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Noisy silence
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A significant fraction of eukaryotic genomes comprises
repetitive sequences, including rRNA genes, centromeres,
telomeres, and retrotransposons. Repetitive elements are
hotspots for recombination and represent a serious challenge
for genome integrity. Maintaining these repeated elements in
a compact heterochromatic structure suppresses recombina-
tion and unwanted mutagenic transposition, and is therefore
indispensable for genomic stability. Paradoxically, repetitive
elements are not transcriptionally inert, but produce RNA that
has important functions in regulating and reinforcing the het-
erochromatic state. Here, we review the role of non-coding
RNA (ncRNA) in recruiting chromatin-modifying enzymes to
repetitive genomic loci to establish a repressive chromatin
structure that safeguards chromosome integrity and genome
stability.

Introduction

A large portion of the genome in metazoans and plants is
transcribed into RNA, the vast majority of it being non-coding
RNA (ncRNA) that functions as structural, catalytic, or regu-
latory RNAs, rather than encoding proteins. Non-coding RNA
has been thought of as transcriptional noise or as relics of a pri-
mordial “RNA world” that has largely been replaced by more
efficient proteins. Now, though, it seems that ncRNAs are
numerous and highly adapted in their functions in higher organ-
isms, mediating processes that require highly specific nucleic
acid recognition without complex catalysis, such as regulation
of gene expression, guiding RNA modifications or promoting
posttranscriptional events. Their mechanisms of action and
biological roles are extremely diverse, indicating that, so far,
we have only had a glimpse of this new class of regulatory fac-
tors. Among the most fascinating discoveries emerging from this
exciting field of research is that long ncRNAs (IncRNAs) impact
on chromatin structure and epigenetic control of transcription.
A classical example is the XIST RNA, a 17-20 kb ncRNA with
a key role in dosage compensation and X-chromosome inactiva-
tion in human and mouse.! The list of mammalian IncRNAs is
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constantly growing and functional analyses have advanced our
understanding of their roles in regulation of gene expression.?
For example, several IncRNAs, including Airn,® Kenglotl,* and
Nespas’ silence imprinted gene clusters. HOTAIR IncRNA derives
from the HOXC locus and binds to the Polycomb-repressive
complex 2 (PRC2) to repress the HoxD cluster in trans,’ linc-
HOXAI represses Hoxal by recruiting the transcriptional cofac-
tor PURB® and Braveheart (Bvht) ncRNA interacts with Suzl2 to
dictate cell fate decisions.” Other IncRNAs, such as Evf-2, SRA,
or HSRI, modulate the activity of protein-binding partners.'*!?
Many of these ncRNAs have been found to cluster near the 5'-
or 3'- terminal parts of genes or represent antisense RNAs that
overlap coding regions. Base complementarity allows RNA to be
exquisitely sequence-specific, and therefore RNA is particularly
well suited for the job of specific recognition of other RNAs and
distinct genomic loci. Though the function of most of the newly
identified ncRNAs is yet to be elucidated, it has become apparent
that ncRNA has an impact on most, if not all, chromatin-medi-
ated processes, hence the increased interest in this research area.
Eukaryotic genomes contain a considerable fraction of con-
stitutive heterochromatin, commonly found in blocks of repeti-
tive DNA sequences. Repetitive elements, including rRNA
genes, centromeres, telomeres, as well as short and long inter-
spersed transposable elements, account for 30-50% of mamma-
lian genomes. As repetitive sequences present a serious challenge
for genomic stability, multicellular organisms have developed
mechanisms that suppress homologous recombination and pro-
tect the structural integrity of these repeats by maintaining them
in a compact, transcriptionally refractory state. For this, distinct
proteins need to be guided to such sequences to establish a het-
erochromatic structure. Genome-wide sequencing approaches
have revealed an increasing set of ncRNAs that are linked to
transcriptional silencing and chromosomal integrity, indicating
that epigenetic regulation represents an intimate and balanced
interplay of both fields, RNA and chromatin research (for review
see refs. 13-16). Transcripts originating from silent rRNA genes,
telomeres, centromeres or retroelements have been implicated in
heterochromatin formation and cellular homeostasis, indicating
that transcription in heterochromatin is a conserved trait in the
evolution of eukaryotes.”"” Although it is not yet known how cells
solve the apparent paradox of “noisy silence,” there is increasing
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evidence that the local plasticity of heterochromatin, the action

of anti-silencing factors*! and the accessibility of heterochromatin
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to the transcription machinery during S-phase?? contribute to the
expression of heterochromatic regions. This review summarizes
our current knowledge of how chromatin modifying enzymes,
in particular the chromatin remodeling complex NoRC, act in
concert with RNA-mediated mechanisms to establish a repressive
chromatin structure at repetitive elements, a mechanism that is
essential for chromosome structure and genome integrity.

