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Abstract

Epigenetic mechanisms can stably maintain gene expression states even after the initiating
conditions have changed. Often epigenetic information is transmitted only to daughter cells, but
evidence is emerging, in both vertebrate and invertebrate systems, for transgenerational epigenetic
inheritance (TEI), the transmission of epigenetic gene regulatory information across generations.
Each new description of TEI helps uncover the properties, molecular mechanisms and biological
roles for TEI. The nematode Caenorhabditis elegans has been particularly instrumental in the
effort to understand TEI, as multiple environmental and genetic triggers can initiate an epigenetic
signal that can alter the expression of both transgenes and endogenous loci. Here, we review recent
studies of TEl in C. elegans.
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C. elegans as a model for transgenerational inheritance

Gene expression can be altered within just a single generation in response to an organism’s
changing environment via epigenetic mechanisms that alter gene expression without altering
DNA sequence. These mechanisms include modifications to chromatin structure and short
interfering RNA (siRNA, see Glossary Box)-mediated regulation of transcription and
MRNA stability. Remarkably, several examples in Caenorhabditis elegans and other animals
[1] suggest that epigenetic modifications can be inherited across generations in the absence
of the environmental or genetic signal that initiated the epigenetic modification. One way to
propagate a transgenerational signal is via maternal effect, in which the progeny receives a
maternal signal /in uterothat, if present in the germline of the progeny, can potentially
instruct epigenetic changes in the next two generations. However, in C. elegansand in other
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species [2-7], epigenetic memories of altered gene expression can be propagated across
three or more generations, suggesting that active mechanisms exist to maintain an epigenetic
ancestral memory. These studies have been particularly productive in C. elegans due to its
short generation time, ease of genetic analysis, and powerful molecular genetic tools. In fact,
various environmental and genetic manipulations can heritably alter the expression of both
transgenes and endogenous genes for several generations. In this review, we summarize
epigenetically regulated transgenes and endogenous loci in C. elegans and discuss the
molecular identity of the transmitted information and the mechanisms by which this
transmitted information alters gene expression. We conclude with open questions in the
field.

Heritable silencing of germline transgenes

When RNA interference (RNAI) was first described in C. elegans, two remarkable
properties were noted regarding its transmission. Not only could the silencing signal be
transmitted between cells, but it could also be transmitted to the progeny [8]. In RNAI,
double stranded RNA (dsRNA) is processed into primary siRNAs stabilized by Argonaute
proteins [9-13]. These siRNA/Argonaute complexes direct the RNA-directed RNA
polymerase-dependent production of secondary siRNAs antisense to a homologous RNA
template. Argonaute-stabilized secondary siRNA can then promote post-transcriptional
silencing of the targeted mRNA or inhibit transcription [13-18]. In addition to dsRNA-
derived exogenous primary siRNAs, endogenous primary small RNAs, including piRNAs,
can direct the production of endogenous secondary siRNAs [13,19-22] (Figure 1). The
transmission of dsRNA-initiated silencing between cells requires a highly conserved
transmembrane protein SID-1, and SID-1 function in both the parent and progeny is required
for the efficient transmission of dsSRNA-initiated silencing from parent to progeny [23,24].

Remarkably, dsRNA-initiated gene silencing can result in a heritable signal that persists over
several generations (Figure 2A, C). In C. elegans, a germline gfp transgene that is present in
multiple copies and silenced by gfp dsSRNA can remain silenced for several generations in
the absence of the initiating dsSRNA signal. Strong silencing is transmitted to all progeny of
dsRNA-exposed worms and to 30% of the next generation. Although most worms in
subsequent generations re-express the transgene, silencing can persist indefinitely in a small
fraction of worms [25]. Similarly, a germline-expressed transgene integrated in the genome
as a single copy can be silenced with a 60-80% transmission rate for at least four
generations after exposure to gfp dSRNA [26,27], after which the transgene becomes re-
expressed in the absence of selection for the silenced state [28]. Both the partial transmission
of the silencing signal and the observed reversion to the expressed state, suggest that an
epigenetic signal is heritably transmitted, as the initiating signal would be quickly diluted
among several hundred progeny at each generation.

Although most transgenes present in single copy in the genome remain expressed in the
germline [29], some single copy transgenes encoding g7p can become spontaneously
epigenetically silenced in the germline in a process called “RNAe” for “epigenetic” [30]
(Figure 2A, C). RNAe silencing is initiated by endogenous piRNAs, which are stabilized by
the Argonaute protein PRG-1 [31]. Single copy transgenes introduced into prg-I mutants
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never become silenced. However, inactivation of prg-1 after RNAe silencing does not result
in re-expression of the transgene. Thus, piRNAs participate only in the initiation of
transgene silencing in RNAe [30].

