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Inherited information is transmitted to progeny primarily by the genome
through the gametes. However, in recent years, epigenetic inheritance has
been demonstrated in several organisms, including animals. Although it is
clear that certain post-translational histone modifications, DNA methylation,
and noncoding RNAs regulate epigenetic inheritance, the molecular mecha-
nisms responsible for epigenetic inheritance are incompletely understood. This
review focuses on the role of small RNAs in transmitting epigenetic informa-
tion across generations in animals. Examples of documented cases of trans-
generational epigenetic inheritance are discussed, from the silencing of
transgenes to the inheritance of complex traits, such as fertility, stress
responses, infections, and behavior. Experimental evidence supporting the idea
that small RNAs are epigenetic molecules capable of transmitting traits
across generations is highlighted, focusing on the mechanisms by which small
RNAs achieve such a function. Just as the role of small RNAs in epigenetic
processes is redefining the concept of inheritance, so too our understanding of
the molecular pathways and mechanisms that govern epigenetic inheritance in
animals is radically changing.

Keywords: epigenetics; gene regulation; gene silencing; miRNAs; piRNAs;
RNA interference; small RNAs; transgenerational epigenetic inheritance

The inheritance of traits across generations largely
depends on genetic information. However, the non-
genetic inheritance of traits has been documented in
several organisms, including animals [1]. The mecha-
nisms responsible for such a type of inheritance are
still incompletely understood. Epigenetic mechanisms,
including DNA methylation, histone post-translational
modifications (PTMs), and small noncoding RNA

Abbreviations

pathways, have been proposed to transmit heritable
information along with the genome [2].

Decades of research have elucidated the multiple
functions of epigenetic mechanisms in gene regulation
during animal development, cell division, and differen-
tiation [3-5]. Histone PTMs and DNA methylation are
dynamically added or removed by specific chromatin
modifier enzymes [6]. These modifications can be
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Small RNAs in epigenetic inheritance

specifically recognized and bound by proteins that can
influence the genome’s activity as well as the activation
or repression of genes [6]. Small noncoding RNAs are
also bound by a specific family of proteins, called Arg-
onaute, which regulate the expression of genes by
RNA base complementarity [7]. Some of these Arg-
onaute proteins possess an endonucleolytic activity
capable of slicing complementary targets [8,9]. They
interact with nascent transcripts during RNA poly-
merase II (Pol II) transcription and influence the com-
position of histone modifications and DNA
methylation on specific loci or regulate target tran-
scripts at the post-transcriptional level [7]. Therefore,
crosstalk between different epigenetic mechanisms
might also occur. The abundance and the activity of
these small RNA molecules, DNA, and histone modifi-
cations can also change in response to environmental
stimuli [10]. This critical feature allows epigenetic
mechanisms to propagate information acquired during
the life of an organism, such as the encounter with a
pathogen, traumatic experiences, or nutritional
changes, as well as environmental changes such as heat
shocks or the exposure to toxic agents [11]. Although
such epigenetically inherited information can be detri-
mental when it contributes to propagating the inheri-
tance of diseases [l], it may also have an adaptative
function and contribute to the evolution of acquired
traits [1].

DNA methylation, histone PTMs, and small RNA
populations must be transmitted upon fertilization
through the gametes so as to propagate epigenetic
information. Once transmitted to the zygote, maintain-
ing these epigenetic modifications and molecules in the
following generations is also fundamental. For exam-
ple, some levels of DNA methylation can be transmit-
ted and maintained upon fertilization [12]. Similarly,
the transmission of histone modifications associated
with gene activation or repression into the zygote has
been documented [13-15]. Research in animal model
organisms, including nematodes (Caenorhabditis ele-
gans), insects (Drosophila melanogaster), and mice
(Mus musculus), has been fundamental to demonstrate
the inheritance of such epigenetic modifications [2]. In
this regard, C. elegans is an ideal animal model system
to study epigenetic inheritance. Its short generation
time of 3 days allows the collection of multiple genera-
tions in few weeks. Moreover, the ability to grow a
large population of isogenic individuals helps minimize
the effect of genetic variations. Indeed, several cases of
transgenerational epigenetic inheritance have been doc-
umented in C. elegans, including the inheritance of
complex traits such as longevity, fertility, stress
responses, infections, and learned behavior [11]. DNA
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methylation, histone PTMs, and small RNAs also
transmit heritable phenotypes in plants and play an
essential role in heritable phenotypic variations and
adaptation to environmental changes [16,17].

The inheritance of small RNAs can also last for
multiple generations. The heritable functions of small
RNAs became evident with the discovery of the RNA
interference (RNAi) phenomenon in C. elegans [18].
Several features make small RNAs ideal candidate
molecules to transmit epigenetic information across
generations. First, the movement of small RNAs
across tissues and organs allows the transmission of
the information acquired from soma to the germline
and thereby to the next generation. Second, the ampli-
fication of small RNAs by specific small RNA
machineries that use target mRNA templates ensures
small RNAs’ production across generations. Finally,
small RNAs trigger the activity of other epigenetic
mechanisms, such as histone PTMs and DNA methy-
lation, which might help the propagation of epigenetic
information in a small RNA-independent manner.

This review attempts to cover the role of small
RNAs in epigenetic inheritance in animals. The inheri-
tance of small RNAs can occur from one generation
to another or across multiple generations. I dedicate a
large portion of the review to the phenomenon of
RNAI in C. elegans, from the initiation of the RNA
silencing to the propagation of the silencing signal
across multiple generations. The inheritance of RNAI
is one of the best-characterized cases of small RNA-
mediated epigenetic inheritance in animals and also
serves as a model for understanding other phenomena
of small RNA inheritance. I detail the mechanisms by
which small RNAs trigger the silencing of complemen-
tary targets and how small RNAs move across tissues
and organs, and are transmitted from one generation
to another. In addition to the RNAI, I review the
classes of endogenous small RNAs found in different
animal model organisms and their heritable epigenetic
functions. Finally, I critically discuss well-documented
cases of small RNA-mediated epigenetic inheritance of
traits such as infection, stress responses, fertility, and
acquired behavior in several animal model organisms.

RNA interference is an epigenetic
phenomenon

The capacity of RNA to alter trait inheritance became
evident with the discovery of RNAIi over 20 years ago.
Pioneering experiments by Mello and Fire showed that
the nematode C. elegans injected with double-stranded
RNAs (dsRNAs) displayed gene silencing that per-
sisted in descendants not exposed initially to the
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dsRNAs [18]. The inheritance of the phenotype
induced by the targeted dsRNA could last for more
than one generation leading to the hypothesis that an
active mechanism was responsible for propagating the
silencing signal through the gametes across multiple
generations [19]. Indeed, some of the upstream factors
involved in the initiation of silencing and the down-
stream effectors involved in the propagation of silenc-
ing across generations were readily discovered [19].
The RNAi phenomenon in C. elegans is still one of
the most studied cases of epigenetic inheritance and
perhaps the best understood.

From dsRNAs to the final effector molecules

The initial step of the RNA silencing process involves
the production of primary small interfering RNAs
(siRNAs). The endoribonucleases Dicer and its cofac-
tor RDE-4 generate siRNAs from the cleavage of
injected dsRNA trigger [20] (see Fig. 1). The primary
siRNAs derive from both strands and carry a 5
monophosphate terminus [21]. The Argonaute RDE-1
loads these primary siRNAs [22]. The catalytic activity
of RDE-1 is not required to degrade the target
mRNAs but for generating a single-stranded small
RNA [22]. The interaction between the primary siR-
NAs loaded into RDE-1 and the complementary target
mRNA leads to the recruitment of the endonuclease
RDE-8, which cleaves the mRNA target [23]. The
ribonucleotidyltransferase RDE-3 adds stretches of
poly(UG) at the 3’end of the cleaved target mRNA
[24]. Mutation in RDE-8 abolishes pUGylated
mRNAs production during RNAI, suggesting that the
mRNA cleavage by RDE-8 is essential for pUGylation
[24]. Whether RDE-8 directly recruits RDE-3 on
cleaved mRNA fragments or other intermediate steps
are required remains to be elucidated. The direct injec-
tion of pUGylated mRNAs can bypass the require-
ment of RDE-8 and the upstream components of the
RNAI silencing machinery involved in the production
of primary siRNAs [24]. The pUGylated mRNA frag-
ments with at least 18 UG repeats interact with the
RNA-dependent RNA polymerase (RdRP) RRF-1
and are sufficient to induce the production of sec-
ondary small RNAs, called 22G-RNAs [24]. These
22G-RNAs produced by the RARP are single-stranded
small RNAs antisense to the mRNA target [25,26].
They have specific features such as a 5° triphosphate
terminus, a bias for guanosine starting at the first
nucleotide position, and an average size of 22 nucleo-
tides (nt) [27]. The secondary RdARP-dependent small
RNA production represents an amplification of the
initial silencing signal [25,26]. The 22G-RNAs are then

Small RNAs in epigenetic inheritance

loaded into 12 downstream Worm-specific Argonaute
proteins (WAGOs) [21,27], which are the effectors of
the RNA silencing response and lead to the post-
transcriptional and the transcriptional silencing of the
targeted mRNA. The production of secondary siRNAs
continues to occur even in the absence of the initial
dsRNA triggers [28]. Thus, progenies from worms
exposed to dsRNA maintain the silencing for multiple
generations even in the absence of the dsRNA. Fl1
worms not directly exposed to dsRNAs inherit sec-
ondary 22G-RNAs [28] as well as pUGylated mRNAs
[24]. These inherited molecules initiate de novo pro-
duction of pUGylated mRNAs and 22G-RNAs to
maintain the heritable silencing response [24]. Muta-
tions in all the 12 downstream WAGOs do not sup-
press the production of pUGylated mRNAs in worms
exposed to dsRNAs but abolish pUGylated mRNAs
in subsequent generations [24]. Moreover, only newly
synthesized pUGylated RNAs and 22G-RNAs are
detected in progenies of RNAi-treated worms [24].
Thus, inherited 22G-RNAs are required to maintain
the transgenerational silencing response; how the
WAGOs and the inherited 22G-RNAs trigger de novo
production of small RNAs across generations are still
unclear.