Non-Coding RNAs Regulate
the Epigenetic State of rRNA Genes

Mammalian genomes contain several hundred copies of IRNA
genes (tDNA) that are tandemly arrayed in clusters, known as
nucleolus organizer regions (NORs). The overall IDNA tran-
scriptional activity of a given cell depends on the demand for
protein synthesis, and hence on metabolic activity. However,
even in cycling cells that exhibit high rRNA synthetic activity,
only a fraction of rDNA copies is transcribed, whereas other
repeats are silenced in a cell and/or tissue-specific manner. In
mammals, several epigenetic features distinguish transcription-
ally active from silent rRNA genes. Generally, an “open” chro-
matin structure that is characterized by DNA hypomethylation,
acetylation of histone H4 (H4ac) and dimethylation of histone
H3 at lysine 4 (H3K4me2) marks transcriptionally active gene
promoters, whereas silent IDNA repeats are characterized by pro-
moter hypermethylation, histone H4 hypoacetylation, and meth-
ylation of H3K9, H3K27, and H4K20.? Recently, the existence
of a third, intermediate chromatin configuration has been iden-
tified that marks rRNA genes that exhibit an open chromatin
structure, but are not transcribed.* Like at active rRNA genes,
the promoter of such transcriptional permissive, “poised” genes
is unmethylated, is associated with components of the preinitia-
tion complex, but the promoter-bound nucleosome carries both
euchromatic (H3K4me3) and heterochromatic (H3K27me3)
histone modifications. Active and silent rDNA repeats are not
only characterized by specific epigenetic marks but also by dis-
tinct nucleosome positions. At active genes, the promoter-bound
nucleosome covers nucleotides (nt) from -157 to -2, and this spe-
cific nucleosomal architecture places the core promoter and the
upstream control element into close proximity, allowing coopera-
tive binding of transcription initiation factors. At silent rRNA
genes, the nucleosome is positioned 24 nt further downstream,
placing the nucleosome into a translational position that is unfa-
vorable for transcription complex assembly.” Taken together,
three structurally and functionally distinct chromatin states of
rRNA genes exist, i.e., active, silent, and poised ones.

The silent state of rRNA genes is established by NoRC (nucle-
olar remodeling complex), an ATP-dependent chromatin remod-
eling machine consisting of the ATPase SNF2h and the nucleolar
protein TIP5.%* NoRC interacts with DNA methyltransferases,
histone deacetylases and histone methyltransferases, thereby trig-
gering promoter methylation, heterochromatin formation and
transcriptional silencing.?»*"?® Thus, NoRC coordinates the activ-
ities of macromolecular complexes that modify histones, methyl-
ate DNA and establish a “closed” heterochromatic state. Recent
studies have demonstrated that poly(ADP-ribose)-polymerase-1
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Figure 1. Model illustrating the role of pRNA in recruiting chromatin
modifying enzymes to rDNA. Transcripts that match the rDNA promoter,
dubbed pRNA (promoter-associated RNA), form a specific secondary
structure that is recognized by TIP5, the large subunit of the chromatin
remodeling complex NoRC. NoRC is associated with histone deacety-
lases (HDACs) and histone methyltransferases (HMTs) that establish het-
erochromatic features at the rDNA promoter. In addition, pRNA directly
interacts with DNA, forming a DNA:DNA:RNA triple helix with the bind-
ing site of the transcription factor TTF-I, leading to displacement of TTF-I.
The triple helical structure is recognized by the DNA methyltransferase
DNMT3b, which methylates the rDNA promoter, leading to transcrip-

tional silencing.

