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Epigenetic information can be inherited over multiple generations, which is termed as transgenerational epigenetic
inheritance (TEI). Although the mechanism(s) of TEI remains poorly understood, noncoding RNAs have been
demonstrated to play important roles in TEI. In many eukaryotes, double-stranded RNA (dsRNA) triggers the
silencing of cellular nucleic acids that exhibit sequence homology to the dsRNA via a process termed RNA
interference (RNAi). In Caenorhabditis elegans, dsRNA-directed gene silencing is heritable and can persist for a
number of generations after its initial induction. During the process, small RNAs and the RNAi machinery mediate
the initiation, transmission and re-establishment of the gene silencing state. In this review, we summarise our
current understanding of the underlying mechanism(s) of transgenerational inheritance of RNAi in C. elegans and
propose that multiple RNAi machineries may act cooperatively to promote TEI.

Twenty years ago, it was demonstrated that dsRNAs
could silence gene expression with cognate nucleic
acid sequences in Caenorhabditis elegans by an injec-
tion of double-stranded RNA (dsRNA) [Fire et al.,
1998]. Later, small regulatory RNAs were identi-
fied to play essential roles in gene silencing events.
Small regulatory RNAs regulate gene expression, de-
velopmental timing, antiviral defence, and genome
integrity via a process termed RNA interference
(RNAi) [Billi et al., 2014; Hannon et al., 2006].
Small RNAs direct the RNAi and chromatin mod-
ification machineries to targeted nucleic acids and
silence gene expression via a number of mechanisms,
including inhibiting transcription and translation,
destabilising mRNAs and eliciting epigenetic alter-
ations. Notably, these acquired small RNAs and epi-
genetic changes can persist and be transmitted from
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parents to offspring for multiple generations. Trans-
generational inheritance of RNAi allows organisms
to remember their previous exposure to genome par-
asites, transmit the experience to their descendants,
and may provide evolutional advantages to enable
the selection of physiologically beneficial traits (for
a comprehensive review, please refer to Rechavi and
Lev, 2017].

The mechanisms of transgenerational inheritance
of RNAi are widely studied in C. elegans, and they
have been extensively reviewed in many recent
publications (reviewed by Feng and Guang, 2013;
Heard and Martienssen, 2014; Lim and Brunet,
2013; Minkina and Hunter, 2018; Miska and
Ferguson-Smith, 2016; Rechavi and Lev, 2017).
Both exogenously derived siRNAs (exo-siRNAs) and
endogenous small RNAs, such as endo-siRNAs and
PIWI-interacting small RNAs (piRNAs), can trig-
ger heritable RNAi. The RNAi-mediated silencing
effect can be transmitted via parental gametes [Al-
cazar et al., 2008; Grishok et al., 2000]. In addition,
the maintenance of silencing requires the expression
of targeted genes [Minkina and Hunter, 2017].
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Although many lines of evidence have demon-
strated that the RNAi machinery and small RNAs are
involved in the inheritance of RNAi, many questions
remain unanswered regarding mechanisms and func-
tions. For example, under what circumstances can en-
vironmental stress initiate the generation of heritable
small RNAs? What is the precise nature of the trait-
specific information that is transmitted from the par-
ents? What is the mechanism of the re-establishment
of gene silencing in progeny? In this review, we will
summarise some of the latest research on the mecha-
nism of RNAi inheritance and propose that multiple
RNAi machineries may act cooperatively to promote
transgenerational RNAi inheritance.

The nuclear RNAi pathway promotes the
transgenerational inheritance of RNAi
dsRNAs silence nuclear-localised RNAs in C. elegans
through a number of mechanisms, including trig-
gering epigenetic modifications and inhibiting tran-
scriptional elongation [Gu et al., 2012; Guang et al.,
2010; Kalinava et al., 2017; Mao et al., 2015]. Nu-
clear RNAi defective (NRDE) factors play essential
roles in mediating gene silencing in the nucleus as
well as the transgenerational inheritance of RNAi in
C. elegans (Figure 1) [Ashe et al., 2012; Buckley et al.,
2012; Burton et al., 2011; Houri-Ze’evi et al., 2016;
Luteijn et al., 2012; Minkina and Hunter, 2017,
2018; Sapetschnig et al., 2015; Shirayama et al.,
2012; Spracklin et al., 2017; Weiser et al., 2017].
The germline nuclear Argonaute protein HRDE-1
was identified in a forward genetic screening for fac-
tors involved in the RNAi inheritance of a germline
expressed h2b::gfp transgene targeted by exogenous
dsRNAs and in the transgenerational inheritance of
piRNA-induced gene silencing [Ashe et al., 2012;
Buckley et al., 2012; Shirayama et al., 2012]. HRDE-
1 associates with siRNAs to inhibit transcription and
direct histone modification at targeted genomic loci.
In progeny, HRDE-1 binds to siRNAs complement-
ing the targeted nucleic acids in the parental gen-
eration and is also required for the accumulation of
small RNAs in later generations [Sapetschnig et al.,
2015].

