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Cells in multicellular organisms have distinct identities
characterized by their profiles of expressed genes. Cell
identities can be stable over a long time and through
multiple cellular divisions but are also responsive to
extracellular signals. Since the DNA sequence is identi-
cal in all cells, a ‘‘cellular memory’’ of expression profiles
is achieved by what are defined as epigenetic mecha-
nisms. Two major molecular principles—networks of
transcription factors and maintenance of cis-chromatin
modifications—have been implicated in maintaining
cellular memory. Here we describe recent studies dem-
onstrating that short noncoding RNAs can also provide
molecular signals that define epigenetic states of cells.
Small RNAs can act independently or cooperate with
chromatin modifications to achieve long-lasting effects
necessary for cellular memory and transgenerational
inheritance.

All cells in a multicellular organism contain the same
DNA sequence and yet differ greatly in their morphol-
ogies and functions as a result of distinct gene expression
profiles in each cell type. Cells can stably keep their
identities over multiple divisions but are also responsive
to extracellular factors, as is clearly seen during early
development. It is believed that the DNA content of
almost all cells within one organism is identical. Indeed,
early experiments examining somatic cell nuclear trans-
fer demonstrated that the nucleus of a differentiated cell
has full developmental potential if it is transferred to
oocyte cytoplasm (Briggs and King 1952). These obser-
vations led to cloning of a full organism from the nucleus
of a differentiated cell—as in the case of the sheep
Dolly (Campbell et al. 1996)—as well as the ability to
reprogram multiple types of differentiated cells to induced
pluripotent stem cells (iPSCs) (Takahashi and Yamanaka
2006; Okita et al. 2007; Takahashi et al. 2007; Wernig
et al. 2007; Yu et al. 2007; Nakagawa et al. 2008).

If the DNA sequence of cells in an organism is the
same, how can distinct cell types develop and maintain
their identities? The mechanisms that provide long-term

maintenance of distinct gene expression profiles despite
the same genetic composition were named epi-(above)-
genetic. Two major molecular modes of epigenetic regu-
lation have been proposed: self-maintaining networks of
transcription factors and chromatin modifications. Ex-
pression of particular sets of transcription factors that
form gene regulatory networks can generate distinct
patterns of gene expression that are stable over long time
periods and impact the identity of the cell. This was
demonstrated by the observation that inducing the
expression of four transcription factors (the so-called
Yamanaka factors) is sufficient to trigger a stable switch
in cellular identity and generate iPSCs from differenti-
ated cells (Takahashi and Yamanaka 2006; Okita et al.
2007; Takahashi et al. 2007; Wernig et al. 2007; Yu et al.
2007; Nakagawa et al. 2008).

A second mechanism of cell identity determination
relies on the maintenance of distinct chromatin states.
DNA methylation and certain histone modifications over
the promoter and body of genes correlate with their
transcriptional status (Jones and Takai 2001; Kouzarides
2007). The nonuniform distribution of histone marks
along the genome (Barski et al. 2007; Mikkelsen et al.
2007; Kharchenko et al. 2011) led to the hypothesis that
the stable maintenance of a particular pattern of chro-
matin mark distribution provides the physical basis for an
epigenetic memory of gene expression. However, it is
important to remember that chromatin profiling experi-
ments can reveal only correlations between a specific
chromatin mark and the transcriptional status of genes
and cannot prove that a particular chromatin mark di-
rectly influences transcription or is stably maintained
through cellular divisions, two properties necessary to
provide a true epigenetic signal. In fact, it is likely that
certain chromatin modifications are the consequence,
rather than the cause, of the transcriptional state.

The maintenance of a distinct cell identity shows how
epigenetic signals can be stable throughout mitotic cell
divisions within one organism. There are, however, some

� 2014 Stuwe et al. This article is distributed exclusively by Cold
Spring Harbor Laboratory Press for the first six months after the full-issue
publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml).
After six months, it is available under a Creative Commons License
(Attribution-NonCommercial 3.0 Unported), as described at http://
creativecommons.org/licenses/by-nc/3.0/.

[Keywords: Argonautes; cellular memory; epigenetics; piRNA]
3Corresponding author
E-mail aaa@caltech.edu
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.236414.113.