Transcriptional and post-transcriptional
RNA-mediated silencing

The loading of 22G-RNAs into the twelve WAGOs
responsible for the silencing responses generates a
post-transcriptional silencing in the cytosol and a co-
transcriptional silencing in the nucleus [27-29] (Fig. 1).
In the cytosol, the post-transcriptional degradation of
the targeted mRNAs does not result from the Arg-
onaute slicer activity. Even if most WAGOs, including
the Argonaute WAGO-1, trigger a post-transcriptional
downregulation of the mRNA target [27], they lack a
catalytically active domain [30]. Thus, the degradation
of the targeted mRNAs might result from other still
unknown nucleases that are part of the WAGO RNAI
silencing complex. Alternatively, the WAGOs might
interact with different pathways involved in RNA
metabolism. For example, some components of the
nonsense-mediated mRNA decay (NMD) participate
in the production of 22G-RNA from some WAGO
endogenous targets [27]. Therefore, the WAGOs can
recruit NMD components to trigger mRNA decay
during RNAI.

Additionally, the RNAi pathway can directly or
indirectly affect the translation of the mRNA target
and the stability of the protein derived from the tar-
geted mRNA. In the nucleus, the nuclear WAGO
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Fig. 1. Schematic of the inheritance of C. elegans RNAIi. The exposure to dsRNAs targeting a fluorescent GFP sequence leads to the
inactivation of the GFP reporter (green and gray worms). The GFP reporter remains silenced even in subsequent generations that are not
exposed to dsRNAs. The production of primary siRNAs generated by Dicer (DCR-1) and its cofactor RDE-4 are loaded into the Argonaute
RDE-1. The catalytic activity of RDE-1 serves to remove one of the strands of the double-stranded siRNA. The targeting of the
complementary sequence by RDE-1 leads to the recruitment of the endonuclease RDE-8 and subsequently to the pUGylation of the cleaved
mRNAs. pUGylated mRNAs become the substrate for the RdRP, which generates secondary single-stranded 5’ triphosphorylated small
RNAs called 22G-RNAs. The 22G-RNAs are loaded into downstream WAGO proteins, the effector Argonautes that trigger post-
transcriptional and transcriptional silencing. Such silencing persists for multiple generations and correlates with the presence of inherited
22G-RNAs and pUGylated mRNAs. The nuclear Argonaute HRDE-1 also triggers heritable histone PTMs.

protein HRDE-1 promotes the co-transcriptional
silencing in all germline nuclei [29]. The nuclear Arg-
onaute NRDE-3 plays a similar role in somatic nuclei
[31,32]. RNAIi in animals lacking the nuclear Arg-
onaute HRDE-1 is functional, suggesting that the
post-transcriptional silencing is sufficient to repress the
expression of the target genes in animals exposed to
dsRNAs [29]. However, hrde-1 mutant animals fail to
inherit RNAIi response, indicating that HRDE-1 is
required for heritable RNAI responses [29]. Thus, pri-
mary siRNAs and 22G-RNAs loaded into WAGOs
can initiate a post-transcriptional silencing response,
which is then maintained by the nuclear co-
transcriptional silencing across generations. Given its
nuclear localization and the fact that RNAi induces

the downregulation of the mature and nascent
unspliced RNA target [29], it is believed that HRDE-1
represses the transcription of target loci by interacting
with nascent RNAs. HRDE-1 also promotes the depo-
sition of some repressive histone PTMs on RNAi-
targeted loci, such as the trimethylation of the lysine 9
of the histone H3 (H3K9me3) [28,29], the trimethyla-
tion of the lysine 27 of the histone H3 (H3K27me3)
[33], and the trimethylation of the lysine 23 of the his-
tone H3 (H3K23me3) [34]. The transcriptional repres-
sion of the targeted locus by HRDE-1 can occur by
the direct recruitment of histone methyltransferases of
repressive histone modifications. However, mass spec
experiments aimed to detect the HRDE-1 complex
failed to reveal such interactions [35]. Moreover, the
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repressive histone modifications, such as H3K9me3, do
not directly suppress Pol II transcription, even if the
deposition of repressive histone modifications corre-
lates with gene silencing [36]. Therefore, HRDE-1 can
also repress pol II transcription by other mechanisms
uncoupled from the deposition of repressive histone
modifications on the targeted locus. Nonetheless, pro-
genies from RNAi-treated parents inherit along with
the 22G-RNAs the repressive histone modifications on
the RNAi-targeted locus [28]. The Argonaute protein
NRDE-3 localizes to the nucleus upon RNAI treat-
ment in somatic cells and co-transcriptionally represses
the targeted locus [31,32]. NRDE-3 is required to
transmit heritable RNAI silencing in the somatic cells
of F1 animals not exposed to dsRNAs like HRDE-1
in the germline [37].

Propagation of the RNA:I silencing
response across tissues, organs, and
generations

The RNAIi phenomenon is not only triggered by the
direct injection of dsRNAs into the body of the worms
but also by feeding bacteria expressing dsRNAs [38].
Furthermore, the induction of RNAi by feeding can
also last multiple generations [38]. Therefore, the bac-
teria’s dsRNA delivered into the intestine and the
small RNAs derived from it can travel across somatic
tissues and organs to the germline and through the
gametes to the next generations. I will discuss in this
session how this is possibly achieved.

Soma to germline transfer of small RNAs

The dsRNAs released from ingested bacteria into the
acidic C. elegans intestinal lumen are transported
inside the cells by the apical intestinal membrane pro-
tein SID-2 through endocytosis [39,40]. SID-2 is selec-
tive for dsRNAs and allows the uptake of dsRNA
from the intestinal lumen [39,40]. The release of
dsRNAs into the cytosol of intestinal cells and the
spreading of dsRNAs to other tissues or organs is
mediated by the ubiquitously expressed transmem-
brane protein SID-1, which is also selective for
dsRNAs [40,41]. Therefore, SID-1 participates in both
dsRNA release and uptake in donor and recipient
cells. The C. elegans endosome-associated protein SID-
5 is another factor required for systemic RNAi. SID-5
localizes to endocytic vesicles implicated in exosome
biogenesis and plays a role in dsSRNA transport [42].
The injection of dsRNAs into the body cavity at the
interface of the intestine and the germline can be
transported into oocytes by SID-1 and SID-5 and
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extracellular vesicles (EVs) carrying yolk proteins from
the intestine to mature oocytes [43,44]. Consequently,
it would be possible that dSRNAs can also be trans-
ported through extracellular vesicles across tissues and
organs to the germline. The dsRNAs loaded into the
oocytes are then released in the embryo by SID-1 and
SID-5 [44].