Instead of acting as a bona fide carrier to transmit the
silencing signal, the nuclear RNAi machinery likely
functions in the germline of inheriting progeny to
facilitate the memory or re-establishment of RNAi

silencing events that occurred in the previous gen-
eration. Several lines of evidence cumulatively sup-
port this idea. First, the progeny of nrde(-) animals
exposed to dsRNA still exhibit inherited RNAi si-
lencing at the embryonic stage when animals were
fed with dsRNA targeting a soma-expressed trans-
gene [Burton et al., 2011; Xu et al., 2018]. Second,
animals that lack HRDE-1 in the RNAi generation
but express HRDE-1 in the progeny generation are
still able to inherit RNAi silencing [Buckley et al.,
2012]. Third, the nuclear RNAi pathway was shown
to participate in the maintenance of siRNA expres-
sion in the progeny of RNAi-treated animals [Burton
et al., 2011; Sapetschnig et al., 2015]. Therefore, the
nuclear RNAi machinery is likely not required to di-
rectly convey signals from parents to progeny, but it
is necessary to perform gene silencing and preserve
heritable siRNA expression in progeny.

Stable maintenance of silencing requires the gen-
eration of additional siRNAs in each generation to
avoid the dilution of heritable small RNAs. After
the first round of amplification of 22G-RNAs (sec-
ondary siRNAs), additional small RNAs (tertiary
siRNAs) are synthesised [Sapetschnig et al., 2015].
It was shown that the production of tertiary siR-
NAs requires a nuclear amplification pathway, which
induces the paramutation phenotype and transgen-
erational RNAi inheritance. Since the majority of
Argonaute-associated siRNAs in C. elegans are gen-
erated by RdRP complex and mutator foci activity
upon a mRNA template, which likely takes place
in the cytoplasm [Claycomb et al., 2009; Gu et al.,
2009; Maniar and Fire, 2011; Phillips et al., 2012],
whether and how NRDE factors recruit the cytoplas-
mic RdRP complex to direct tertiary amplification
requires further demonstration.

Chromatin modification factors and the
inheritance of RNAi
RNAi-directed chromatin modifications are linked
to gene silencing in a variety of organisms. For
example, small RNAs initiate H3K9 trimethylation
and gene silencing in Schizosaccharomyces pombe and
Arabidopsis thaliana [Moazed, 2009]. In Drosophila,
PIWI protein associated with piRNAs and me-
diated transposon silencing through chromatin
modifications [Castel and Martienssen, 2013]. In
C. elegans, RNAi elicits H3K9me3 and H3K27me3
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Figure 1 A schematic representation of the nuclear and cytoplasmic RNAi machineries in transgenerational inheritance
of RNAi
In the cytoplasm, the cytoplasmic Argonaute protein WAGO-4 and the conserved RNA helicase/Zn finger protein ZNFX-1

associate with targeted mRNAs, recruit EGO-1 and synthesise a pool of heritable siRNAs. In the nucleus, the nuclear Argonaute

protein HRDE-1 associates with heritable siRNAs, binds to targeted pre-mRNAs and recruits other NRDE factors. The HRDE-

1/siRNA/pre-mRNA complex inhibits transcription elongation of RNA polymerase II and induces histone modifications at the

targeted loci.
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modifications via the Nrde pathway [Gu et al., 2012;
Guang et al., 2010; Kalinava et al., 2017; Mao et al.,
2015].

Histone modifications are involved in the trans-
generational inheritance of RNAi in C. elegans. Many
chromatin-modifying enzymes and their associated
factors, including HPL-2, SET-25 and SET-32, MES-
2, MORC-1, K03D10.3, ISW-1 and MRG-1, were
identified for the inheritance of RNAi [Ashe et al.,
2012; Klosin et al., 2017; Luteijn et al., 2012;
Mao et al., 2015; Shirayama et al., 2012; Spracklin

et al., 2017; Vastenhouw et al., 2006; Weiser et al.,
2017]. In addition, treating C. elegans with the his-
tone deacetylase inhibitor trichostatin A can alleviate
RNAi silencing in progeny, suggesting that histone
acetylation might participate in RNAi inheritance
[Grishok et al., 2005].