GENES & DEVELOPMENT 28:423–431 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/14; www.genesdev.org 423

 Cold Spring Harbor Laboratory Press on April 17, 2014 - Published by genesdev.cshlp.orgDownloaded from 

mailto:aaa@caltech.edu
http://genesdev.cshlp.org/
http://genesdev.cshlp.org/
http://www.cshlpress.com
http://www.cshlpress.com


examples for transmission of epigenetic signals not only
through mitosis from one cell to its progeny but from one
generation to the next. One such example of transgenera-
tional epigenetic inheritance is fur coloration in the
Agouti mouse strain (Argeson et al. 1996; Morgan et al.
1999). In this inbred strain, the fur color of animals can
vary despite them being genetically identical. The differ-
ences in fur color depend on the DNA methylation status
of a retrotransposon inserted close to the promoter of the
Agouti gene, which is involved in determining fur color.
The DNA methylation status of the Agouti locus is
inherited from the mother and supports the role of
DNA methylation as a transgenerational epigenetic
mark. In other cases of transgenerational epigenetic in-
heritance, the underlying mechanism is not understood.
Although transgenerational epigenetic inheritance has
been described in just a handful of cases, like the Agouti
mouse, these can provide invaluable insights into the
mechanisms that likely also operate to maintain cellular
identities. Here, we discuss how small RNAs can provide
another molecular mechanism for cellular memory that
can be transmitted through cellular divisions and even
from one generation to the next.

The role of microRNAs (miRNAs) in
specifying cell identity

miRNAs regulate expression of protein-coding genes.
This is achieved through recognition of binding sites
usually located in the 39 untranslated region (UTR) of
target mRNAs followed by repression primarily through
destabilization and degradation of the mRNA (Guo et al.
2010), although translational repression can also play
a role in this process (Bazzini et al. 2012). The full cohort
of miRNA targets is still unknown, but it is estimated
that ;60% of protein-coding genes in the human genome
are regulated by miRNAs (Friedman et al. 2009). Impor-
tantly, the expression of many miRNAs is restricted to
particular cell types, and miRNAs often target mRNAs of
key transcription factors. On the other hand, expression
of miRNAs is controlled by transcription factors, creating
circuits that include both positive and negative feedback
loops. Thus, miRNAs are essential components in the
networks of transcription factors that are responsible for
maintaining cellular identities. For example, miRNA-145
and OCT4, one of the key transcription factors required
to maintain the pluripotent state of embryonic stem cells,
suppress each other’s expression (Fig. 1; Xu et al. 2009;
Wu et al. 2011; Adammek et al. 2013). In embryonic stem
cells, high levels of OCT4 lead to repression of miR-145
expression, while a reversed pattern is present in differ-
entiated cells. Thus, a reciprocal negative regulatory loop
that includes the transcription factor and the miRNA
reinforces the switch between pluripotent and differenti-
ated states. The importance of miRNAs in the specifica-
tion of cellular identity was demonstrated in cell reprog-
ramming experiments: Expression of the miR302/367
cluster reprograms mouse and human somatic cells to
iPSCs without the requirement of exogenous transcrip-
tion factors (Anokye-Danso et al. 2011).

The functions of miRNAs extend beyond specifying
and maintaining gene expression patterns in particular
cell types of the adult organism. For example, miR-430 is
expressed at the onset of zygotic transcription in zebra-
fish. It is responsible for repressing maternal mRNA
during early zygotic development, thereby ensuring that
the developing embryo will be cleared of maternal RNAs
as it transitions to zygotic gene expression (Giraldez et al.
2006).

piRNAs provide long-term genetic memory
of transposon invasions

Another class of small RNAs, piRNAs, associates with
a distinct clade of the Argonaute protein family called the
Piwi clade. Expression of both Piwi proteins and piRNAs
seems to be restricted to germ cells of metazoans, with
the exception of their expression in follicular cells of the
Drosophila ovary that are of somatic origin (Khurana and
Theurkauf 2010; Senti and Brennecke 2010; Siomi et al.
2011). In contrast to miRNAs that target a variety of host
protein-coding genes, the main targets of piRNAs are
diverse sets of transposable elements (TEs) present in
metazoan genomes. Indeed, malfunction of the piRNA
pathway leads to derepression of multiple TE families in
germ cells of both Drosophila and mice (Aravin et al.
2007; Brennecke et al. 2007). In both species, TE activa-
tion is associated with sterility, likely caused by forma-
tion of dsDNA breaks generated by transposition events
(Klattenhoff et al. 2007). The piRNA pathway can be
compared with an immune system that recognizes and
represses genomic parasites—TEs—instead of extracellu-
lar pathogens and retains a memory of previous host
encounters with specific TEs.

