the gene-

rich MIC genome has remained poorly understood, but interestingly in a recent paper, a 

model is proposed in which RNA:DNA hybrids may help demarcate the correct excision 

boundaries of a subset of IESs flanked by guanine-rich DNA (Carle et al., 2016).

The scnRNA-mediated IES elimination in Tetrahymena and the piRNA-mediated DNA 

retention in Oxytricha use PIWI-bound sRNAs to scan the developing MAC nucleus to mark 

eliminated or retained parts of the developing genome, respectively. The parental inheritance 

of these molecules transmits the genomic and transcriptional instructions of the previous 

generation to progenies. In addition to TEI, this pathway is thought to promote genomic 

stability by eliminating potentially harmful DNA elements (such as new transposon 

integration events) from the transcribed MAC nucleus. Collectively, this elegant body of 

work in ciliates has uncovered several unexpected roles for nuclear ncRNAs in genome 

regulation. Cells can (1) harness the ‘coding’ capacity of RNAs to instruct the reassembly of 

their genomes, (2) use sRNAs to demarcate parts of their genomes for elimination or 

retention, (3) set gene dosage, and (4) relay the adaptive memories of previous generations 

to progenies. Even though the conservation of these processes in other eukaryotes remains 

unknown, these discoveries add to the repertoire of mechanisms, which nuclear ncRNAs can 

use to participate in genome functions.

(3) ncRNAs and DSB repair

In this section, we will summarize and discuss the emerging connection between DSB repair 

and biogenesis of nuclear ncRNAs including the formation of damage-induced long and 

small ncRNAs, which, in some instances, appear to play a direct role in DSB repair.

sRNA-mediated DSB repair—The first evidence that small ncRNAs contribute to 

efficient repair of DSBs in eukaryotes was made in Neurospora crassa. Similar to S. pombe, 

Khanduja et al. Page 11

Mol Cell. Author manuscript; available in PMC 2017 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



N. crassa uses an RNAi-dependent mechanism called quelling to mediate the PTGS 

silencing of its repetitive genes (Chang et al., 2012). In this organism, DSBs induce the 

production of a class of Ago-associated sRNAs (20–22nts) called qiRNAs (Figure 4A, 

pathway 1) (Lee et al., 2009). (We will refer to this class of sRNAs as ‘diRNAs’.) Work in 

this organism has revealed that in response to DSBs, an HR-dependent mechanism targets 

RNAi factors to repetitive rDNA elements, where their coordinated activities generate 

diRNAs. diRNAs are Dicer (DCL-1 and DCL-2) cleavage products of double-stranded 

aberrant rDNA transcripts (aRNAs), produced by an RdRP, called QDE-1 (Lee et al., 2010; 

Salgado et al., 2006; Zhang et al., 2013b). Interestingly, recent data has shown that HR is 

also critical for the endogenous quelling (PTGS) pathway for repeat silencing (Zhang et al., 

2013b), which together with the HR-dependency of diRNA production suggest that RNAi 

proteins use HR to identify repetitive regions for silencing. This is an intriguing possibility 

which, if conserved in other eukaryotes, would provide a new function for HR in sRNA 

biogenesis and function.

diRNA sequencing revealed that most map to the rDNA locus. DSB-induced rDNA 

silencing is conserved in eukaryotes; for example in mammals, DSBs cause an ATM-

dependent translocation of NBS1-TCOF1 to nucleoli resulting in the global silencing of 

rRNA transcription (Kruhlak et al., 2007; Larsen and Stucki, 2016). Similarly in N. crassa, 

diRNAs silence rDNA expression in response to DSBs, however whether this inhibition is 

mediated through a PTGS (akin to how miRNAs contribute to DSB repair in metazoans 

(Wang and Taniguchi, 2013)) or TGS mechanism remains to be determined. More 

importantly, future work is required to test whether diRNAs complementary to the site of a 

DSB are produced. The latter question is especially pertinent because several recent papers 

have reported the occurrence of diRNAs complementary to DSBs (see below) in plants and 

mammalian cells (Francia et al., 2012; Gao et al., 2014; Wei et al., 2012).