The precise function of the distinct chromatin
modifications in RNAi inheritance is unclear
[Rechavi and Lev, 2017]. Two histone methyl-
transferases, SET-25 and SET-32, are required for
RNAi-induced H3K9me3 modification and promote
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transgenerational silencing of the GFP reporter gene
[Ashe et al., 2015; Luteijn et al., 2012; Sugiyama
et al., 2005]. However, H3K9me3 is dispensable
for nuclear RNAi-induced transcriptional silencing
[Kalinava et al., 2017; Mao et al., 2015]. In a time
course experiment, Burton et al. (2011) revealed that
siRNAs are detectable before H3K9 trimethylation
in progeny and that H3K9me3 marks are more pro-
nounced in progeny than they are in parents, who
were directly exposed to the dsRNAs. Therefore,
H3K9me3 marks in progeny may be a consequence
of re-establishment by inherited siRNAs. It will be
very interesting to test whether histone modifications
can be inherited independently of small RNAs in
C. elegans.

A number of results indicated that histone modi-
fications can play a role in inherited siRNA produc-
tion in progeny. In A. thaliana and S. pombe, a self-
reinforcing feedback loop has been identified in which
the RNAi machinery induces H3K9me3 at genomic
loci that are targeted by siRNAs and further recruit
the RNAi machinery to these loci to generate addi-
tional siRNAs and aid the silencing effect [Holoch
and Moazed, 2015]. A similar self-reinforcing feed-
back loop model has been proposed for the function
of chromatin modifications in RNAi inheritance in
C. elegans [Rechavi and Lev, 2017]. MET-2, which is
required for H3K9me/H3K9me2, represses herita-
ble RNAi response indirectly, without significantly
changing the histone modification at target loci [Lev
et al., 2017]. MET-2-dependent H3K9me1/2 corre-
lated with the synthesis of endo-siRNAs, possibly
through a reinforcing feedback loop to silence repeti-
tive sequences. The amount of small RNAs generated
from endogenous loci, such as repetitive elements,
pseudogenes and protein-coding genes, is transgen-
erationally reduced in met-2 mutants. In progeny,
endogenous siRNAs and exogenous-derived siRNAs
compete for Argonaute-related RNAi machineries to
further regulate gene expression.

Cytoplasmic RNAi machineries promote
RNAi inheritance
Although the nuclear RNAi pathway and chromatin
modification factors have been widely accepted to
be essential for the transgenerational inheritance of
RNAi, recent work has begun to reveal that cyto-

plasmic RNAi factors also contribute to inheritance
(Figure 2).

In a forward genetic screening, Spracklin et al.
(2017) identified several P-granule-localised pro-
teins, including GLH-1, CDE-1 and HRDE-2. Later,
Wan et al. (2018) found that factors involved in
P-granule assembly, including DEPS-1, MEG-3/4
and PGL-1, all contribute to RNAi inheritance.
Germ granules are self-assembling nonmembrane-
bound organelles found in the germ cells of most
metazoans [Voronina et al., 2011]. In C. elegans, germ
granules are referred to as P-granules. P-granules seg-
regate with the germ lineage during embryonic cell
divisions [Strome and Wood, 1983]. The mechanism
of how these P-granule factors contribute to RNAi in-
heritance is not fully understood. The concentration
of GLH-1/VASA into P-granules and the segregation
of these granules with the germline may enable GLH-
1/VASA to mediate heritable gene-silencing events.
Many RNA processing and regulating factors, in-
cluding core RNAi factors (such as Dicer, Agos and
RdRPs), localise to P-granules [Chen et al., 2016;
Claycomb et al., 2009; Conine et al., 2010; Gu et al.,
2009; Vasale et al., 2010]. The failure to properly
concentrate core RNAi factors in P-granules could
be responsible for the defects of RNAi inheritance
that were observed in GLH-1 animals. A hypothesis
is that P-granule factors could modulate the binding
affinity of nuclear RNAi factors to targeted nucleic
acids and therefore affect the efficiency of the nuclear
RNAi pathway. For example, HRDE-2 was required
for RNAi-induced NRDE-2/pre-mRNA association
[Spracklin et al., 2017].