To perform its function, the piRNA pathway has to
recognize a diverse set of TEs already present in the
genome and also must be able to respond to new elements
invading the host. Indeed, piRNA sequences are much
more diverse than miRNAs, and the pool of piRNAs
present in a given strain correlates well with the TE
sequences present in the genome of this particular strain

Figure 1. Model of a regulatory loop between Oct4 and miR-
145. The transcription factor Oct4 is crucial for maintaining
pluripotency of embryonic stem cells. Oct4 enforces its own
expression by suppressing its negative regulator, miR-145.
Pluripotent cells have high levels of Oct4 and thus low levels
of miR-145. At the initiation of differentiation, declining levels
of Oct4 allow miR-145 to be expressed, which further sup-
presses Oct4 and reinforces differentiation.
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(Rozhkov et al. 2010; Kelleher et al. 2012). piRNAs are
derived from distinct genomic regions called piRNA
clusters, which are enriched in transposon sequences.
piRNA precursors are transcribed from clusters as long
transcripts, which are subsequently processed and loaded
into Piwi proteins (Brennecke et al. 2007). The details of
the processing mechanism are still largely unknown,
although it seems to be a multistep process (Fig. 2A). In
the first step, an endonuclease, possibly Zucchini, cleaves
precursor transcripts to generate 59 phosphorylated in-
termediate RNAs that are then loaded into Piwi proteins
(Ipsaro et al. 2012; Nishimasu et al. 2012; Voigt et al.
2012). During the next step, another nuclease trims the
intermediate from its 39 end until it reaches the footprint
protected by the Piwi protein (Kawaoka et al. 2011).
Finally, the HEN1 methyltransferase modifies the 39

end of mature piRNAs with a 29 OMe group increasing
their stability (Kirino and Mourelatos 2007; Kurth and
Mochizuki 2009; Kamminga et al. 2010; Montgomery
et al. 2012).

Although the specificity of piRNA processing is not
fully understood, it seems like any sequence can be
processed into piRNAs as long as it is located inside
a piRNA cluster region. Indeed, an exogenous sequence
(LacZ) inserted into a piRNA cluster is processed into
piRNAs that match and repress a LacZ reporter (Fig. 3A;
Roche and Rio 1998; Ronsseray et al. 2003; Muerdter
et al. 2012). Similarly, upon exposure of the organism to

a new TE, transposition of the TE will eventually lead to
its insertion into a piRNA cluster and generate immunity
against the new transposon (Khurana et al. 2011). Thus,
piRNA clusters contain genetically encoded information
about sequences that have to be recognized as foreign and
need to be silenced.

Transgenerational effects of piRNAs in Drosophila

While the sequence content of piRNA clusters provides
the genetic component of the piRNA pathway, the
pathway also has an epigenetic component that was
revealed during studies of transgenically encoded piRNAs
and a phenomenon called hybrid dysgenesis. piRNAs
corresponding to lacZ, which are generated as a result
of a lacZ transgene insertion into a telomeric piRNA
cluster, can silence a lacZ reporter in trans (Fig. 3A).
Unexpectedly, silencing is observed only if the lacZ-
generating cluster is maternally inherited, while no re-
pression is seen if the transgene is inherited from the
father despite the fact that the progeny are genetically
identical (Josse et al. 2007). This result indicates that the
presence of the piRNA cluster in the genome is not
sufficient to induce silencing and that an additional,
epigenetic signal transmitted through the maternal germ-
line is required for repression.

Silencing of native transposons in the progeny also
depends on the direction in which two fly strains are
crossed, as was observed a long time ago in a phenomenon
called hybrid dysgenesis. Hybrid dysgenesis is observed in
crosses between two fly strains where a particular TE is
present in the genome of one but not the other strain. In
the progeny of crosses between two such strains, the TE
is activated if it was inherited from the father, leading
to sterile, dysgenic progeny. However, if the TE is
inherited from the mother, then the TE remains re-
pressed, and the progeny is fertile (Fig. 3B; Bucheton
1979; Bingham et al. 1982; Rubin et al. 1982). Recent
studies revealed that derepression of the TE in a dys-
genic cross correlates with the absence of cognate
piRNAs targeting this element, thereby implicating a fail-
ure of piRNA-mediated silencing as a primary reason
for element activation (Brennecke et al. 2008; Khurana
et al. 2011; Grentzinger et al. 2012). Similar to the crosses
with the lacZ transgene described above, the genotypes of
the progeny in the two crosses are identical, pointing to
the involvement of a maternally transmitted epigenetic
signal that is required to produce piRNAs targeting the
element.