diRNAs in mammals and plants—Studies in human cells, zebra fish larvae and plants 

suggest the occurrence of diRNAs beyond Neurospora (Francia et al., 2012; Gao et al., 

2014; Wei et al., 2012). In these organisms, DSBs induce diRNA production, which in 

human and plant cells maps to the vicinity (0.5–2.5Kb) of DSBs. The requirement for 

DICER and the detection of sense and antisense diRNAs suggest the formation of dsRNA 

intermediates from the DSB; however how these putative dsRNAs are produced remains 

purely speculative at this time. But recently using an inducible, site-specific DSB system in 

a human cell line, it was shown that Ago2 interacts with the repair protein Rad51, whose 

accumulation at the DSB requires the RNA binding and catalytic activities of Ago2 (Gao et 

al., 2014). This suggests that diRNAs program Ago2-Rad51 complexes to the vicinity of the 

DSB via basepairing interactions with complementary sequences (Figure 4A, pathways 2 

and 3).

Overall, the evidence in different model systems suggests that DSBs induce the synthesis of 

diRNAs mapping to the DSB or other parts of the genome (e.g. rDNA). The production of 

these diRNAs requires the activity of RNAi factors, DNA helicases, chromatin remodelers, 

ssDNA binding protein and, in Neurospora and plants, RNA-dependent RNA polymerases. 

diRNAs appear to target Ago complexes to complementary sequences to the DSBs or other 

parts of the genome (e.g. rDNA) through which the recruitment of repair (e.g. Rad51) or 
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transcriptional regulatory complexes could occur (Figure 4A). The aforementioned direct 

and indirect mechanisms are not mutually exclusive and future studies are needed to 

determine how these nuclear sRNAs contribute to the repair of DSBs.

Alternatively, sRNAs may serve as bridges or templates for DSB repair. Work in E. coli, 
yeast and human cells indicate that artificial introduction of short RNA oligonucleotides 

homologous to the site of the DSB can direct their repair (Onozawa et al., 2014; Shen et al., 

2011; Storici et al., 2007). It is important to point out that this pathway also operates in S. 
cerevisiae (which lacks an Ago homolog), suggesting that sRNAs arising from processing of 

primary transcripts can bridge or template DSB repair directly, instead of recruiting repair 

proteins to DSBs. The details of how these putative RNA:DNA complexes are formed or 

regulated or contribute to repair are unknown at this time (For a model see Figures 4B and 

1D), but recent evidence from yeast provides interesting insights into how lncRNAs can 

contribute to DSB repair via bridging breaks, forming RNA:DNA hybrid intermediates and 

modifying the genome by a reverse-transcriptase-dependent mechanism, which, by the 

virtue of its capacity to modify the genome, is similar to the genome rearrangement pathway 

described in ciliates.

lncRNA-mediated DSB repair—Recent evidence from S. cerevisiae (Keskin et al., 2015; 

Keskin et al., 2014) suggests that in addition to sRNAs, long antisense transcripts originating 

from a DSB (cis) or artificially produced from a complementary genomic region (trans) can 

template DSB repair through a mechanism which requires the formation of RNA:DNA 

hybrid intermediates (Figure 4B). Using HIS− haploid cells, an elegant recombination assay 

was set up such that the only way that the repair of a DSB within a defective his3 reporter 

gene can produce a HIS+ cell is by using an antisense HIS3 transcript (carrying an artificial 

intron) as its template for repair. This antisense HIS3 allele was provided in trans or cis to 

the DSB. The budding yeast has its own reverse transcriptase activity (Boeke et al., 1986; 

Teng et al., 1996), and this activity is required for DSB repair in this assay, suggesting that 

cDNA intermediates derived from intact transcripts of actively transcribed genes can 

template repair, and potentially act as major sources of genome modifications at DSBs 

(Keskin et al., 2015). This result also suggests the formation of RNA:DNA hybrid 

intermediates during DSB repair. Consistent with this hypothesis, they showed that 