(PARP-1) plays a role in the inheritance of the silent state of
rDNA. PARP-1 binds to silent rRNA genes in mid-late S-phase,
associates with TIP5 and PARylates nucleolar histones.?” Thus,
PARP-1 may act as a co-repressor, cooperating with NoRC to
facilitate the inheritance of heterochromatic histone marks
through cell cycle progression.

Studies in several organisms have shown that the intergenic
spacer contains duplicated sequences that resemble the core ele-
ment of the major gene promoter and direct RNA Polymerase I
(RNAP I) transcription in vitro and in vivo.**?* In mouse, tran-
scripts from a RNAP I promoter located -2 kilobases upstream
of the pre-rRNA transcription start site maintains the balance
between transcriptionally active and silent tRNA genes. These
spacer transcripts are processed into a heterogeneous popula-
tion of 150-250 nt RNAs, dubbed pRNA (promoter-associated
RNA) as their sequence overlaps the rDNA promoter.”® pRNA
can interact with TIP5, the large subunit of NoRC, through a
phylogenetically conserved hairpin structure. This interaction
between pRNA and TIP5 is required to recruit NoRC to nucle-
oli. RNase footprinting and protease sensitivity experiments
revealed that TIP5 binds to pRNA in an induced fit mechanism,
leading to structural changes of TIP5 that might facilitate the
interaction with co-repressors, thus promoting heterochroma-
tin formation and rDNA silencing (Fig. 1).* Notably, deple-
tion of pRNA caused translocation of NoRC from nucleoli to
the nucleoplasm, whereas refeeding with ectopic pPRNA restored
nucleolar localization, underscoring the essential role of pRNA in
guiding NoRC to rDNA and establishing the repressive chroma-
tin structure. A recent study has shown that pRNA is synthesized
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to external challenges. In accord with
this view, strand-specific PCR-walking
across rDNA revealed low levels of anti-
sense transcripts that are synthesized by
RNA polymerase I1.¥ These antisense
transcripts, termed PAPAS (promoter
and pre-rRNA antisense), comprise a het-
erogeneous population of RNA covering
sequences of pre-rRNA and the rDNA
promoter. Notably, the synthesis and/or
stability of PAPAS vary among different

cell lines and depend on the physiologi-

cal state of the cells. PAPAS levels anti-

affected.

Figure 2. PAPAS induces trimethylation of H4K20 and chromatin compaction in growth-arrested
cells. The scheme depicts epigenetic features of the rDNA promoter in proliferating cells and
quiescent cells. In growth-arrested cells, increased levels of antisense transcripts, termed PAPAS
(promoter and pre-rRNA antisense), recruit the H4K20 methyltransferase Suv4-20h2 to the rDNA
promoter, thereby triggering H4K20 trimethylation and chromatin compaction. Increased levels of
H4K20me3 are accompanied by decreased histone H4 acetylation, whereas H3K4 methylation is not

correlate with the level of pre-rRNA,
i.e., PAPAS is upregulated in quiescent
cells where rDNA transcription is low,
whereas PAPAS levels are low in cancer
cells with high rRNA synthetic activity.
The inverse correlation between the lev-

from a sub-fraction of hypomethylated rRNA genes during mid
S-phase, acting in trans to inherit DNA methylation and tran-
scriptional repression of late-replicating silent rDNA copies.**
Although it remains obscure how pRNA discriminates between
silent and active IDNA repeats, these results indicate that indi-
vidual rDNA repeats are functionally different and this variabil-
ity has distinct functional consequences.

Depletion of pRNA decreased DNA methylation and
enhanced rDNA transcription, whereas transfection of cells with
synthetic pRNA triggered de novo methylation of the rtDNA
promoter and repressed transcription. Importantly, the 5’-end of
pRNA can induce promoter hypermethylation and rDNA silenc-
ing independently of the NoRC complex. This is achieved by
Hoogsten base pairing between pRNA and the tDNA promoter,
forming a triple-stranded DNA-RNA structure at the binding
site of the transcription factor TTF-1.>° The triple-helical DNA-
RNA structure displaces TTF-I from its cognate site T initiat-
ing transcriptional repression. The triplex can then be specifically
recognized by the de novo DNA methyltransferase DNMT3b,
leading to methylation of a critical CpG residue in the promoter,
which impairs binding of the transcription factor UBF and pre-

3¢ These results uncover

vents transcription complex assembly.
a novel mechanism of epigenetic regulation, whereby ncRNAs
bound to regulatory gene sequences by Hoogsten base pairing
act as a “local address” to direct specific proteins to regulatory
genomic loci or to replace them from their target sequence.