It seems that the piRNAs themselves are the epigenetic
signal that is transmitted from one generation to the next
and is required to mount the silencing response. Indeed,
Piwi proteins loaded with piRNAs are deposited from the
maternal germline into the oocyte and are present in the
early embryo before the start of zygotic transcription
(Brennecke et al. 2008). The maternal deposition of
piRNAs correlates with the ability of the adult progeny
to repress cognate sequences in its ovaries (Brennecke
et al. 2008). In the dysgenic cross, no piRNAs against the
particular TE are transmitted to the embryos, as the

Figure 2. Biogenesis of piRNAs. (A) Long RNAs that constitute
substrates for piRNA processing are transcribed from distinct
genomic regions called piRNA clusters. These transcripts are
cleaved, presumably by the endonuclease Zucchini (ZUC), to
produce 59 phosphorylated piRNA precursors. The precursors
are anchored into Piwi proteins with their 59 end, and their 39

end is trimmed by an unknown nuclease. Methylation of the 39

end 29OH group by the methyltransferase HEN1 produces
mature piRNAs. (B) The Ping-Pong cycle amplifies piRNA
sequences. piRNA-loaded Aubergine (AUB) initiates the Ping-
Pong cycle by cleaving a complementary target transcript derived
from either an active TE or the opposite strand of the initial
cluster. This produces the 59 end of a new piRNA precursor. This
precursor is loaded into Argonaute 3 (AGO3) and guides cleavage
of a piRNA cluster transcript complementary to its sequence.
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mother lacks both the element and the cognate piRNAs,
and the father does not transmit piRNAs.

How can piRNAs inherited from the previous genera-
tion ensure repression of targets in the germ cells of the
progeny? It is unlikely that the piRNA molecules de-
posited into the oocyte are able to endure until the adult
stage and can be sufficient to mediate repression. There-
fore, piRNAs inherited from the previous generation
must somehow trigger production of new cognate piRNAs
in the next generation. The proof that maternally provided
piRNAs are indeed able to activate production of piRNAs
from cognate regions in the next generation was found in
experiments with transgenic piRNA-generating loci (de
Vanssay et al. 2012). Ronsseray and colleagues (de Vanssay
et al. 2012) found that the exposure of a naı̈ve transgenic
locus that does not produce piRNAs to a cognate piRNA
species leads to the generation of piRNAs from that locus
(Fig. 3C). After initial activation, the ability to generate
piRNAs is inherited if the activated locus is transmitted
through the maternal germline, further supporting the
idea that maternally deposited piRNAs are required to
maintain piRNA production. Thus, at least in Drosophila,

piRNAs can provide an epigenetic signal that is trans-
mitted from one generation to the next.

Mechanisms of transgenerational effects of piRNAs

How piRNAs inherited from the previous generation can
activate piRNA generation in the progeny is not yet clear.
However, two possible mechanisms can be proposed.
First, the inherited piRNAs might induce a change in
the chromatin state over piRNA clusters in the progeny.
This change might be necessary to ensure transcription of
these regions in order to generate piRNA precursor
transcripts or might facilitate their channeling into the
piRNA processing machinery after transcription. Alter-
natively, the inherited piRNAs might be necessary to
initiate efficient processing of the precursor molecules
into piRNAs in the cytoplasm.

Two requirements need to be met in order for inherited
piRNAs to regulate new piRNA production in the prog-
eny by a chromatin-mediated mechanism. piRNA clus-
ters must possess a unique chromatin signature that leads
to the production of piRNAs, and piRNAs need to be able