RNaseH1 (RNH1) and RNaseH2 (RNH201) proteins, which specifically degrade RNA:DNA 

hybrids inhibit this repair pathway – their removal improved repair efficiency dramatically in 

both the cis and trans systems. Even though repair in wild-type cells was dependent on 

reverse transcriptase activity, repair in rnh1 rnh201 cells could still proceed in the absence of 

reverse transcriptase. Unexpectedly, repair was more efficient if the antisense HIS3 
transcript was produced in cis (rather than trans) to the DSB. Together these data suggest 

that stable RNA:DNA hybrids are recombinogenic, and in RNase H defective cells, RNA 

molecules complementary to a DSB can direct its HR-dependent repair without going 

through a cDNA intermediate. This suggests that long RNAs may act as a bridge or 

molecular glue to keep the ends of a DSB (complementary to the tethered transcript) near 

each other, thus facilitating HR repair. Also these data show that the proximity of the 

transcript to the DSB increases the efficiency of this repair mechanism. Furthermore, Rad52 

protein, which was shown to promote RNA:DNA hybrid formation on DSB templates in 
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vitro, is required for this type of DSB repair in vivo, whereas Rad51, which competes with 

Rad52 for ssDNA binding in vivo, is inhibitory (Figure 4B). Rad52 is also required for HR-

dependent survival of telomerase defective cells in which telomeric RNA:DNA hybrids are 

thought to promote survival via HR among telomeres (Balk et al., 2013). Collectively these 

data suggest a model in which transcripts, tethered to the DSB by a stalled RNA polymerase 

(cis) or transcribed from a paralogous gene (trans), may provide a physical bridge or 

template for repair of DSBs (Figure 4B).

Two observations suggest that a similar RNA-dependent mechanism may contribute to 

mammalian DSB repair. First, it was shown that a fraction of the DSBs in mammalian cells 

are repaired by insertion of sequences derived from reverse transcribed RNAs originating 

from repetitive parts of the genome (Onozawa et al., 2015; Onozawa et al., 2014). Even 

though this repair pathway is mutagenic (inserting ectopic sequences into protein coding 

genes), these data suggest that long transcripts can be used as a template for repair across the 

DSB. Also recently, a non-mutagenic, HR-dependent and RNA-templated DSB repair in 

G0/G1 mammalian cells was described (Wei et al., 2015), which supports the occurrence of 

this RNA-templated repair in mammalian cells. Regardless of the mechanism, these 

observations suggest the existence of a conserved HR-dependent repair mechanism in which 

RNAs serve as templates or molecular bridges for DSB repair, providing yet another 

unexpected function for nuclear ncRNAs in cellular processes. In these instances, 

surprisingly, the flow of genetic information is reversed (RNA to DNA) such that any 

missing sequences at the DSB after resection is copied from the tethered RNA.

Conclusions and perspectives

The diverse mechanisms by which nuclear ncRNAs of different sizes are utilized in 

pathways that regulate genome stability highlight the versatility of RNA as a mediator of 

biological activity. RNA’s biochemical properties allow it to serve both as an enzymatic and 

genetic agent in nuclear functions. This is in contrast to proteins and DNA, which in their 

functional form lack this versatility, and are highly specialized to catalyze biochemical 

reactions or stably store genetic information, respectively. Despite their evolution, the 

primordial properties of RNA have continued to augment the biological activities of DNA 

and proteins, including the ones required for maintaining genome stability.

Noncoding sRNAs are best understood functionally in the context of their ability to basepair 

with complementary sequences, providing an efficient means for targeting enzymes to 

different sequences in the genome. lncRNAs, on the other hand, can act as scaffolds for the 

assembly of regulatory complexes often in cis to their site of synthesis. When used in 

concert, sRNA-lncRNA properties can generate amplification loops, ideally suited for 

establishing epigenetic states, including chromatin-based ones, and even transmitting these 

states transgenerationally. This makes sense evolutionary. In TEI, the inheritance of long or 

small ncRNAs imparts the transcriptional memory of the parental generation, through which 

parents pass their adaptive responses to their progeny, especially during the early, and often 

vulnerable times, of their offspring’s development. This helps progeny to quickly adapt by 