Germ granules in heritable RNAi responses

How are germline small RNAs or somatic small RNAs
delivered to the germline transmitted to the next gener-
ation? Recent studies suggest that perinuclear phase-
separated condensates called germ granules or nuage
might serve such function [45-47] (Fig. 2). These germ
granules reside near the nuclear pore [48] until the
oocyte formation and are maternally transmitted
through the cytosol to the zygote [49]. One of the key
features of the components of the RNAi pathway is
that they localize to germ granules. Most enzymes pro-
ducing secondary 22G-RNAs, like RdRPs and their
cofactors, and cytoplasmic WAGOs also localize in
germ granules [50-52]. For this reason, the synthesis
and loading of 22G-RNAs into WAGOs occur primar-
ily on mature mRNAs entering germ granules from
the nuclear pore. In support of this model, the removal
of germ granules severely depletes the 22G-RNAs
loaded into WAGOs [53]. Interestingly, even the
nuclear Argonaute HRDE-1 is loaded with 22G-RNAs
derived from mature mRNAs [29], suggesting that
HRDE-1 transiently resides into the germ granules to
load its 22G-RNA cargo. The different activities of the
RNAIi pathway are also spatially separated in germ
granules [52]. The germ granules form three distinct
condensates: the P granule, Z granule, and mutator
foci [52]. The endonuclease RDE-8, the ribonu-
cleotidyltransferase RDE-3, and the RARP RRF-I
reside in the mutator foci separated from the P gran-
ules by the Z granules. However, most of the WAGOs
localize to P granules, which are close to the nuclear
pore. Thus, it is still unclear how the P granule local-
ized WAGOs and the nuclear Argonaute HRDE-I
load 22G-RNAs in mutator foci. One possibility is
that the membraneless features of these condensates
allow the rapid diffusion of these factors from one
condensate to another. Alternatively, other still
unknown intermediate factors might be involved in
connecting the synthesis and loading of 22G-RNAs.
Similarly puzzling is how the mRNA target exiting
from the nuclear pore moves from the P granule to the
mutator foci, where it is cleaved and pUGylated.
Mutation in the structural Z granule component
ZNFX-1 and its co-localized Argonaute WAGO-4
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Fig. 2. Schematic of the different endogenous germline small RNA pathways and their inheritance in C. elegans. Most of the Argonaute
proteins localize to germ granules, phase-separated condensates surrounding the nuclear membrane in the germline of C. elegans. Three
different condensates characterize germ granules (P granules, Z granules, and mutator foci). The P granules contain most of the WAGOs,
PIWI, and CSR-1 proteins. The Z granules contain factors involved in heritable RNAi. The mutator foci include most of the enzymes required
for the biogenesis of 22G-RNAs triggered by dsRNAs or piRNAs. The 22G-RNAs derived from active germline genes are produced by the
RdRP EGO-1 and are loaded into the Argonaute CSR-1. These CSR-1 22G-RNAs can protect germline mRNAs from piRNA silencing and
promote the degradation of the complementary mRNAs in the cytosol through the CSR-1 catalytic activity. CSR-1 can also bind nascent
transcripts and prevent HRDE-1 nuclear silencing. Most of the germline 22G-RNAs and pUGylated mRNAs are transmitted to the embryos
inside the germ granules. Somatic 22G-RNAs and dsRNAs are transmitted to the germline through the dsRNA receptor SID-1 or possibly

through EVs carrying yolk protein from the intestine to the oocytes
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specifically impair heritable RNAI response [52]. Struc-
tural components of P granules also participate in her-
itable RNAi responses [54]. Given that the germ
granules are maternally inherited and segregate with
the germline precursor [49], they also carry 22G-RNAs
and pUGylated RNAs into the zygote. Indeed,
mutants that impair the assembly of germ granules
into the zygote fail to transmit heritable RNAi even
though germ granules are formed later in larvae [45—
47]. In addition, the Z and P granules are fused in the
zygotes during early embryogenesis and start to be
separated only after zygotic transcription in the germ-
line precursor [52]. It is not clear why the Z and P
granules fuse in embryos before the zygotic genome
activation. Perhaps this fusion facilitates the initiation
of de novo 22G-RNAs and pUGylated mRNA frag-
ments. Alternatively, the inherited germ granules might
serve to carry and protect 22G-RNAs and pUGylated
mRNAs from other degradation pathways operating
in early embryogenesis before the zygotic activation of
the genome. In this case, heritable 22G-RNAs and
pUGylated mRNA fragments might initiate de novo
synthesis of 22G-RNAs only after zygotic transcrip-
tion.

Heritability of the RNAi phenomenon

The RNAI inheritance is not permanent, and the
silenced gene targeted by RNAI restores its expression
after some generations [19,28]. Multiple factors can
influence the transgenerational duration of the RNAI
response. First, technical variations affect the length of
transgenerational silencing. For instance, the induction
of RNAI is achieved by direct injection of dsRNA into
the germline, the intestine, or the body cavity of the
worms and by feeding bacteria expressing dsRNAs.
Both the methods can generate some variation in the
amount of dsRNAs that each worm receives, which
can indirectly influence the penetrance of the RNAI
response. Moreover, the inheritance of the silencing of
a germline gene upon feeding bacteria expressing
dsRNAs only efficiently works in adult worms and not
in earlier larval stages [44]. Therefore, variation in the
developmental stage of the worms, especially if work-
ing with mutants with developmental timing defects,
affects the efficiency of heritable RNAi [44]. In
addition to technical variations, active mechanisms
might operate to prevent permanent silencing. For
instance, mutations in the histone methyltransferase
MET-2, which is responsible for the deposition of
H3K9mel/2, and in the chromodomain containing
protein HERI-1 increase the transgenerational length
of RNAIi [55,56]. Conversely, the mutation of the
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histone methyltransferase SET-25, which is responsible
for the deposition of H3K9me3, almost immediately
suppresses the inheritance of RNAi [55]. Thus, varia-
tion in the activity of histone modifier enzymes can
modulate the length of RNAIi inheritance. More
recently, the mutation of another component of the
endogenous small RNA pathway increases the dura-
tion of silencing for hundreds of generations [57].
These mutant worms continuously produce pUGylated
RNAs and 22G-RNAs, even hundreds of generations
after the initial dSRNA exposure [57]. Consequently,
the balance between the activities of different small
RNA pathways might regulate the length of RNAI
responses and avoid permanent heritable silencing. In
addition, interindividual variation among each worm
can directly influence the inheritance of RNAi. Differ-
ences in the expression of the heat-shock transcrip-
tional factor HSF-1 among individual worms directly
influence RNAI inheritance [58]. Using a different type
of transgene as a target of RNAi experiments also
causes variations in the duration of heritable RNAI.
Most of the RNAI studies in C. elegans have used a
multicopy germline-expressed GFP transgene. The
copy number and the chromatin environment of these
multicopy transgenes influence the germline expression
or the silencing of the reporter gene [59]. Due to the
unstable nature of repetitive sequences, the variation
in gene copy number and the number of active and
inactive copies can indirectly affect the study of RNAIi
inheritance. Transgene copy number variation is also
difficult to evaluate in each experiment and each
worm, which can mislead the interpretation of RNAI
inheritance experiments. Finally, the length of trans-
generational silencing is variable even when targeting
the same germline-expressed sequence located in differ-
ent genomic loci [60]. Single-copy GFP transgenes or
CRISPR-Cas9 GFP tagged strains show different
lengths of heritable silencing, suggesting that DNA
regulatory elements might also influence the heritabil-
ity of RNAIi [60]. Thus, even if the use of RNAIi in
transgenic animals has dramatically advanced our
understanding of RNAI inheritance, they might not
necessarily reflect how an individual locus is suscepti-
ble to RNA silencing. Similarly, the inheritance of
endogenous small RNAs might follow different rules
from the inheritance of the RNAi phenomenon.

Endogenous small RNAs in epigenetic
inheritance

The inheritance of RNAIi upon exposure to exogenous
dsRNAs is undoubtedly a powerful model system to
study small RNA-mediated epigenetic inheritance. But,
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given the known endogenous small RNA pathways, it
is also essential to investigate whether these endoge-
nous small RNAs provide similar heritable informa-
tion and serve to transmit traits across generations.
There are three major classes of small RNAs in ani-
mals: PIWI-interacting small RNAs (piRNAs) pro-
duced from piRNA clusters, microRNAs (miRNAs)
derived from hairpin-shaped precursors and endoge-
nous small interfering RNAs (endo-siRNAs) generated
from long dsRNAs or RdARPs. Other reviews have
widely discussed the great potential of these endoge-
nous small RNA classes to regulate gene expression
and their biological functions during animal develop-
ment. For this reason, the following session will be
focused on their possible role in epigenetic inheritance
and on how they can achieve such function.

The epigenetic functions of piRNAs

The class of piRNAs was first described in Drosophila
testis [61]. Still, most of the studies have investigated
the function of piRNAs in repressing the expression of
repetitive elements, such as transposons, in the female
germline (reviewed in ref. [62]). This small RNA class
is associated with PIWI-clade Argonautes, the expres-
sion of which is mostly in gonads of insects, mammals,
nematodes, and fish. Large parts of the piRNA
sequences in fly and mice match transposable elements,
even though individual piRNA sequences are not con-
served across species. Their biogenesis mechanisms are
also different in insects, mammals, and nematodes (re-
viewed in ref. [62]). In general, piRNAs do not require
dsRNAs and Dicer for their biogenesis. In Drosophila,
long piRNA precursors derive from large genomic
clusters containing the remnants of transposable ele-
ments [63]. In mouse, long noncoding piRNA precur-
sors are generated from sparse genomic loci during the
pachytene stage of spermatogenesis, and their
sequences are largely devoided of transposable ele-
ments [64,65]. In contrast, most mouse prepachytene
piRNAs, which start to be expressed during embryoge-
nesis, derive from clusters of transposable elements
and 3’ untranslated regions (3’UTRs) of protein-
coding genes [65,66]. In C. elegans, each piRNA
derives from an individual locus that generates a short
piRNA precursor molecule [67-69]. Most of the stud-
ies so far have identified a prominent role of piRNAs
in transposon repression to preserve genome integrity
in the germline of animals. Here, piRNAs trigger the
post-transcriptional silencing of these repetitive ele-
ments by cleaving complementary transcripts but also
initiate an epigenetic transcriptional silencing through
the deposition of repressive histone PTMs [70-73] or
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DNA methylation [66]. Their role in transposon
repression is predominant in the female germline in
Drosophila and is essential for both male and female
fertility. However, male piRNAs target different trans-
posable elements than female piRNAs and regulate
protein-coding genes [74]. In mouse male germline,
pachytene piRNAs are essential for spermatogenesis,
where they might regulate protein-coding genes impor-
tant for male fertility [75,76]. In contrast, female piR-
NAs in mouse oocytes are not essential, and they
regulate transposons together with the endo-siRNA
pathway [77]. Male and female piRNAs can therefore
regulate different targets and might differ in their
impact on gametogenesis. In C. elegans, animals lack-
ing piRNAs do not show global derepression of trans-
posable elements [78-82]. C. elegans piRNAs are only
required to initiate and not to maintain the transcrip-
tional silencing of targeted sequences [73,83]. Conse-
quently, downstream chromatin silencing pathways
and histone PTMs might help maintain the transposon
silencing initiated by piRNAs. C. elegans piRNAs can
also potentially regulate protein-coding genes [84,85].
One such example is the repression of a gene essential
for sex determination [86]. The regulation of sex deter-
mination by a single piRNA was also previously found
in the silkworm [87], suggesting another potentially
conserved function of piRNAs.