Recently, a cytoplasmic Argonaute protein
WAGO-4 and a conserved RNA helicase/Zn finger
protein ZNFX-1 were identified as essential for trans-
generational RNAi inheritance (Figure 1) [Ishidate
et al., 2018; Wan et al., 2018; Xu et al., 2018].
WAGO-4 and ZNFX-1 act cooperatively to maintain
the expression of heritable small RNAs across gener-
ations to promote RNAi inheritance. WAGO-4 asso-
ciates with heritable siRNAs to target mRNAs and
down-regulate targeted mRNAs level. Meanwhile,
ZNFX-1 can bind small RNA targeted mRNAs
through WAGO-4-dependent manner and recruit
RNA-dependent RNA polymerase (RdRP), EGO-1,
to synthesise heritable small RNAs.

Interestingly, WAGO-4/ZNFX-1 associates with
RNAs and undergoes liquid-liquid phase transitions
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Figure 2 A working model of the transgenerational inheritance of RNAi
The inheritance of RNAi occurs in multiple steps, including initiation, transmission and re-establishment of silencing. WAGO-4

transmits small RNAs from parents to progeny. In progeny, inherited small RNAs targeting soma-expressed genes are translo-

cated to the soma, amplified, and silence somatic gene expression. siRNAs targeting germline-expressed genes are amplified in

the germline and silence gene expression in the germline of the progeny. These germline-targeting siRNAs are then transmitted

again to the next progeny by WAGO-4, which therefore maintains the RNAi silencing state over multiple generations.
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from P-granules and subsequently forms distinct foci
between P2 and Z2/Z3 during embryogenesis. In the
adult germline, WAGO-4 and ZNFX-1 co-localise
in a liquid droplet organelle termed the Z-granule.
Z-granules assemble into ordered tridroplet assem-
blages with P-granules and another germline droplet-
like foci termed the Mutator foci [Phillips et al.,
2012]. The homolog of ZNFX in yeast is Hrr1, which
is also involved in RNAi-mediated gene silencing
[Motamedi et al., 2004]. It is of great interest to
investigate why ZNFX-1/WAGO-4 needs to form
distinct foci adjacent to P-granules to promote trans-
generational RNAi inheritance. In addition, how
P-granules, Z-granules and Mutator foci cooperate
with each other to finely regulate gene silencing re-
quires further investigations.

Cytoplasmic RNAi machineries may contribute
to RNAi inheritance independently of the nuclear
RNAi pathway. RNAi targeting a soma-expressed
sur-5::gfp transgene silenced gfp expression in the
parental generation, and this silencing can be in-
herited by progeny [Burton et al., 2011]. In hrde-1
mutant animals with a disrupted germline nuclear
RNAi pathway, silencing of sur-5::gfp is still inher-
ited by F1 progeny. However, in wago-4 mutants,
silencing of sur-5::gfp was mitigated in both F1 em-
bryos and larva. WAGO-4 may function in small

RNAs transmission from parents to offspring and
re-establish the silencing states. Therefore, the cyto-
plasmic Argonaute protein WAGO-4 and the nuclear
Argonaute protein HRDE-1 may act differently or in
parallel to promote RNAi inheritance.

dsRNA, the RNAi spreading defective
(Rsd) pathway and intergenerational
inheritance of RNAi
In addition to siRNAs, dsRNAs have also been
reported to be transmitted from parents to progeny
in C. elegans. By injecting fluorescently labelled dsR-
NAs, Marre et al. (2016) found that dsRNAs could
be imported from the extracellular space into oocytes
along with yolk and accumulate within intracellular
vesicles in embryos. Subsequent entry into the cytosol
of early embryos causes gene silencing in the progeny.
Inherited dsRNAs also spread between cells in the
progeny to elicit a systemic effect. Consistent with
this idea, RNAi spreading defective factors RSD-2
and RSD-6 have been found to promote genome
silencing and maintain siRNA populations in
progeny [Sakaguchi et al., 2014]. However, whether
and how parentally acquired dsRNAs could engage
in multigenerational RNAi inheritance requires
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further investigation because parentally acquired
dsRNAs will be quickly diluted over generations.