As epigenetic states are reversible, they can be modified by
environmental factors that impinge on chromatin structure and
transcriptional regulation. However, the pathways that alter
chromatin structure in response to environmental or develop-
mental cues remain largely unknown. Given that non-coding
RNAs can act as a molecular trafficking system that guides
chromatin modifiers to distinct genomic sites to establish spe-
cific epigenetic landscapes, it is plausible that ncRNA may
mediate short-term changes in chromatin structure in response
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els of PAPAS and 45S pre-rRNA suggests
a role of these antisense transcripts in
repression of RNAP I transcription upon growth arrest. In fact,
chromatin immunoprecipitation (ChIP) assays comparing grow-
ing and quiescent NIH3T3 cells revealed that elevated levels of
PAPAS correlate with enhanced trimethylation of histone H4 at
lysine 20 (H4K20me3). This link between inhibition of IDNA
transcription and upregulation of both PAPAS and H4K20me3
in response to growth factor deprivation suggested that PAPAS
guides Suv4-20h2, the histone methyltransferase that mediates
H4K20 trimethylation, to rDNA. In support of such a targeting
mechanism, in vitro and in vivo RNA-protein interaction assays
revealed that PAPAS binds with high affinity to Suv4-20h2.
Once targeted to the IDNA promoter, Suv4-20h2 mediates tri-
methylation of H4K20 and compaction of chromatin, creating a
chromatin environment that impairs transcription, thus enforc-
ing signal-dependent transcriptional shutdown in response to
growth arrest (Bierhoff et al., unpublished data). These results
reveal a compelling mechanism of epigenetic regulation, estab-
lishing a repressive chromatin structure in response to external
signals, thus ensuring shutdown of RNAP I transcription when
cells become quiescent (Fig. 2). Such structural changes make
heterochromatin intrinsically less vulnerable to DNA damage,
thereby increasing chromosomal stability. Given that increased
homologous recombination among the rDNA repeats correlates

with tumorigenesis and developmental disorders,*®%

impaired
heterochromatin formation by dysregulation of either pRNA or
PAPAS will increase the risk of rDNA instability, nucleolar disin-

tegration and cellular senescence.

Centromere Specification
and Function Requires ncRNAs

Centromeres are specialized chromosomal structures that
govern kinetochore assembly and ensure equal chromosome
segregation during mitosis. They are composed of short tandem
repeats forming large arrays up to several megabases.®**' Like
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tRNA genes, centromeres are organized in tandemly
repeated clusters and exhibit a repressive heterochro-
matic structure. Maintaining a heterochromatic
structure at centromeres is important for kinetochore
function and chromosome integrity. Murine centro-
meres comprise arrays of minor satellite sequences
that are embedded in a larger pericentromeric region,
composed of major satellite repeats.”” Human centro-
meres comprise arrays of 171-bp a-satellite repeats
that are surrounded by arrays of longer repetitive ele-
ments, including satellites II and III (Sat II and III)
that are interspersed with unique sequence elements.*?
Centric and pericentric regions differ in chromatin
structure, forming structurally distinct domains,
both of which are required for kinetochore assembly
and proper chromosome segregation. Centromere
identity is epigenetically determined by a unique
chromatin signature in the core region, containing
the centromere-specific histone H3 variant CENP-A
and a nucleoprotein complex containing other centro-

Centric chromatin | Pericentric heterochromatin
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Figure 3. RNA shapes the epigenetic landscape at centromeres. The model shows the
chromatin organization of minor and major satellite repeats at murine centromeres.
Minor satellites in the centric region are characterized by alternating nucleosomes
that harbor either the histone H3 variant CENP-A or H3K4me2. Transcripts in both ori-
entations facilitate the association with centric proteins including CENP-C, INCENP,
Survivin and aurora B kinase (AUKB). At pericentric heterochromatin, major satellite
transcripts mediate the deposition of HP1a on nucleosomes marked by H3K9me3 and
H4K20mes3.

meric proteins.”*® Chromatin containing CENP-A is

periodically interrupted by nucleosomes containing
H3K4me2, whereas the flanking pericentromeric heterochroma-
tin is characterized by heterochromatic histone modifications,
including di- and tri-methylated H3K9 and H4K20 as well as
associated HP1 proteins.*