The role of maternally inherited piRNAs

Studies in C. elegans and Drosophila suggest that
maternally inherited piRNAs are required to initiate
de novo establishment of chromatin silencing during
early embryogenesis [88,89]. This signature of chro-
matin silencing in embryos can be maintained in adult
animals in a piRNA-independent manner [88,89].
Thus, inherited piRNAs are important to re-initiate
the memory of silencing at the beginning of each life
cycle. piRNAs repress the expression of transposons
by inducing chromatin changes and interfere with the
splicing of the transposon-derived mRNAs, causing
the lack of translation of the transposase protein [90].
Maternally inherited piRNAs can also trigger the
silencing of newly integrated transposable elements
derived from the paternal genome after fertilization
[91]. Flies that fail to inherit such a maternal pool of
piRNAs become sterile, an epigenetic phenomenon
called hybrid dysgenesis (reviewed in [92]). In natural
Drosophila strains, the degree of variations to trans-
poson invasions correlates with the abundance of
germline piRNAs [93]. Thus, inherited piRNAs can
provide a sort of innate immunity against transposable
elements. Maternal inherited PIWI proteins also
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localize in somatic cells during early embryogenesis,
where they appear to attenuate zygotic expression of
transposable elements in somatic nuclei [94]. In addi-
tion to their role in repressing repetitive elements,
maternally inherited piRNAs play a role in maternal
mRNA clearance during zygotic genome activation in
insects [95,96]. Consequently, piRNAs could have a
crucial function in initiating and maintaining their
repressive functions across generations.

How do the piRNAs exert their transgenerational
function?

The transgenerational function of piRNAs relies on an
amplification system that generates and maintains an
abundant level of small RNA population. In Droso-
phila and mouse, the generation of primary piRNAs
triggers a secondary piRNA production through an
amplification system that involves other Argonaute
proteins. This amplification mechanism, called the ping
pong cycle (reviewed in ref. [97]), is driven by the cat-
alytic activity of other PIWI proteins, which generates
secondary piRNAs from the cleavage of the target
transcript [63,65,98]. In C. elegans, PIWI does not
directly cleave its piRNA complementary targets but
instead triggers the biogenesis of RARP-dependent sec-
ondary 22G-RNAs [79,84]. Thus, the C. elegans piR-
NAs silence their target through a mechanism similar
to that regarding the RNAI (Fig. 2). Indeed, the same
downstream effectors of the RNAi pathway are
operating in the piRNA-induced silencing pathway.
Moreover, most of their sequences do not match trans-
posons, yet they can trigger the silencing of repetitive
elements. This is because the C. elegans piRNAs can
initiate the biogenesis of 22G-RNAs even by targeting
transcripts with imperfect complementarity [85,99]. A
still unknown endonuclease generates cleaved frag-
ments pUGylated by RDE-3 [57], which act as a tem-
plate suitable for an RdRP-dependent 22G-RNA
amplification. The 22G-RNA synthesis triggered by
piRNAs is the prerequisite for loading WAGOs to
activate the post-transcriptional and transcriptional
silencing of the targeted transcript [79,84]. Thus, in
C. elegans, the piRNAs are required to initiate the
silencing performed by endo-siRNAs. The piRNA-
induced silencing also generates a third wave of endo-
siRNAs in the F1 animals [100]. The nuclear WAGO
protein HRDE-1 is crucial for the generation of these
tertiary siRNAs [100]. Thus, the nuclear silencing
pathway may contribute to reinforcing the transgener-
ational production of siRNAs in germ granules. How
the nuclear RNAi pathway influences the small RNA
production in germ granules is still unknown. The
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repressive activity of piRNAs across multiple genera-
tions relies on the availability of the target templates
and the amplification machinery. Therefore, the inheri-
tance of piRNAs and the reinitiation of piRNA ampli-
fication signal is an essential feature of the piRNA
function in epigenetic inheritance.

miRNAs in epigenetic inheritance

miRNAs are endogenous small regulatory RNAs pro-
duced from a longer stem-loop RNA precursor (for a
comprehensive review on miRNA biogenesis and func-
tions, see ref. [101]). Their discovery occurred earlier
than the RNAi phenomenon [102]. Nonetheless, it took
some years to identify that the same molecular pathway
involved in the RNAi phenomenon also participates in
miRNA production and regulation [103]. The role of
miRNAs in regulating endogenous genes by base com-
plementarity was already proposed by Victor Ambros
and colleagues when the miRNAs were first discovered
[102]. The capacity of miRNAs to act as global post-
transcriptional regulators of gene expression programs
is an essential function for animal development and is a
well-established function [101]. Whether miRNAs play
a role in epigenetic inheritance is still largely uncharac-
terized. The evidence that both mature sperm and
oocyte possess miRNA cargoes suggests that they can
be inherited into the zygote and play a role in epige-
netic inheritance [104]. However, whereas the role of
zygotically expressed miRNAs in maternal mRNA
decay is well established in the fruit fly, frog, and fish,
the function of maternally inherited miRNAs is unclear
[105]. In mouse oocytes and early embryos, miRNA
function is globally suppressed [106,107]. Moreover,
maternally deposited miRNAs in Drosophila are adeny-
lated and rapidly degraded during the maternal to zygo-
tic transition [108]. These studies indicate that the role
of maternally inherited miRNAs in embryos might be
limited. Several studies have suggested that paternal
miRNAs might instead contribute to epigenetic inheri-
tance in the zygote through sperm [109—113]. The acqui-
sition of the miRNA cargo in mature sperm occurs
during the process of post-testicular maturation, and
they appear to play an essential role during early
embryogenesis [109]. It is important to note that the
crucial role of sperm miRNAs has only been observed
under specific laboratory conditions and methodological
preparation, raising the question of whether sperm
miRNAs might be essential during natural mating con-
ditions [114,115]. The sperm miRNA payload changes
during post-testicular maturation in the epididymis, sug-
gesting the transfer of miRNAs from epididymis epithe-
lial cells to maturing sperm through EVs [116]. Thus,
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even somatic cells can contribute to the transfer of
small RNAs to the next generation through sperm. The
miRNA cargo in mature sperm also changes in
response to environmental stress [111-113]. Whether the
epididymis epithelial cells transmit the stress-induced
miRNAs to mature sperm remains unknown. The injec-
tion of sperm miRNAs from stressed mice appears to
recapitulate stress-induced phenotypes in F1 animals
[111-113]. Nonetheless, the observed tiny contribution
of sperm miRNAs to the pool of zygotic miRNAs dur-
ing fertilization [117] challenges the possibility that the
natural transfer of sperm miRNAs during fertilization
has any biological effects. The mechanism by which
inherited miRNAs can exert such prolonged epigenetic
functions across multiple generations is also unclear,
especially considering the absence of any amplification
mechanisms in contrast to piRNAs. One possibility
would be that miRNAs regulate the expression level of
genes involved in epigenetic histone PTMs or other
chromatin pathways and alter a specific pattern of chro-
matin marks inherited across multiple generations. In
addition, miRNAs can also function in the nucleus. In
human cell lines, a terminal hexanucleotide sequence
allows a specific miRNA to localize in the nucleus
[118]. Other miRNAs also localize in the nucleus [119],
and hypoxic stress changes the distribution of cytoplas-
mic and nuclear miRNAs [120]. The human Argonaute
protein Ago2 loads some nuclear miRNAs [121], sug-
gesting they actively function in the nucleus. Thus,
specific miRNAs can also exert some nuclear functions
in normal conditions or during stress responses [122].
They can potentially promote epigenetic modifications
at the chromatin level like piRNAs and some endo-
siRNAs [122]. Lastly, miRNA-directed endo-siRNA
biogenesis has been documented in C. elegans [123],
suggesting another potential mechanism for miRNAs to
exert a transgenerational epigenetic function.

Inherited functions of endo-siRNAs

Most endo-siRNAs in Drosophila and mice derive
from dsRNA intermediates processed by Dicer, like
the siRNAs generated during the phenomenon of
RNAIi upon dsRNA injection. In C. elegans, however,
the most abundant class of endo-siRNAs are generated
by RdRPs in a Dicer-independent manner. I discuss in
the following sections these two different types of
endo-siRNAs.