Figure 3. Transgenerational effects of piRNAs
in Drosophila. (A) Insertion of a LacZ sequence
into a subtelomeric piRNA cluster leads to pro-
duction of piRNAs corresponding to the LacZ

sequence. These piRNAs can silence the expres-
sion of a LacZ reporter gene in trans. Maternal
inheritance of the lacZ-containing piRNA clus-
ter leads to silencing of the reporter, while
paternal inheritance does not. (B) Scheme of
hybrid dysgenesis. The presence of a potentially
active TE in the genome correlates with expres-
sion of piRNAs targeting this element derived
from piRNA clusters that contain the TE se-
quence. piRNAs targeting the element are trans-
mitted from the maternal germline into the
embryo and silence the TE in the progeny,
keeping it fertile. If the TE is present in the pa-
ternal but not the maternal genome, no piRNAs
targeting the TE are deposited into the embryo.
The presence of the TE sequences in the paternally
inherited piRNA cluster is not sufficient to protect
the progeny against sterility. (C) The inducer locus
I gives rise to piRNAs, which are transmitted into
the next generation through the female germline.
The maternally transmitted piRNAs from the I
locus suffice to convert the recipient locus R,
which did not produce piRNAs, into a piRNA-
producing locus R*. If a female fly containing R* is
crossed to a male containing the unproductive R
locus (R2), the maternally deposited piRNAs can
again switch R2 into R2*. Conversion to a piRNA-
producing locus is stable over many generations.
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to induce establishment of such a chromatin state.
piRNA clusters are located at the borders of euchromatic
and heterochromatic regions or within heterochromatic
domains and are enriched in the heterochromatic H3K9me3
mark (Brennecke et al. 2007; Rangan et al. 2011). The
heterochromatic nature of piRNA clusters seems to be
not only a signature of piRNA clusters but actually a
requirement for their function. The histone methyltrans-
ferase dSETDB1 (also called ‘‘EGG’’), which deposits the
methylation mark onto Lys9 of the histone 3 tails, was
identified as an essential factor for the transcription of
piRNA clusters (Rangan et al. 2011). Additionally, Rhino,
a germline-specific paralog of the heterochromatin pro-
tein HP1 in Drosophila, is required for production of
piRNAs from dual-strand clusters (Klattenhoff et al.
2009). These data support the rather counterintuitive
idea that piRNA clusters need to have what is thought
of as repressive chromatin in order to generate piRNAs.
Besides the possibility that the H3K9me3 mark might be
required for piRNA cluster transcription (Rangan et al.
2011), it was also proposed that the heterochromatic
nature of clusters ensures their physical location in
specific regions of the nucleus, which in turn warrants
effective channeling of piRNA precursors to the perinu-
clear compartment of piRNA processing (Fig. 4; Zhang
et al. 2012).

Although it is not yet clear whether piRNAs are indeed
required for determining the chromatin state on piRNA
clusters, piRNAs associated with PIWI do guide deposi-
tion of the H3K9me3 mark on their genomic targets

(Klenov et al. 2007; Wang and Elgin 2011; Sienski et al.
2012; Gu and Elgin 2013; Huang et al. 2013; Le Thomas
et al. 2013; Rozhkov et al. 2013; Yakushev et al. 2013).
According to the model that emerged from studies of
nuclear PIWI function, piRNAs guide the nuclear PIWI
protein to complementary nascent transcripts followed
by recruitment of a histone methyltransferase (e.g.,
dSETDB1) and heterochromatinization of the target locus
(Fig. 4). Accordingly, it is expected that PIWI will be able
to induce recruitment of the chromatin-modifying
machinery to piRNA clusters that produce transcripts
complementary to PIWI-associated piRNAs. Thus, het-
erochromatin seems to be the prerequisite for piRNA
production but also the consequence of piRNA-mediated
regulation on the transcriptional level. This positive
feedback loop could explain why maternally deposited
piRNAs are needed for proper expression of clusters in the
progeny.

The alternative hypothesis of how maternally depos-
ited piRNAs can trigger expression of cognate piRNAs in
the progeny and thus ensure epigenetic transmission of
the defense against TEs is based on the ability of piRNAs
to be amplified in the so-called Ping-Pong cycle (Fig. 2B;
Brennecke et al. 2007; Gunawardane et al. 2007). Two
Piwi proteins, Argonaute 3 (AGO3) and Aubergine (AUB),
have endonuclease activities and team up to produce
piRNAs if target substrates are available. AUB loaded
with a piRNA recognizes a complementary transcript and
cleaves it to generate the 59 end of a new piRNA, which is
then incorporated into AGO3. AGO3 associated with this
piRNA can in turn recognize complementary transcripts
and cleave them to generate new piRNAs that are
identical in sequence to the initial piRNA that started
the cycle. Major piRNA clusters in germ cells are
bidirectionally transcribed, generating RNAs from both
strands that can be substrates for the Ping-Pong cycle. In
this scenario, maternally deposited piRNAs bound to
AUB together with zygotically transcribed piRNA clus-
ters could lead to the amplification of piRNAs without
changes to the piRNA cluster chromatin or its level of
transcription (Fig. 4). It should be noted, though, that the
Ping-Pong amplification cycle can only work in germ
cells that express the AUB and AGO3 proteins. How-
ever, the role of maternally deposited piRNAs in TE
suppression was also described in the somatic follicu-
lar cells surrounding the germ cells in Drosophila
ovarioles, which express only PIWI and not AUB and
AGO3 (Akkouche et al. 2013). This suggests that—at
least in follicular cells—the maternally transmitted
piRNAs can induce production of new cognate piRNAs
without signal amplification through the Ping-Pong
cycle.