RNA uridylation and RNAi inheritance
Poly(U) polymerase-1 (cde-1, also known as pup-1
or cid-1) adds short tracts of uracil to the 3′ ter-
mini of RNAs in C. elegans [Kwak and Wickens,
2007; van Wolfswinkel et al., 2009]. The forward
genetic screening of mutants in RNAi inheritance
identified cde-1, suggesting that uridylation of siR-
NAs could play important roles in the inheritance
processes [Spracklin et al., 2017]. CDE-1 uridylates
the endo-siRNAs that bind to germline Argonaute
proteins, including CSR-1 and WAGO-4 [van Wolf-
swinkel et al., 2009]. It was shown that the uridy-
lation might shift the balance of siRNA loading to
distinct Argonaute proteins [de Albuquerque et al.,
2015; Phillips et al., 2015; van Wolfswinkel et al.,
2009]. For example, CDE-1 might destabilise CSR-
1 siRNAs but might increase siRNAs binding to
WAGO-4. Therefore, CDE-1 promotes RNAi in-
heritance by modulating WAGO-4-associated 22G-
RNAs.

Interestingly, CDE-1 interacts with an RNA-
dependent RNA polymerase EGO-1 but not with
Argonaute protein CSR-1 [van Wolfswinkel et al.,
2009]. EGO-1 is required for the production of 22G-
RNAs and likely acts upstream of the loading of 22G-
RNAs to Argonaute proteins. Therefore, uridylation
happens upstream of small RNA loading onto Arg-
onaute proteins in C. elegans. It has been suggested
that these 3′ uracil residues may serve as beacons to
recruit RdRPs, which amplify small RNA popula-
tions and reinforce gene silencing [Tsai et al., 2015].
Alternatively, CDE-1 could function analogously by
marking germline mRNAs as templates for RdRP’s
activity in each generation during RNAi inheritance.
Consequently, CDE-1 could maintain small RNA
populations at levels sufficient to trigger gene silenc-
ing over multiple generations. In the somatic cells of
C. elegans, the putative poly(U) polymerase MUT-2
may add a uracil to the 3′ end of mRNA fragments
produced in response to RNAi [Tsai et al., 2015].

The homolog of CDE-1 in S. pombe is Cid12, which
is a core factor of the RNA-directed RNA polymerase
(RDRC) complex. RDRC consists of Cid12, an RNA
helicase Hrr1, and a RdRP [Motamedi et al., 2004].
RDRC is thought to produce silencing RNAs to

perpetuate stable heterochromatic states in S. pombe
[Martienssen and Moazed, 2015]. It will be very in-
teresting to test whether ZNFX-1, CDE-1 and EGO-
1 function as a similar protein complex to mediate the
multigenerational inheritance of RNAi in C. elegans.

Noticeably, the untemplated addition of 3′-end
uracil to 22G-RNAs did not completely disappear
in the cde-1 mutant, indicating the presence of func-
tional redundancy of cde-1. C. elegans’ genome encodes
three poly(U) polymerase-1 genes (cde-1, pup-2 and
pup-3). It will be interesting to investigate whether
PUP-2 and PUP-3 can uridylate 22G-RNAs and me-
diate RNAi inheritance as well.

Perspectives
Environmental factors, including stress, nutrition or
supplementation, can have dramatic impacts on gene
expression and development. Although these im-
pacts may not directly alter the genome sequence,
they could modulate growth and survival ability and
thus affect propagation during the course of evolution
[Lim and Brunet, 2013]. However, these evolutionary
advantages must be inherited by progeny to accumu-
late in the population. The transgenerational inheri-
tance of RNAi therefore provides a mechanism to epi-
genetically transmit environmental information and
parental responses to descendants. For example, the
small RNA-based antiviral response can be inher-
ited for multiple generations in C. elegans [Rechavi
et al., 2011]. Interestingly, many mutants defective in
RNAi inheritance exhibit a Mrt phenotype in which
they gradually lose their progenies along generations
[Buckley et al., 2012; Spracklin et al., 2017; Xu et al.,
2018].

Many questions remain unanswered regarding the
mechanisms and functions of RNAi inheritance. For
example, what is the actual silencing signal that is
transmitted from parents to their progeny? Why
does most transgenerational silencing appear to be
restricted to a limited number of generations? Can
histone modifications be inherited independently of
small RNAs in C. elegans? Can inherited silencing
information be stably integrated into the genome
and permanently shut off gene expression over gen-
erations? Due to its short generation time (approx-
imately 3 days) and its ease of culture and genetic
manipulation in the laboratory, C. elegans is an ideal
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model organism for studying the transgenerational
inheritance of silencing and testing these hypotheses.
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