Surprisingly, centromeres have been discovered to local-
ize close to nucleoli and several centromeric proteins contain a
nucleolar targeting domain. This raises the possibility that the
nucleolus plays a role in assembly of the kinetochore, providing a
hub for heterochromatin formation and ncRNA-dependent gene
repression.” In fact, heterochromatin formation at centric and
pericentric repeats appears to be mediated by similar mechanisms
used to silence IDNA, NoRC playing a central role in this process.
Analysis of TIP5 localization by ChIP assays and immunostain-
ing revealed that a significant fraction of NoRC was associated
with pericentromeric chromatin. Depletion of TIP5 reduced
H3K9me3 and H4K20me3 at major satellite repeats, whereas
overexpression of TIP5 increased the level of heterochromatic
histone marks.*** Consistent with NoRC-dependent heterochro-
matin formation being critical for proper centromere function,
abnormally large spindles appeared in TIP5-deficient cells, thus
emphasizing the relevance of NoRC for centromere structure and
>0 Together, these results demonstrate that NoRC func-
tion is not restricted to rDNA silencing but also serves an essential

function.

function in heterochromatin formation at centromeres.

Recent studies have demonstrated that centromeres are tran-
scriptionally active, and satellite DNA transcription is linked to
centromere maintenance. Transcripts originating from the cen-
tromeric core region have been detected in several organisms,
including vertebrates, invertebrates, plants and yeast. In most spe-
cies, satellite repeats are differentially expressed in a development-
or tissue-specific manner, and a balanced, low-level synthesis of
satellite transcripts safeguards the integrity of heterochromatin at
centromeres.””" Transcripts from minor and a-satellite repeats
are required for loading CEN proteins to centromeres, including
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INCENTP, Survivin and aurora B kinase (Fig. 3).7°%” Moreover,
single stranded RNA has been shown to bind to CENP-C and
enhance binding of CENP-C to DNA.® Demethylation of
H3K4me2 by the lysine demethylase LSD1 induced loss of cen-
tromeric transcription and mislocalization of the CENP-A chap-
erone HJURP.” On the other hand, acetylation of H3K9 and
overexpression of satellite RNA resulted in centromere inactiva-
tion and failure to recruit CENP-A,* highlighting the role of
RNA in protein composition and epigenetic properties of centric
chromatin.

RNA is also a structural component of pericentric heterochro-
matin, RNA-protein interactions being required for the localiza-
tion of HP1a and H3K9me3 at centromeres.® Moreover, a recent
analysis of HPla binding to RNA revealed that the SUMO-
modified form of HPla specifically binds to major satellite
transcripts, promoting loading of HP1a to pericentric heterochro-

62

matin.®> Given that too much euchromatin or heterochromatin

disrupts centromere function,® the transcriptional properties and
chromatin composition at centromeres needs to be intricately
regulated. The transcription factors Pax3 and Pax9 have been
shown to play a pivotal role in keeping pericentric transcription in
check.® In mouse cells, Pax3 and Pax9 associate with conserved
binding motifs in major satellite repeats and repress transcription
from both DNA strands. Simultaneous depletion of both factors
causes an over 1000-fold upregulation of transcription, leading to
loss of H3K9me3 and H4K20me3 from pericentric heterochro-
matin and severe mitotic defects. Pericentric heterochromatin has
been shown to acquire euchromatic features upon exposure to
stress, facilitating transcription of RNAs containing a subset of
Sat I repeats in response to heat shock, DNA damage or osmotic
stress.®>% The Sat I1I transcripts nucleate the formation of nuclear
stress bodies (nSBs) in which RNAP II together with transcrip-
tion and splicing factors are sequestered.®® Thus, upregulation
of Sat III transcription and formation of nSBs is presumably a
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Figure 4. TERRA recruits NoRC to telomeres to establish/maintain
heterochromatin at chromosome ends. TIP5 interacts with histone
deacetylases (HDACs) and histone methyltransferases (HMTs), leading
to deacetylation of histone H4 and trimethylation of H3K9 and H4K20.

mechanism cells use to repress transcription and RNA processing
under stress conditions.