Endo-siRNAs derived from endogenous dsRNA source

The production of siRNAs from injected dsRNA sug-
gests that the RNAi pathway can encounter dsRNA
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molecules during animal life cycles. Viral infection is
one of the natural sources of dsRNAs to which ani-
mals can be exposed. During viral infection, dSRNA
replication intermediates can activate the production
of virus-derived small RNAs (ViRNAs) by Dicer [124].
One of the proposed ancestral functions of the RNAI
pathway is to protect cells from a viral infection. This
function seems to be minor in vertebrates due to the
presence of the interferon pathway [125]. Besides
dsRNA derived from viruses, animals can also pro-
duce dsRNA molecules from their genome. A series of
works in Drosophila have shown the existence of endo-
siRNAs in the soma and germline [126-130]. These
endo-siRNAs can be originated by heterochromatin-
derive sense and antisense transcripts, implying that
the majority of the endo-siRNAs map to transposons.
Another source of endo-siRNAs is dsRNAs originat-
ing from the convergent transcription of protein-
coding genes. These endo-siRNAs can regulate in cis
the levels of the mRNAs from which they come.
Finally, endo-siRNAs can originate from genes that
generate long hairpin RNAs. Endo-siRNAs from those
genes can act in trans to regulate the expression of
complementary transcripts. The expression of endo-
siRNAs in the Drosophila germline might allow their
inheritance in embryos to exert some transgenerational
epigenetic functions. For example, they can repress
transposable elements like piRNAs or regulate the
expression of protein-coding genes [131,132]. The pro-
duction of dsRNAs from convergent transcripts might
also be subjected to environmental changes and influ-
ence the biogenesis of siRNAs and their targeted tran-
scripts. However, the absence of an amplification
system that propagates Drosophila endo-siRNAs might
limit their possible heritable epigenetic functions. Also,
it is still unclear whether they can act in the nucleus to
promote histone modifications like the piRNAs. Thus,
future studies will address whether Drosophila endo-
siRNAs might have heritable functions.

The discovery of endo-siRNAs in Drosophila was
concurrent with endo-siRNAs in mouse oocytes and
embryonic stem cells [133-135]. Like Drosophila endo-
siRNAs, the mouse endo-siRNAs originate from
dsRNAs derived from inverted repeat structures, bidi-
rectional transcription, and antisense transcripts from
various loci. Another source of endo-siRNAs in mice
is pseudogene RNAs that pair and form dsRNA inter-
mediates with the complementary mRNA from the
corresponding protein-coding gene. These endo-
siRNAs can target transposons and protein-coding
genes to regulate their expression in oocytes and
embryonic stem cells. In this regard, maternal inherited
Ago2 and its interacting endo-siRNAs have been
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proposed to clear maternal mRNAs during the oocyte
to embryo transition [136]. Also, experiments in mouse
embryonic stem cells have shown that in the absence
of DNA methylation, endo-siRNAs control the reacti-
vation of transposable elements [137]. Thus, inherited
mouse endo-siRINAs can repress transposons and clear
maternal mRNA in early embryogenesis. These func-
tions might be essential given that components of the
endo-siRNA pathway are required for oocyte and
early embryonic development. Furthermore, the pro-
duction of endo-siRNAs has been documented in
mature sperm, where they can potentially target
endogenous transcripts [138]. However, it is unknown
whether they regulate those transcripts or complemen-
tary transcripts in embryos after fertilization. Even if
endo-siRNAs have the potential to be inherited from
oocytes and sperm, the absence of a siRNA amplifica-
tion mechanism, such as the presence of an RdARP,
might prevent these molecules from having a potential
impact across generations. Also, endo-siRNAs appear
to act through post-transcriptional regulation of their
target transcripts mainly. Therefore, in the absence of
a link between the endo-siRNA pathway and nuclear
signaling through histone PTMs or DNA methylation,
it is unlikely that endo-siRNAs might have a
long-term transgenerational impact during animal
development.

In C. elegans, endogenously produced dsRNAs can
potentially trigger primary siRNAs like the ones gener-
ated during RNAi. However, because of the very low
abundance of primary siRNAs compared to secondary
siRNAs, the identification of endogenous primary siR-
NAs is difficult. Mutation in the catalytic activity of
Dicer has revealed a subset of secondary 22G-RNAs
that depends on Dicer, suggesting a dsSRNA source for
possible primary siRNAs [139]. In contrast to Droso-
phila or mice, these endo-siRNAs are not originating
from a region producing dsRNAs [139]. DCR-1 is
instead required for the biogenesis of primary endo-
siRNAs called 26G-RNAs, which are 26nt with a bias
for a monophosphorylated 5’ guanosine [67,78]. These
monophosphate 26G-RNAs are originated from a
dsRNA precursor generated by the RARP, which is
then cleaved by Dicer and converted in monophos-
phate by a pyrophosphatase [140,141]. The 26G-RNAs
are loaded by specific Argonaute proteins and trigger
the production of secondary 22G-RNAs. The 26G-
RNAs are mainly produced during spermatogenesis
and the oocyte to embryo transition like the endo-
siRNAs produced in mice [142,143]. The spermato-
genic 26G-RNAs have been shown to promote male
fertility through the epigenetic transmission of male-
specific gene expression programs across generations
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[144]. Instead, no epigenetic functions have been asso-
ciated with the 26G-RNAs produced during the oocyte
to embryo transition.

Dicer-independent endo-siRNAs

Most endogenously produced 22G-RNAs in C. elegans
germline do not require Dicer for their biogenesis. The
RdARP directly synthesizes these 22G-RNAs as single-
stranded small RNAs without needing a dsRNA inter-
mediate or Dicer protein [26]. Two major dicer-
independent 22G-RNA pathways act in C. elegans
germline: (a) 22G-RNAs triggered by the piRNAs and
the PIWI protein PRG-1 [84] and (b) the 22G-RNAs
that are associated with the Argonaute protein CSR-1
[50,84] (Fig. 2). Numerous studies have revealed the
complex interplay between these two main germline
22G-RNA pathways, essential for germline develop-
ment and functions. Most, if not all, CSR-1 22G-
RNAs are antisense to germline-expressed genes
[50,53]. Given the capacity of piRNAs to target and
silence mRNAs even by imperfect complementarity,
they can potentially target the whole germline tran-
scriptome [85,99]. Thus, CSR-1 22G-RNAs might
function in binding and protecting germline mRNAs
from piRNAs silencing. The presence of CSR-1 22G-
RNAs complementary to a transgenic reporter can
license and activate in trans a piRNA silenced reporter
with homologous sequence [146]. Moreover, the tether-
ing of CSR-1 on a transgenic reporter mRNA can
counteract the transgenerational piRNA silencing
effect [145]. The results from these transgenic models
lead to the proposition that CSR-1 protects endoge-
nous ‘self’” germline-expressed mRNAs from piRNA
silencing and that the silencing capacity of piRNAs is
only effective on ‘non-self” mRNAs [145]. More recent
work has challenged this model by expressing a
piIRNA complementary to an endogenous germline-
expressed gene. The germline gene has resulted in
being protected by piRNA silencing [99]. However, the
targeted gene remains protected even in the absence of
CSR-1 [99]. Thus, CSR-1 might not be the only factor
preventing the production of 22G-RNAs on endoge-
nous ‘selff mRNAs by piRNA targeting. Indeed,
sequences encoded into exons [147] or introns [99]
seem to protect germline mMRNAs from piRNA
silencing.

The protective function of CSR-1 contrasts with
another proposed role of CSR-1 in mRNA degrada-
tion. CSR-1 is responsible for most of the Argonaute-
mediated cleavage activity in C. elegans extracts, and
CSR-1 22G-RNAs cleave complementary mRNAs
in vitro [148]. The catalytic activity of CSR-1 is
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essential for fertility and embryonic development
[149,150] and fine tunes the levels of complementary
mRNA targets in the animal germline [150]. Whether
CSR-1 plays a role in preventing piRNA-dependent
silencing of germline mRNA targets or it cleaves and
fine tunes the level of its mRNA targets remains
debated. Recent work has shown that CSR-1 catalytic
activity is compatible with mRNA protection and the
mRNA cleavage functions [53]. The cleavage activity
of CSR-1 has an impact on the expression level of a
small subset of its mRNA targets, which are the ones
with the most abundant antisense CSR-1 22G-RNAs
[53]. Most CSR-1 targets are instead unaffected in
CSR-1 catalytic mutant. But, in the absence of CSR-1
protein, some of these unaffected targets show reduced
transcription and antisense 22G-RNA loading into the
nuclear Argonaute HRDE-1 [53]. Therefore, it is possi-
ble that CSR-1 actively participates in protecting
endogenous ‘self” germline mRNAs from piRNA
silencing. The protective function of CSR-1 is consis-
tent with other reports showing that CSR-1 promotes
the transcription of its targets [144,151] and can antag-
onize the deposition of repressive histone PTMs at the
chromatin level [152]. Thus, CSR-1 can prevent the
binding of piRNAs on mature mRNAs in germ gran-
ules or also regulate co-transcriptionally the activity of
the nuclear Argonaute protein HRDE-1 and prevent
the deposition of repressive histone PTMs [53,152]. It
is important to note that the CSR-I-protected genes
do not show complete silencing in the absence of
CSR-1 [53], suggesting the existence of other mecha-
nisms of protection at the chromatin level for this
specific set of genes.