The two proposed mechanisms for the transmission
of epigenetic information via maternally deposited
piRNAs are not mutually exclusive and might even
be working cooperatively: piRNA-induced heterochro-
matin formation is required for adequate transcription
of piRNA clusters, while piRNAs incorporated into
AUB are required for efficient processing of the cluster
transcripts.

Figure 4. Possible mechanisms of transgenerational effects of
piRNAs. Maternally transmitted piRNAs can lead to stable
piRNA production in the next generation by two mechanisms.
In the nucleus, piRNAs in complex with PIWI could ensure
piRNA precursor production by inducing establishment of a
chromatin state over cognate piRNA clusters that permits
piRNA production. Such a chromatin environment can either
enhance transcription of the locus or result in channeling of the
cluster transcript into the piRNA processing machinery or both.
In the cytoplasm, the maternally deposited piRNAs associated
with AUB could initiate cleavage of piRNA cluster transcripts
in the Ping-Pong cycle.
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Small RNA-based memory of gene expression
in Caenorhabditis elegans

Recent studies in C. elegans uncovered a remarkable
system that uses transgenerational memory of gene
expression to find and repress foreign, nonself sequences
in germ cells (Ashe et al. 2012; Lee et al. 2012; Luteijn
et al. 2012; Shirayama et al. 2012). This system leads to
the repression of sequences in germ cells unless they were
expressed in the germ cells of the previous generation.
Indeed, experimentally introduced transgenes with new
sequences become repressed in germ cells (Ashe et al.
2012; Lee et al. 2012; Luteijn et al. 2012; Shirayama et al.
2012). Importantly, expression of such transgenes can be
rescued in the next generation by injecting a fragment of
the transgene’s RNA into the parental gonad, indicating
that the presence of RNA per se (and not the act of
transcription) is sufficient to generate a transmittable
epigenetic signal (Johnson and Spence 2011). This result
indicates that C. elegans uses the history of gene expres-
sion of the previous generation to identify and repress
nonself sequences.

It seems that the correct identification and silencing of
nonself sequences in C. elegans requires the cooperation
of three different small RNA pathways (Fig. 5). First,
a diverse population of 22G-RNAs associated with the
CSR-1 protein marks all transcripts expressed in germ
cells (Claycomb et al. 2009). This is achieved by the
generation of complementary RNA to transcripts by an
RNA-dependent RNA polymerase and subsequent pro-
cessing into 22G-RNAs. 22G-RNAs that are loaded into
CSR-1 are transmitted into the progeny and are able to
recognize complementary transcripts. In the progeny,
genes that have CSR-1-bound complementary 22G-RNAs
are expressed, while all others are silenced, indicating
that the population of CSR-1-bound 22G-RNAs provides
an epigenetic signal of gene expression (Claycomb et al.
2009).

Repression of nonself sequences is initiated by the
C. elegans Piwi-clade protein PRG-1 and the associated
21U-RNAs (the C. elegans piRNAs). Recognition of non-
self sequences seems to be achieved by targeting of all
sequences that are not protected by the CSR-1 system
(Ashe et al. 2012; Lee et al. 2012; Luteijn et al. 2012;
Shirayama et al. 2012). To be able to identify any nonself
sequence, 21U-RNAs need to be able to recognize and
silence any possible sequence. Indeed, 21U-RNAs are
highly diverse and, unlike Drosophila piRNAs, are not
particularly enriched in sequences that correspond to
TEs. Therefore, it was proposed that 21U-RNAs are able
to bind many, if not all, transcripts through incomplete
sequence complementarity (Ruby et al. 2006; Bagijn et al.
2012). Binding of CSR-1-associated 22G-RNAs to ‘‘self’’
transcripts is thought to protect them from binding of
21U-RNA/PRG-1, leading to specific recognition of new,
nonself sequences by PRG-1 and 21U RNAs (Ashe et al.
2012; Luteijn et al. 2012; Shirayama et al. 2012).