Finally, digital gene expression analysis revealed a tremendous
generation of bidirectional ncRNAs from major satellite repeats
in cancer cells, suggesting that global alteration in pericentric
RNAs may affect differentiation programs implicated in cancer.””
Indeed, both DNA methylation and H3K9 trimethylation are
critical for the maintenance of satellite repression and dysregu-
lation of these epigenetic marks is linked to carcinogenesis. For
example, abrogation of H3K9 trimethylation by knockout of
Suv39h1/2 leads to decreased genome stability and increased the
susceptibility to develop B-cell lymphomas,® reinforcing the role
of heterochromatin in safeguarding genome integrity. It remains
to be determined whether the act of transcription per se, or the
transcripts themselves, play a direct part in this process.

TERRA-Mediated Heterochromatin Formation
Facilitates Telomere Homeostasis

Telomeres are heterochromatic nucleoprotein — structures
located at the ends of eukaryotic chromosomes, comprising hexa-
meric 5"-TTAGGG-3' repeats in vertebrates that are flanked by
repeat-rich, gene-poor subtelomeric regions. Telomeres are bound
by specialized proteins, known as Shelterins, that are essential
for telomere structure and function.”” Sequestration of telomeres
into nucleoprotein caps shields chromosome ends from exposure
to DNA damage and prevents telomere fusions, thus protect-
ing chromosome integrity. However, recent work has revealed
that packaging into a compact higher-order chromatin structure
is important for telomere maintenance. The heterochromatic
structure of telomeric and subtelomeric chromatin is conserved
in higher eukaryotes. Both telomeric and subtelomeric repeats
are marked by heterochromatic histone modifications, e.g.,
H3K9me3, H4K20me3, and hypoacetylated histones H3 and
H4.7%7! Loss of telomeric and subtelomeric heterochromatin leads
to chromatin decondensation, telomere shortening and increased
frequency of telomere recombination and genomic instability, i.e.,
features that are associated with cellular senescence and transfor-
mation.”””! Considering the longstanding idea that telomeres are
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transcriptionally silent genomic regions, it came as a surprise that
telomeres are actively transcribed into a ncRNA, termed TERRA
(telomeric repeat-containing RNA). TERRA transcription origi-
nates from a promoter-like CpG island within subtelomeres,
proceeding toward chromosome ends’> TERRA transcripts
comprise UUAGGG repeats, are polyadenylated and range in
size from about 100 bases to even more than 9 kilobases. They
form discrete nuclear foci that co-localize with telomeric repeats
in interphase and mitotic cells, indicating that TERRA is an inte-
gral part of telomeric heterochromatin.”>”* TERRA is abundant
in adult mouse tissues but hardly detectable in mouse embryos
and in human cancer,” indicating that the synthesis and/or stabil-
ity of TERRA is downregulated in highly proliferative cells.

Hypomethylation of subtelomeres in human cells by depletion
of the DNA methyltransferases DNMT1 and DNMT3b leads to
elevated TERRA levels and elongated telomeres,”” suggesting a
link between TERRA levels and telomere length. Likewise, treat-
ment with trichostatin A, an inhibitor of histone deacetylases,
was accompanied by upregulation of TERRA,” reinforcing the
link between TERRA synthesis, epigenetic regulation and telo-
mere length control. In support of TERRA affecting telomere
structure, siRNA-mediated knockdown of TERRA decreased
H3K9me3 at telomeric chromatin and induced a massive DNA
damage response at telomeres.”” These observations demonstrate
that TERRA impacts on the establishment and/or maintenance
of the repressive chromatin structure at chromosome ends, a pro-
cess that is perturbed in telomere-related diseases, such as cancer
and premature aging. In accord with TERRA protecting chro-
mosome ends from DNA damage by promoting heterochromatin
formation, TERRA accumulates during conditions of prolifera-
tive stress, forming nuclear aggregates that are required for chro-
mosome end capping and prevention of DNA damage.”>’¢