The biogenesis of CSR-1 22G-RNAs also differs
from the piRNA-dependent 22G-RNAs. Whereas the
synthesis of most piRNA-dependent 22G-RNAs
occurs in germ granules, the production of most CSR-
1 22G-RNAs by the RARP EGO-1 occurs in the cyto-
sol on translating mRNAs [53]. What triggers the bio-
genesis of EGO-1 22G-RNAs is still unknown.
Furthermore, the presence of two isoforms of CSR-1
further complicates the understanding of CSR-1 func-
tions [153,154]. These two CSR-1 isoforms are differ-
entially expressed during gametogenesis and appear to
bind 22G-RNAs targeting a different set of genes
[153,154]. A short isoform of CSR-1 is expressed dur-
ing the whole germline development in female and
male germlines [153,154]. The long isoform is instead
specifically expressed during spermatogenesis and in
some somatic tissues [153,154]. Given its specific
expression during spermatogenesis, CSR-1 long iso-
form might promote the expression of spermatogenesis
genes [153,154]. However, spermatogenic genes are
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only mildly downregulated in the absence of CSR-1
long isoform [153,154]. Moreover, only the removal of
the short isoform has a severe impact on gametogene-
sis [153,154].

In addition to the epigenetic function of CSR-1 in
the germline, maternal inherited CSR-1 22G-RNAs
are also essential for embryonic viability [149]. In con-
trast to most germline WAGOs and RNAI factors that
segregate exclusively with the germline blastomeres
inside the germ granules, the maternal CSR-1 is also
temporarily localized to the cytoplasm of somatic blas-
tomeres [149]. Here, CSR-1 catalytic activity con-
tributes to promoting the degradation of maternal
mRNAs in somatic blastomeres during the activation
of the genome. This mechanism relies on a maternal
pool of CSR-1 22G-RNAs generated on the mRNAs
deposited in oocytes, which degrades complementary
mRNA targets in embryos [149]. Furthermore, the
CSR-1 catalytic activity preferentially cleaves the com-
plementary maternal mRNAs when not engaged in
translation [149]. Thus, the loading of maternal
mRNAs and CSR-1 22G-RNAs in embryos facilitates
the removal of the maternal mRNAs only after their
translation. Interestingly, the mouse endo-siRNAs and
the catalytic activity of maternal inherited Ago2
appear to be essential for early embryonic develop-
ment [132]. Moreover, Ago2 and its endo-siRNAs
might play a role in maternal mRNA clearance during
the early phase of embryonic development [105,136].
Therefore, inherited endo-siRNAs seem to play a con-
served function in clearing complementary maternal
mRNAs during early embryogenesis in animals.

Small RNA-mediated inheritance of
traits in animal model organisms

The transmission of small RNAs to the progeny and
the amplification mechanism that allows the propaga-
tion of small RNAs for a certain number of genera-
tions raises the question of whether they can serve as
molecules to transmit traits across generations. Given
that small RNAs can be generated at any time during
animal development upon an initial trigger and can
move from different tissues or organs to the gametes,
they constitute an ideal molecule to transmit acquired
traits. For instance, changes in nutrition, environmen-
tal stresses, and pathogen or viral infections can trig-
ger the production of small RNAs. The transmission
of these small RNAs to the next generation can propa-
gate the memory of such changes. This type of small
RNA-mediated inheritance is usually not permanent.
Still, it can last for just one or multiple generations
based on the perpetuation of the small RNA signal in
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the descendants. Moreover, small RNAs can also trig-
ger chromatin changes through the deposition of his-
tone modifications. Thus, chromatin pathways can
continue to propagate heritable changes in the absence
of small RNA inheritance. I focus the following para-
graphs on well-characterized examples of inherited
traits by small RNAs documented in the worm, fruit
fly, and mouse.

Lessons from worms

The nematode C. elegans is a fertile hermaphrodite;
this feature allows producing a large population of iso-
genic individuals, which minimizes the effect of genetic
variations. Furthermore, C. elegans’ short generation
time of 3 days facilitates the study of epigenetic inheri-
tance across multiple generations. For these reasons,
C. elegans has been extensively used as a model organ-
ism to study epigenetic inheritance. Indeed, several
cases of transgenerational epigenetic inheritance have
been documented, including the inheritance of traits
such as infections, stress responses, fertility, and
learned behavior.

Small RNAs in heritable responses to viral infection

The heritable response to viral infection is one of the
first studied traits linked to small RNAs inheritance
[155]. Transgenic worms which express a modified ver-
sion of a Flock House virus (FHV) fused to a fluores-
cent reporter under an inducible heat-shock promoter
have been used to stimulate antiviral RNAi responses
[155]. The silencing of the fluorescent reporter fused to
the FHV occurs across multiple generations in an
RNAi-dependent manner [155]. Inherited primary
small RNAs derived from the FHV transgene were
also detected, suggesting the possible inheritance of
dsRNA-derived small RNAs [155]. The FHV trans-
gene is present in every cell of the animal, including
the germline, where RNAIi generally silences every
transgene. Thus, it is not possible to untangle virus-
specific heritable RNAi responses from the well-
documented heritable transgene silencing effects
[73,156]. The discovery of the first natural C. elegans
virus [157], the Orsay virus (OV), allowed researchers
to test whether the resistance to viral infection was
heritable through small RNAs [158]. This study shows
that the small RNA pathway can interfere with viral
replication during OV infection in the intestine. Fur-
thermore, the generation of primary siRNAs and sec-
ondary 22G-RNAs occurs in response to viral
infection in the intestine [157]. Nevertheless, neither
the primary siRNAs nor the secondary 22G-RNAs are
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inherited in the following generation [158]. Moreover,
progenies from worms previously exposed to the virus
do not show inherited resistance to viral infection
[158]. The lack of heritable responses might be the
consequence of the fact that the OV exclusively repli-
cates in intestinal cells [157]. Therefore, in the absence
of an RNA template in the germline, the small RNAs
produced in the intestine cannot be amplified and
transmitted to the next generation. To overcome this
issue, a fluorescent reporter strain of the vesicular
stomatitis virus (VSV) [159], which is known to repli-
cate in C. elegans cell cultures [160], has been microin-
jected in C. elegans. RNAIi deficient mutant worms
showed vertical transmission of the virus, and proge-
nies from animals previously exposed to VSV showed
reduced infection to VSV in an RNAi-dependent man-
ner [159]. Thus, RNAIi prevents the vertical transmis-
sion of VSV, and inherited small RNAs can help to
protect progenies from future infections. Nonetheless,
small RNAs were not detected in progeny from ani-
mals previously exposed to the VSV [159]. Therefore,
it remains unclear whether the inherited protection
against future infections depends on heritable small
RNAs. Since all the system used to investigate the her-
itable response to viral infection does not represent
natural infection, discovering more natural C. elegans
viruses will help elucidate whether small RNAs partici-
pate in heritable responses to viral infection.

Small RNAs in heritable stress responses

The first study that showed the heritability of small
RNAs upon stress responses used starvation during
the first larval stage (L1) and small RNA sequencing
profiles to detect small RNAs inherited in progenies
derived from stressed parents [161]. Among the many
loci showing differential gene expression and small
RNA changes in adult worms after starvation, a signif-
icant percentage showed a similar trend after three
generations of growing under normal conditions [161].
Some of these small RNAs are antisense to metabolic
genes, suggesting that the inheritance of these
starvation-induced small RNAs might have some phys-
iological functions [161]. The F3 progenies from L1
starved parents displayed an increased life span than
the control [161]. However, whether starvation in the
early life stage led to the small RNA-mediated inheri-
tance of stress resistance phenotype has not been
evaluated [161]. A careful evaluation of the transgener-
ational inheritance of stress resistance phenotype in
progenies derived from L1 starved parents did not
confirm these findings on a population level [162].
Starvation in early life has a detrimental fitness cost in
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F1 progenies, and only F2 and F3 progenies derived
from selected severely affected individuals show
increased stress resistance and life span [162]. Thus,
only some individuals among the population can
inherit stress resistance phenotypes. The fact that the
epigenetic inheritance of stress responses does not
occur in all individuals renders the experiments based
on the whole population difficult to interpret. In addi-
tion to starvation, heat-shock and osmotic stress can
also alter the composition of heritable small RNAs
and affect the inheritance of RNAIi silencing [163].
However, the role of these small RNAs in transmitting
heritable stress responses is unclear. The inheritance of
stress resistance phenotype in progenies derived from
stressed parents has been recently linked to small
RNAs [164,165]. Progenies from adult worms that
have experienced a short period of stress, such as star-
vation, heavy metal, or hyperosmosis, inherit resis-
tance to oxidative stress up to two generations [164].
The inheritance of the stress resistance phenotype
depends on the heat shock-induced transcriptional fac-
tor HSF-1 [164] and RNAI factors, such as germline
WAGOs, miRNA biogenesis factors expressed in neu-
rons, and a small RNA transport machinery in the
intestine [165]. The link between the transcriptional
factor HSF-1 and the small RNA pathways in trans-
mitting heritable responses has also been observed dur-
ing RNAI inheritance [58]. Thus, a general mechanism
linking stress response pathways and small RNA pro-
duction might operate in worms to regulate small
RNA inheritance in different environmental condi-
tions. Because these heritable stress resistance pheno-
types might occur in few animals among the
population of worms, the molecular and biochemical
understanding of this phenomenon is currently tricky.
Strategies to overcome this limitation could be
undoubtedly helpful in future studies to elucidate the
molecular mechanism of heritable stress responses.