adjusting their transcriptional output based on their parents’ experiences.
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In addition to this, long and/or small ncRNAs may bridge DNA breaks, or template their 

repair and modify the genome in a reverse transcriptase-dependent manner (Figure 4). These 

discoveries suggest that RNA to DNA information transfer may be a more general 

phenomenon than previously proposed (Crick, 1970). RNA-templated genome modifications 

are best characterized in ciliates, where parentally-inherited long and short ncRNAs 

cooperate to unscramble gene fragments, template their assembly, determine gene dosage, 

and exclude repetitive DNA elements, and in doing so, stabilize the maturing MAC genome 

(Figure 3). This mechanism differs from the chromatin-based TEI described previously, 

because in ciliates the inheritance of these parental nuclear ncRNAs determines the genetic 

makeup of the MAC genome. Based on these, it is intriguing to speculate that RNA-

templated genome modifications, if induced as an adaptive response, could have served to 

accelerate DNA-based evolution via a reverse transcriptase-based mechanism (Mattick, 

2009). Such a mechanism may even have a basis in human evolution. The recently 

discovered phenomenon of constitutional (germline) or cancer-associated chromothripsis 

provides strong evidence that a single event (such as the formation of micronuclei (Zhang et 

al., 2015)) could generate hundreds if not thousands of DNA breaks within the human 

genome. If the repair of such catastrophic events is mediated via an RNA-based mechanism, 

similar to the developmentally-regulated genome rearrangement mechanism studied in 

ciliates, one can speculate that such germline events could drive evolution via a punctuated 

equilibrium mechanism (Gould and Eldredge, 1977; Zhang et al., 2013a).

It is apparent that research in ncRNAs has wiped away our previous views in RNA biology, 

broadening our understanding about the mechanisms by which these molecules participate in 

biological activities (Morris and Mattick, 2014). Moreover, the recent discovery that RNA 

methylation has functional consequences extends our understanding of RNA’s biochemical 

capacity (Sergiev et al., 2015). Indeed if recent history is any indication, the functional 

analysis of ncRNAs should continue to produce several unexpected breakthroughs in the 

coming years.
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Figure 1. 
Mechanisms of ncRNA-mediated genome regulation. (A) Protein (orange and gray ovals)-

sRNA (blue or red lines) interaction targets proteins to complementary sequences in trans. 

(B) Tethered ncRNAs form platforms for the assembly of regulatory protein complexes in 

cis. (C) ncRNAs facilitate protein-protein interactions by acting as a structural component of 

these complexes. (D) ncRNAs bridge or template the repair of double-strand breaks (DSBs).
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Figure 2. 
ncRNA-mediated silencing and telomere regulation. (A) siRNA-dependent H3K9 

methylation at the fission yeast pericentromeric regions. A network of interactions among 

RNAi complexes (RITS, RDRC, Dcr1), cen lncRNAs (red wavy line), and CLRC (green 

pentagon) creates siRNA and H3K9me amplification loops at centromeres. This leads 

nucleation and spreading of H3K9me and the recruitment of the heterochromatin protein 1 

(HP1) proteins, Swi6 (blue oval) and Chp2 (turquoise). Chp2 in complex with SHREC 

represses RNA Pol II (green circle) transcription (TGS), and Swi6 facilitates RNAi-

dependent PTGS via its Ers1-dependent interactions with RDRC. Swi6 also interacts 

cohesin and is required for its recruitment to cen repeats. In the absence of CLRC, RNAi 

complexes or Swi6, cohesin recruitment is lost and cells display chromosome segregation 

defects. (B) piRNA silencing in D. melanogaster maternal germ cells. piRNA clusters and 

transposons are shown in blue and red, respectively. Cytoplasmic degradation of TE 

transcripts by the Piwi family proteins (Aubergine (Aub), Piwi and Argonaute-3 (Ago3) is 

depicted. Iterative cycles of Piwi/Aub and Argonaute-3 (Ago3) cleavage events in the 

cytoplasm amplify the piRNA signal and degrade TE transcripts. Also, piRNA-Piwi 

complexes can be imported into the nucleus where they mediate TGS silencing via the 

recruitment of HP1/Su(var)3–9 proteins (yellow oval). (C) TERRA and telomere regulation. 