Regarding the mechanism underlying heterochromatin for-
mation at telomeric repeats, we have recently shown that NoRC
binds to a significant fraction of telomeres, recruiting histone
modifying enzymes, such as Suv4-20h2 and SIRTG, to establish
heterochromatic features at telomeres.”® Overexpression of TIP5
increased the levels of H3K9me3 and K4K20me3 and decreased
acetylation of histone H4 at telomeres and subtelomeres, whereas
knockdown of TIP5 had opposite effects. Notably, overexpression
or depletion of TIPS led to corresponding changes of TERRA
levels, indicating that NoRC cooperates with TERRA to pre-
serve the structural and functional integrity of telomeres. Indeed,
TERRA was shown to be associated with TIPS, supporting that
TERRA serves a guiding function in NoRC-dependent hetero-
chromatin formation at telomeres (Fig. 4). Noteworthy, depletion
of TIPS increased the association of telomeres with promyelo-
cytic leukemia (PML) nuclear bodies and increased homologous
recombination, emphasizing the impact of NoRC on telomere and
chromosome stability.

Mastering Genomic Parasites: Non-
Coding RNAs Silence Retroelements

Retrotransposons are remnants of parasitic DNA elements
that have shaped host genomes, thus driving genomic evolution.
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Figure 5. Non-coding RNA silences transposable elements in somatic and germ cells. (A) Somatic cells suppress transposon activity by DNA methylation
and acquire H4K20 trimethylation (H3K20me3) upon growth arrest. Heterochromatin formation in quiescent cells involves upregulation of transposon-
derived IncRNAs that guide Suv4-20h2 to the locus and induce H4K20me3. (B) Retrotransposons are repressed by piRNA-induced DNA methylation in
murine fetal germ cells. Binding of the Piwi protein MIWI2 to mature piRNAs that originate from retrotransposon transcripts (piRNA precursors) facili-

Retrotransposons constitute a large part of eukaryotic genomes
and pose a potential threat to genomic integrity. Although most
retroelements have lost their ability for transposition due to
mutations or truncations, some of them are intact and contain
active promoters. Hence, retrotransposons, including the long-
terminal repeat (LTR)-containing intracisternal A particle (IAP)
elements or the long interspersed nuclear elements-1 (LINE-1),
are multifaceted regulators of the transcriptome that may affect
the expression of neighboring genes.””’® Apparently, in a co-evo-
lutionary “arms race” between hosts and mobile DNA elements,
several mechanisms have emerged that counteract retrotrans-
poson activity, including RNA-dependent epigenetic silenc-
ing.”’ Retrotransposition has been observed in different types of
human cancers, emphasizing the need for repression of retroele-
ments in somatic cells.®® Interestingly, the epigenetic mechanisms
that silence retrotransposons appear to be different in cycling
and postmitotic cells. In somatic cells, retroelements are gener-
ally silenced by CpG methylation, whereas histone marks seem
to play a minor role.’ Preliminary data indicate that postmi-
totic cells use an additional mechanism to silence retrotranspo-
sons and to protect the genome from mutagenic transposition.
Similar to PAPAS-mediated recruitment of Suv4-20h2 to the
rDNA promoter, transcripts from IAP and LINE-1 elements
appear to trigger upregulation of H4K20 trimethylation and
chromatin compaction in quiescent cells (Bierhoff et al., unpub-
lished data). These data imply that RNA originating from ret-
roelements serves as a signal to recruit Suv4-20h2 and establish
a repressive chromatin structure at these repetitive sequences
(Fig. 5A). Moreover, bidirectional transcripts from LINE-1 ele-
ments in human cells generate short interfering RNAs to trigger
an RNA interference response that suppresses transposition.®?
As genomic stability of germ cells is crucial for transmission
of the genetic information to the next generation, retrotrans-
position in the germline would exert deleterious effects, imply-
ing the need for a specific defense mechanism. The PIWI
clade of Argonaute proteins is predominantly expressed in
germ cells and interacts with 24-30 nucleotides sized RNAs
(piRNAs), constituting a piRNA-induced silencing complex,
termed piRISC.® piRNAs are processed from long single
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stranded precursor RNAs that map to intergenic repeat-rich
loci.®*® These piRNA clusters comprise various transposable
elements, thereby giving rise to piRISC-mediated repression
of transposons at the transcriptional and posttranscriptional
level. In mouse, three PIWI-like proteins, MILI, MIWI, and
MIWI2, are expressed in male germ cells. Knockout of each
of these proteins causes male-specific sterility, demonstrating

their essential role in spermatogenesis.*

8 During germ cell
development, MILI is broadly expressed in embryonic and
post-natal stages, while MIWI2 expression is restricted to the
pre-pachytene stage.® Significantly, MIWI2 is associated with
piRNAs that are enriched in transposon sequences.®**° piRNA-
MIWI2 complexes are translocated into the nucleus where they
induce de novo DNA methylation and epigenetic silencing of
retroelements (Fig. 5B). Consistently, LINE-1 and IAP retro-
elements are hypomethylated in fetal germ cells lacking MILI
or MIWI2.