Transgenerational loss of fertility in animals lacking
PiRNAs

In many animals, a mutation in components of the
piRNA pathway causes sterility [166]. But in C. ele-
gans, animals lacking piRNAs are initially fertile and
gradually lose their fertility across generations until
they become sterile after many generations [80,167].
This phenomenon, also referred to as mortal germline
(Mrt) phenotype [168], may occur upon mutation of
components of germ granules, downstream compo-
nents of the piRNA pathway, histone modifier
enzymes, chromatin factors, and even in several C. ele-
gans wild isolates [29,54,169,170]. However, in these

G. Cecere

cases, the progressive loss of fertility is only induced in
animals grown in laboratory conditions at the restric-
tive temperature of 25 °C. Instead, the sterility of ani-
mals lacking piRNAs occurs even at the standard
temperature of growth of 20 °C [167]. Given the role
of piRNAs in transposon silencing, the sterility
observed in animals lacking piRNAs is commonly
associated with the derepression of transposons and,
consequently, with DNA damage [171]. Microarray
analysis in piwi mutant worms has suggested that the
progressive desilencing of some transposons and tan-
dem repeats might be the underlying cause of sterility
[167]. However, recent transcriptomic and small RNA
analyses across multiple generations upon piwi muta-
tion have revealed no correlation between small RNAs
and transposon desilencing [80,82]. In addition, worms
with a mutation in the nuclear Argonaute HRDE-1,
the final effector of piRNA-induced silencing, do not
show the same phenotype at 20 °C, even though trans-
posons and other repetitive elements are desilenced
[80]. The reversibility of the transgenerational loss of
fertility suggests that an epigenetic mechanism rather
than DNA mutations might cause the inheritance of
this phenotype [54]. One of the proposed causes of
sterility is the epigenetic silencing of histone mRNAs
which gradually occurs across generations without
piRNAs [80]. The silencing of histone mRNAs is post-
transcriptional and mediated by histone 22G-RNAs
loaded in WAGO proteins, such as WAGO-1, which
normally acts downstream of the piRNA pathway
[80]. Proteomic analysis has revealed that in the
absence of PIWI, the downstream WAGO proteins
interacting with PIWI lose their interaction with germ
granule components and localize to the cytosol [80].
The loss of WAGOs germ granule localization does
not occur immediately upon PIWI mutation, possibly
because the interaction between WAGOs and P gran-
ule proteins still occurs in the absence of PIWI for a
certain number of generations [80]. The removal of
factors involved in the biogenesis of 22G-RNAs is suf-
ficient to remove histone 22G-RNAs, increase histone
mRNA levels, and restore the fertility of piwi mutant
almost at wild-type levels [80]. Similarly, removing
some WAGOs downstream of the piRNA pathway
contributes to restoring the fertility of piwi mutant
worms [80]. More recent studies have revealed another
class of genes that also accumulate 22G-RNAs in the
absence of piRNA, the ribosomal RNA genes [81,172].
However, in the case of the inheritance of 22G-RNAs
antisense to the ribosomal RNAs, called antisense
ribosomal siRNAs (risiRNAs), it is not clear whether
they interfere with the transcription or the processing
of ribosomal RNAs and how they can contribute to

2966 FEBS Letters 595 (2021) 2953-2977 © 2021 The Authors. FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



G. Cecere

the sterility phenotype [173-175]. The biogenesis of the
histone 22G-RNAs and risiRNAs in the piwi mutant is
also different. The histone 22G-RNAs are triggered by
the catalytic activity of the Argonaute CSR-1 in the
cytosol [80], whereas the risiRNAs require Dicer and
the nuclear Argonaute HRDE-1 [81]. Whether the
inheritance of two classes of small RNAs causes the
transgenerational loss of fertility phenotype remains
unclear. Similarly, the transgenerational loss of fertility
phenotype revealed at restrictive temperature in other
mutants might not be caused by the same accumula-
tion of 22G-RNAs. In this regard, a recent study has
shown that sterile mutant animals that grow at restric-
tive temperatures have reduced or abnormal germ
granules [176]. Thus, germ granules dysfunction might
also contribute to the sterility phenotype. This is con-
sistent with the loss of WAGO-1 germ granule local-
ization in piwi mutant [80]. However, structural germ
granule components are still perinuclear localized in
the sterile piwi mutant, implying that defects in the
protein composition of germ granules might contribute
to the sterility phenotype rather than the absence of
germ granules [80].

Transgenerational transmission of learned behavior

Behavioral adaptation to odors in the neurons appears
to be mediated by endogenous small RNAs [177].
Antisense endo-siRNAs loaded into the somatic
nuclear Argonaute NRDE-3 in neurons repress odr-1
mRNAs, a gene whose downregulation is required for
adaptation [177]. Components of the somatic nuclear
RNAIi pathway and the homologue of the H3K9me3
binding protein HP1 are required for olfactory adapta-
tion, suggesting the role of nuclear RNAi and chro-
matin silencing in behaviors [177]. Small RNAs can
also contribute to the inheritance of acquired behav-
ioral traits in neurons [178,179]. The exposure of
worms to the pathogenic bacteria Pseudomonas aerugi-
nosa PA14 induces aversion from PA14 in few hours
[180]. Strikingly, the inherited learned aversive behav-
ior occurs for up to four generations [179]. This obser-
vation suggests that the acquired behavior is
epigenetically transmitted from the neuron to the pro-
genies through the germline. Interestingly, piRNA
mutants display a lack of inherited behavior, implying
that the exposure of worms to PAI4 induces the
piRNA-dependent transcriptional silencing of crucial
genes essential for avoidance behavior [179]. Given
that the piRNA pathway operates in the germline,
some other factors should participate in transmitting
some signals from the neurons to the germline or
vice versa. In a follow-up study, the same team
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discovered how PA14 triggered the pathogen avoid-
ance behavior and showed the small RNA and piRNA
pathways requirement in this process [181]. They
found a small noncoding RNA (ncRNA) produced by
PA14 that is sufficient to trigger the transgenerational
pathogen avoidance phenotype [181]. Dicer process the
bacteria’s small ncRNAs in the intestine, and small
RNAs can target an endogenous gene, maco-1, usually
downregulated in the neuron upon PAI14 exposure
[181]. The germline piRNA pathway is somehow cru-
cial for this regulation [181]. However, it is still unclear
how the bacterial small RNAs in the intestine trigger
the piRNA silencing in the germline and how the piR-
NAs signal such regulation to neurons. Another study
has shown how the role of endo-siRNAs in neurons
and piRNAs in the germline is involved in the inheri-
tance of chemotaxis behavior [178]. A mutant of the
double-stranded RNA binding protein RDE-4, which
acts together with Dicer to generate siRNAs from
dsRNA [182], complemented with a neuronal-specific
expression of RDE-4, has been used to identify RDE-
4-dependent neuronal 22G-RNAs as well as germline
22G-RNAs that depends on neuronal RDE-4 activity
[178]. The neuronal expression of RDE-4 appears to
be responsible for more than a thousand genes with
altered 22G-RNAs in the germline [178]. Some of these
genes continue to produce altered 22G-RNAs three
generations after, suggesting that the neuronal RDE-4
activity might trigger transgenerational gene expression
changes through germline 22G-RNAs [178]. The
repression of one of these genes appears to be partially
required to restore chemotaxis defects displayed by the
rde-4 mutant [178]. Moreover, rde-4 mutant worms
derived from parents with neuronal expression of
RDE-4 show ameliorated chemotaxis defects up to
three generations [178]. Thus, the neuronal activity of
RDE-4 might participate in heritable neuronal pheno-
type through the RNA silencing of germline genes.
Whether neuronal small RNAs are transferred to the
germline or some other neuronal signals, elicit the bio-
genesis of germline 22G-RNAs remains to be deter-
mined. Despite the lack of detailed mechanistic
understanding, these studies have established that
some sort of intertissues or organs communication of
endogenous small RNAs can trigger transgenerational
inheritance of acquired traits through the regulation of
gene expression.