Binding of the PRG-1/21U-RNA complex to a target
transcript leads to recruitment of an RNA-dependent
RNA polymerase and production of antisense 22G-RNAs

(similar to the 22G-RNAs in CSR-1 but mapping to the
foreign sequence), which get loaded into WAGO-9 (Ashe
et al. 2012; Lee et al. 2012; Luteijn et al. 2012; Shirayama
et al. 2012). WAGO-9 enters the nucleus and—together
with other factors, including chromatin proteins—induces
transcriptional silencing of the sequence along with de-
position of the H3K9me3 mark. Once established, silenc-
ing of the target is independent of the 21U-RNAs and
PRG-1. In fact, silencing is maintained throughout mi-
totic divisions even in the absence of WAGO-9, possibly
through propagation of repressive chromatin marks.
However, absence of the WAGO pathway during meiosis
leads to derepression of the foreign sequences in the progeny

Figure 5. Three small RNA pathways cooperate to repress
nonself sequences in C. elegans. The expression of a gene (blue)
in the germline leads to generation of complementary 22G-
RNAs by an RNA-dependent RNA polymerase (RdRP). 22G-
RNAs associated with the CSR-1 protein are transmitted to the
next generation through the female germline. PRG-1 guided by
21U-RNAs has a potential to recognize and repress any se-
quence; however, transcripts targeted by the transgenerationally
inherited CSR-1/22G-RNA complex are excluded from this re-
pression. Accordingly, only newly expressed nonself sequences
(red) are recognized for repression by 21U-RNAs and PRG-1.
Recognition of a sequence by PRG-1 causes generation of 22G-
RNAs by an RdRP, and these 22G-RNAs associate with the
nuclear WAGO-9 protein. The recognition of nascent transcripts
by WAGO-9/22G-RNAs leads to deposition of the H3K9me3
mark on the target and its transcriptional silencing. WAGO-9
and the associated 22G-RNAs are transmitted to the next gen-
eration, ensuring a memory of nonself sequences that have to be
repressed.
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(Ashe et al. 2012; Lee et al. 2012; Luteijn et al. 2012;
Shirayama et al. 2012). These results indicate that the
WAGO pathway is also transmitting epigenetic information
to the next generation, but unlike CSR-1, which identifies
‘‘self’’ sequences for expression, WAGO-associated se-
quences mark their targets for silencing in the progeny.

Together, these three systems, in concert with chro-
matin factors, allow for stable transgenerational trans-
mission of information regarding self and nonself and
ensure an immediate silencing of new foreign sequences.
The promiscuity of targeting guided by 21U-RNAs asso-
ciated with PRG1 allows the piRNA pathway to recog-
nize and induce silencing of new foreign elements of any
sequence. To assure that the worm’s own genes are not
silenced by PRG-1, sequences that were expressed in the
germline of the previous generation are protected by CSR-
1-associated 22G-RNAs, which are inherited from the
previous generation and interfere with binding of PRG-1
to these transcripts. Finally, small RNAs associated with
WAGO-9 mark previously identified foreign sequences
(such as TEs) and provide a transgenerationally inherited
signal for transcriptional repression.

Conclusion

Gregor Mendel described the fundamental principles of
inheritance in the 1860s. He tracked visible traits of
plants and formulated rules that later were explained
by the distribution of the genetic material, DNA, during
meiosis. However, subsequent studies in various systems
occasionally described patterns of inheritance that did
not follow those rules; they were named ‘‘non-Mendelian’’
or ‘‘epigenetic.’’ Recent studies showed that small RNAs
are molecular signals that can be transmitted from one
generation to the next and underlie many cases of
epigenetic inheritance in flies and worms. It seems to
be a common theme that small RNAs and chromatin
modifications act together to form a stable mechanism of
epigenetic inheritance. The rather rare examples of trans-
generational effects of small RNAs likely represent the
tip of the iceberg in comparison with their role in
specifying and maintaining cellular identities within an
organism. Therefore, small RNA pathways might play
crucial roles in providing cellular memory of gene ex-
pression even in organisms such as mammals, where
involvement of small RNAs in transgenerational inheri-
tance was not described.
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