A recent study has shown that expression of retroelements is
dynamic and stage specific, most elements becoming repressed
during early mouse embryogenesis.” Silencing of repetitive ele-
ments was caused by loss of active histone marks rather than
acquisition of repressive marks. After fertilization and global
DNA demethylation, LINE-1 and IAP elements become acti-
vated, being transcribed from both parental genomes. Their
transcriptional activity decreases as development proceeds,
finally attaining DNA methylation and H3K9 trimethylation
to ensure constitutive heterochromatin formation and propa-
gation of the silent state. Scanning the sequence of a LINE-1
element revealed a stretch of polypurine residues within the
ORF]1 region that has the potential to form a DNA:RNA tri-
plex structure.”” Immunofluorescence with an antibody that
recognizes triple helices showed nuclear staining of late 2-cell
embryos. Staining was almost undetectable at the 8-cell stage,
demonstrating that transcriptional activation of LINE-1 ele-
ments occurs within a narrow time frame during early embryo-
genesis. Together, these results suggest that repetitive elements
can autoregulate their activity by generating small RNAs that
affect the epigenetic state of their respective target sequences.
Thus, mammalian cells control the activity of mobile elements
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by producing long and short non-coding RNAs to silence retro-
elements and protect the genome from mutagenic transposition.

Perspectives

Given their abundance and functional relevance, repetitive
elements can be viewed as building blocks of eukaryotic genomes.
As they present a serious challenge for genome stability, repeti-
tive sequences are maintained in a compact, transcriptionally
refractory state. A common emerging theme is that non-coding
RNA serves a key role in the establishment and maintenance of
heterochromatic features. Non-coding RNAs can carry out their
functions by association with chromatin-modifying complexes,
by interaction with protein(s) bound to specific genomic sites, or
by direct interaction with nucleic acids, e.g., forming DNA:RNA
heteroduplexes, DNA:DNA:RNA triplexes, annealing with
nascent RNA chains, and likely by many other mechanisms.
A major challenge is to understand the precise mechanism by
which individual ncRNAs establish a repressive chromatin struc-
ture at specific genome loci. As many ncRNAs act in concert
with distinct protein partners, elucidation of the full spectrum
of ncRNA binding proteins using high-throughput screens, such
as the interactome capture technique,* will be informative.
Identification of the sites of RNA-protein interactions will give
further insights into the versatility of RNA recognition motifs
and their involvement in diverse biological functions. This
holds especially true for NoRC, which is involved in epigenetic
silencing of rRNA genes, telomeres and centromeres. Whereas

the function of NoRC at rDNA and telomeres is clearly RNA-
dependent, its interaction with centromeric transcripts has yet
to be proven. It is tempting to speculate that the interaction of
NoRC with pRNA and TERRA involves a common structural
motif that is shared between these two RNAs. Moreover, as in
many cases the secondary structure of ncRNAs dictates their
functions, it is important to understand the structural features
of specific RNAs. Chemical and enzymatic probing of second-
ary structure will uncover general structural modules in regu-
latory RNA and delineate structure-function relationships. One
question of particular interest is whether a given ncRNA acts in
cis (on neighboring genes) or trans (on distantly located genes)
to induce intricate patterns of epigenetic modifications. Further
insights into the crosstalk between ncRNAs and repetitive ele-
ments will uncover the link between aberrant ncRNA expres-
sion and uncontrolled activity of these abundant genomic loci.
Given that homologous recombination, retrotransposition and
telomeric dysfunction have a high mutagenic potential and are
dysregulated in various diseases, especially cancer, ncRNA-
dependent heterochromatin formation is essential for preserving
chromosome structure and genome integrity. Thus, understand-
ing the function of repeat-derived RNAs will foster their use as
diagnostic markers or even as therapeutic targets in human dis-
ease and neoplasia.
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