Cases of epigenetic inheritance in the fruit fly

Transgenerational epigenetic inheritance of stress
response and nutrition also occurs in D. melanogaster
[183]. In most cases, heterochromatin factors and
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polycomb group proteins change the chromatin states
of different loci involved in the transmission of traits
[183]. However, it is still unclear whether the small
RNA pathways may contribute to the inheritance of
such environmental-induced heritable traits. Progenies
from Drosophila exposed to RNA virus show multi-
generational protection from viral infection [184]. The
protection against novel infections persists for up to
five generations. However, the RNAi pathway is not
involved in this process [184]. Moreover, small RNAs
are also undetectable in progenies derived from par-
ents infected with RNA viruses. Thus, in contrast to
C. elegans, Drosophila might rely on chromatin path-
ways rather than on small RNAs to transmit such
traits [2]. Yet, small RNAs might be involved in initi-
ating a signal in the parental generation, which is then
maintained and propagated by chromatin pathways in
following unstimulated generations. The only well-
documented case of small RNA-mediated inheritance
of traits in Drosophila is the protection from trans-
poson silencing mediated by inherited piRNAs [91,98].
As mentioned above, the silencing of transposons can
be inherited through maternally provided piRNAs in a
chromatin-independent manner to propagate a robust
silencing response in the progeny and protect them
from potential deleterious invasive genomic elements

[98].

Paternal inheritance of traits in mouse

Paternal inheritance, possibly via RNA transfer from
sperm, has been documented in mice for traits such as
diet-induced metabolic disorders [185,186], trauma
symptoms [111], stress [110,112], and behavior disor-
ders [113]. Even if small RNAs derived from tRNA
fragments (tRFs) appear to participate in the inheri-
tance of diet-induced metabolic disorders, whether
Argonautes load these tRFs to promote gene repres-
sion remains unclear [185,186]. The majority of tRFs
are produced in a dicer-independent manner, and only
some of them appear to be loaded into Argonaute pro-
teins [187]. Thus, whether the paternal inheritance of
tRFs requires the canonical RNAIi pathway to regulate
gene expression in progenies should be determined.
The mouse model of unpredictable maternal separa-
tion combined with unpredictable maternal stress
(MSUYS) revealed the role of small RNAs in early trau-
matic stress inheritance [111]. The inheritance of
behavioral response to MSUS correlates with increased
expression of some miRNAs in sperm of F1 animals
[111]. Some of these miRNAs were also increased in
the hippocampus of F1 and F2 animals, suggesting
that they might directly regulate genes necessary for
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the inherited behavior [111]. Despite the inheritance of
MSUS-induced behavior up to F3 animals [188], these
miRNAs were not upregulated in the sperm of F2 ani-
mals [111]. Thus, how miRNAs in sperm can influence
the expression of the same miRNAs in the hippocam-
pus remains unclear. Moreover, it remains undeter-
mined whether the sperm transmit upregulated
miRNAs to the fertilized oocyte. Some other molecules
might trigger the expression of these miRNAs in the
progenies. The inheritance of MSUS-induced behavior
in F3 animals occurs even if sperm miRNAs are
unchanged in F2 animals, suggesting that different
mechanisms, such as the inheritance of DNA methyla-
tion, might also play a role in such heritable
traumatic-induced behaviors [188].

The exposure of male mice to chronic stress before
breeding also leads to the inheritance of hypothalamic—
pituitary—adrenal (HPA) axis dysregulation in adult F1
mice [110]. In this study, nine miRNAs have resulted in
being upregulated in sperm upon chronic stress, suggest-
ing they can transmit the inheritance of stress responses
[110]. The injection of the nine miRNAs into single-cell
zygotes recapitulates the paternal stress phenotype in
adult mice [112]. Gene expression analysis 24 h postin-
jection has revealed the downregulation of some mater-
nal mRNAs with known developmental functions and
putatively targeting by the nine miRNAs [112]. How-
ever, the maternal mRNA targets remained unchanged
in adult mice brains, indicating that the regulation of
these mRNA targets occurs in the early zygote [112].
Moreover, some of these maternal mRNA targets
belong to chromatin regulators [112]. Thus, the pro-
posed model for this case of paternal transmission of
stress is that the sperm transmit an altered miRNA
cargo to the embryo, where they can silence maternal
mRNAs essential for developing the stress-related phe-
notype. Furthermore, some putative mRNA targets
encode for chromatin regulators, so the paternal-
inherited miRNAS in embryos can indirectly affect chro-
matin changes. Consequently, epigenetic chromatin
changes might impact adult brains’ development and
transmit the phenotype in the following generation.

Behavioral disorders, such as depression-like pheno-
type, can also be transmitted to F1 progenies from
stressed male sperm [113]. The injection of purified
small RNAs from stressed male sperm recapitulates
the depression-like phenotype. The sequencing analysis
has revealed the upregulation of miRNAs among other
types of small RNAs [113]. The microinjection in nor-
mal zygotes of the 16 more abundant miRNAs in
sperm upon stress is sufficient to induce the
depression-like phenotype [113]. However, contrary to
the other inherited phenotypes described in the other
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Fig. 3. Paternal inheritance of miRNAs in the mouse. Metabolic changes or different types of stress alter the small RNA cargoes loaded
into mature mouse sperm. Diet-induced tRNA fragmentation results in high production of tRFs loaded into mature sperm through
epididymosomes vesicles. These vesicles might also transport miRNAs induced by stress. The microinjection of miRNAs extracted from
mature sperm produced by animals subjected to stresses recapitulates the stress-induced phenotypes in subsequent generations. It is
unclear whether the miRNA cargoes loaded into mature sperm can effectively regulate embryonic mRNAs after fertilization.

studies, the depression-like phenotype is not transmit-
ted to the F2.

All these studies suggest that environmental stresses
can alter the composition of small RNAs, particularly
miRNAs, in mature sperm and that the transfer of
these miRNAs in progenies contributes to the trans-
mission of phenotypes associated with the stress
response (Fig. 3). However, given that these studies
rely on the microinjection of small RNAs, it would be
necessary for the future to establish whether the cargo
of small RNAs delivered by sperm during normal mat-
ing is sufficient to transmit such phenotypes.

Conclusions and perspectives

The elucidation of the transgenerational phenomenon
of RNAI in C. elegans has been instrumental in under-
standing small RNA-based heritable traits in animal
model organisms. However, many steps in the mecha-
nisms of RNAI remain unclear. For instance, how the
inherited small RNAs induce the de novo production
of small RNAs in embryos, the role of germ granules
in this process, and how nuclear small RNA pathways
trigger the transcriptional silencing of their target
genes. In addition, while the crosstalk between nuclear
small RNAs and histone PTMs is well-known, future
work will need to explore the requirement of histone
PTMs in heritable RNAI responses and whether his-
tone PTMs can maintain the initiation of heritable
RNAi by small RNAs in a small RNA-independent
manner. Moreover, it is still puzzling how chromatin
factors and histone PTMs influence the duration of
heritable RNAI.
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Endogenous germline small RNA pathways in C. ele-
gans are fundamental to incorporate somatic signals
that acquire heritable phenotypes. The mechanisms
underlying this soma to germline RNA communication
are still unclear. A key feature of C. elegans endo-
siRNAs is the ability to be replicated and amplified by
RdARP. Indeed, long transgenerational effects of small
RNAs are only clearly reported for C. elegans endo-
siRNAs. However, it is unclear how animals lacking
RdARP enzymes, such as Drosophila and the mouse, can
replicate and amplify endo-siRNAs across multiple gen-
erations. Endo-siRNAs can potentially act directly in
embryos, where they regulate essential genes that can
influence animal development. But, it is difficult to pre-
dict how such endo-siRNAs can propagate epigenetic
traits across multiple generations without the support
of an amplification mechanism. One possibility is the
direct involvement of endo-siRNAs in nuclear processes
and histone PTMs, a role that is still largely uncharac-
terized. Heritable miRNAs also lack an amplification
mechanism. Nonetheless, their epigenetic effects, such
as the transmission of stresses, have been documented
for more than one generation. How the low quantity of
miRNAs delivered from sperm can exert gene regula-
tory functions in embryos, and whether the paternally
transmitted miRNAs persist in adult mice are still
unclear. Paternally transmitted miRNAs might have a
positive feedback regulation on their own expression or
regulate genes in the embryo, which in turn are essential
for tissue-specific expression of paternally transmitted
miRNAs in adults. In addition to endo-siRNAs, piR-
NAs can also play a transgenerational function in
repressing repetitive elements, such as transposons, in
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the nucleus. Moreover, since a piRNA amplification
mechanism is known, it can propagate piRNAs across
multiple generations. The crosstalk between piRNAs
and histone PTMs or DNA methylation can also prop-
agate the piRNA silencing signal in a piRNA-
independent manner. Whether their primary function in
repressing repetitive elements is coupled with other
developmental processes remains to be determined.
Given that not all the piRNAs map to transposable ele-
ments [62], they could exert similar epigenetic functions
to control the expression of protein-coding genes.

The potential capacity of small RNAs to acquire
information from different tissues and transmit it across
generations would revolutionize biological research and
medicine. Therefore, identifying the endogenous RNAs
and the mechanisms involved in the exchange of infor-
mation from the soma to the germline, and ultimately to
the next generation, could radically change our notion
of inheritance. Research on laboratory model organisms
remains crucial to elucidate the molecular mechanisms
underlying transgenerational phenomena. However,
given the importance of environmental cues in epige-
netic inheritance, it would be necessary to expand our
understanding of epigenetics from laboratory animal
models toward organisms in their natural environment.
Novel approaches to studying the wild population of
individuals in different environmental settings and their
interaction with other organisms will significantly con-
tribute to understanding epigenetic inheritance and its
role in animal evolution and traits heritability.
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