TERRA (blue wavy line) is a structural component of telomeres upon which Sheltrin (gray 

oval), HP1/Suv39H1 (lime green circle), and other silencing complexes assemble. TERRA 

also facilitates the RPA (pink rectangle)-to-POT1 (gray pentagon) transition via binding to 

hnRNAP1 (teal octagon). See text for details.
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Figure 3. 
ncRNA-mediated genome reorganization in ciliates. Genome rearrangement in Oxytricha 
involves the (A) unscrambling of the developing MAC genome. This requires the maternal 

inheritance of long noncoding template RNAs (blue wavy lines) from the parental MAC 

nucleus into the developing progeny MAC. Numbers depict segments of a gene which must 

be ordered to make a functional open reading frame. (B) DNA retention uses maternally 

inherited piRNA-Otiwi complexes (orange ovals with blue lines) to mark the regions of the 

genome which are retained in the developing progeny MAC nucleus. (C) DNA elimination 

in Tetrahymena requires the bidirectional transcription (wavy black lines) of the parental 

MIC genome. dsRNAs are degraded into scnRNAs (shown in red, blue and green lines) by 

Dcl1 and exported to the cytoplasm where they are loaded onto the PIWI protein Twi1 

(orange oval). scnRNA-Twi1 complexes are imported into the parental MAC nucleus where 

they find the complementary genomic regions. All ‘self’ scnRNAs (blue) are eliminated, and 

the remaining scnRNAs (red and green), complementary to TEs (red rectangle) and IESs 

(green rectangle), are exported into the developing progeny MAC nucleus. scnRNA-Twi1 

complexes basepair with complementary TEs and IESs in the MAC genome and recruit Ezl 

and Ppd1/3 proteins (lime green circle). These regions are packaged into heterochromatin 

and later eliminated from the MAC genome by an unknown mechanism.
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Figure 4. 
ncRNAs regulation of DSB repair. (A) diRNA-mediated DSB repair. DSBs induce RNAi-

dependent diRNA production, which once loaded onto Ago (orange oval) target Ago 

recruitment to DSBs (pathways 2 and 3) or other sites around the genome (pathway 1). In 1, 

diRNAs recruit Ago to sites (other than the DSB) around the genome (for example rDNA in 

N. crassa), potentially regulating their transcription in a manner that favors DSB repair. In 2, 

diRNAs recruit Ago and DNA polymerases (blue oval) to the DSB to catalyze a synthesis-

dependent repair process. In 3, diRNA-programmed Ago complexes recruit repair proteins 
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to the DSB. (B) lncRNA-mediated DSB repair. RNA molecules (blue line) complementary 

to the DSB may serve as a bridge (left) or template (right) for repairing DSBs. RNase H1/H,

2 inhibit this repair mechanism by removing RNA:DNA hybrids. On the other hand, Rad52 

(blue oval), which promotes RNA:DNA hybrid formation in vitro, is proposed to stimulate 

DSB repair by annealing the RNA to the DSB. RNA:DNA hybrids are thought to promote 

the precise re-ligation of a DSB (left) or reverse transcriptase-dependent synthesis and re-

ligation (right) at the DSB. These depicted mechanisms may operate in non-dividing 

mammalian cells (Wei et al., 2015).
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Table 1

Classes of ncRNAs implicated in repair and genome stability. All abbreviations are defined in the text.

Classes of ncRNAs Ago
Effector
subfamily

Size
(bp)

Localization Functions

lncRNA N/A >200 Nucleus TGS, heterochromatin formation, genome
organization and DSB repair

miRNA Ago 19–24 Cytoplasm PTGS (mRNA degradation, translational
repression)

siRNA Ago 21–24 Nucleus TGS, heterochromatin formation,
chromosome segregation

piRNA PIWI 23–31 Nucleus
Cytoplasm

Transposon silencing (TGS and PTGS)

diRNA Ago 21–24 Nucleus DSB repair
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