Downstream of both dsRNA-initiated silencing and piRNA-initiated silencing, is the nuclear
RNAI Argonaute HRDE-1/WAGO-9 (hereafter called HRDE-1), which is required to
maintain germline transgene silencing across generations. Progeny of worms fed gfo dsRNA
can only silence a germline-expressed gfp transgene if HRDE-1 is functional [26,27].
HRDE-1 binds both endogenous secondary siRNAs and secondary siRNAs antisense to the
targeted RNA [27], leading to the model that dsSRNA-derived primary siRNAs direct the
production of HRDE-1-stablized secondary siRNAs. A germline transgene engineered to be
targeted by an endogenous piRNA (“piRNA sensor”) reveals that endogenous piRNAs can
also direct the production of HRDE-1-stabilized siRNAs, which are required to silence the
piRNA sensor [19] and HRDE-1 also contributes to piRNA-initiated RNAe [30]. One
RNAe-silenced transgene becomes fully de-silenced when /rde-1 is mutated. Another
transgene is partially de-silenced in a Arde-1 mutant, and even more strongly expressed
when a cytoplasmic Argonaute protein is also compromised, suggesting that both
cytoplasmic and nuclear Argonaute proteins can contribute to RNAe silencing [30].

The requirement for the siRNA-stabilizing Argonaute HRDE-1 suggests that small RNAs
likely participate in the heritable, epigenetic silencing of germline transgenes. HRDE-1 was
initially described as a germline-expressed nuclear Argonaute that is functionally similar to
the somatic Argonaute NRDE-3 [32]. Together with additional nuclear RNAi factors,
nuclear Argonaute proteins silence targeted genes transcriptionally by inhibiting RNA
polymerase Il and by promoting the deposition of the silencing histone H3K9me3 mark
[27,32,33]. Indeed, in HRDE-1 dependent RNAe, the silencing is largely transcriptional, as
pre-mRNA levels of a silenced single copy transgene decrease dramatically [30]. Later
studies suggested that nuclear Argonautes can also contribute to post-transcriptional gene
silencing [34,35]. Post-transcriptional silencing likely contributes to the dsSRNA-initiated
heritable silencing of a germline gfp transgene because mMRNA levels decrease more
severely than do pre-mRNA levels in silenced animals [26].

Several lines of evidence suggest that changes to chromatin structure also contribute to the
epigenetic silencing of transgenes. Silencing of the piRNA sensor requires the
Heterochromatin Protein 1 (HP1) homolog /p/-2, the methyltransferase set-25and the
predicted methyltransferase set-32[26]. RNAe silencing is associated with an increase in
histone H3K9me3 levels along the transgene DNA and methyltransferases (/mes-3, mes-4)
and HP1 homologs (Ap/-1, hpl-2) are required to maintain transgene silencing in RNAe [30].
dsRNA-mediated silencing of a single copy germline gfp transgene also requires set-25[26]
while silencing of a multi-copy g7p transgene requires a predicted histone deacetylase
(haa-4), a histone acetyltransferase (K03D10.3), a chromodomain-containing protein
(mrg-1) and a homolog of a chromatin remodeling protein in yeast (/sw-1) [25]. The
mechanisms for heritable silencing of multi-copy and single copy gfp transgenes are at least
partially distinct, as mrg-1 and hda-4 are not required for the heritable silencing of a single
copy gfp transgene [26].
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The epigenetic signal that heritably silences germline transgenes is paramutagenic; this
signal can dominantly convert an active locus to the silenced state. When homologous
expressed and RNAe-silenced single copy transgenes are introduced into a single animal by
mating, both transgenes become stably silenced [30]. Although a maternally contributed
silenced transgene results in more robust paramutation in the first generation, a paternally
contributed silenced transgene can also silence the homologous transgene [30]. Like RNAg,
a silenced piRNA sensor dominantly silences a homologous transgene [26], and the
transgene remains stably silenced for many generations after the sensor is crossed away [35].
Although chromatin modifications contribute to maintenance of heritable silencing, the
paramutagenic signal that silences the piRNA sensor is not encoded in the chromatin
structure of the silenced locus. Even if progeny of silenced worms do not inherit the silenced
locus, the dominant silencing signal is still successfully transmitted [35].

Heritable silencing of endogenous genes

In addition to heritably silenced transgenes, several heritably silenced endogenous loci have
been identified in C. elegans (Figure 2A, C). A comparison between TEI of transgene and
endogenous gene silencing is crucial, as the initiating events, mechanisms and biological
roles of silencing a foreign DNA element and an endogenous locus may be distinct. While
transmission of dsRNA-initiated silencing is often restricted to a single generation [8], a
mutant allele of the germline-expressed oocyte maturation factor oma-1 can be silenced for
several generations [36,37]. oma-1 dsRNA targeting a dominant negative oma-1 allele
(zu405) [36] suppresses the embryonic lethality associated with this allele. Viable progeny
of oma-1(zu405) worms injected with oma-1 dsSRNA are recovered for three generations
after dsRNA injection, indicating that oma-1(zu405) remains silenced by a signal propagated
across generations [37]. Silencing is transmitted to only a fraction of progeny and the locus
becomes re-expressed by the fourth generation [37]. The silencing signal is dominant, can be
transmitted through the maternal and paternal germlines, and requires the nuclear RNAI
Argonaute HRDE-1 [27,37,38]. In contrast to heritable silencing of a gfp transgene,
heritable silencing of oma-1 does not require the methyltransferase set-25and the predicted
methyltransferase set-32[38].

sid-1 encodes the protein required to transport dSRNA between generations in C. elegans
[23] and can itself be silenced by an epigenetic mechanism [39] (Figure 2A, C, Figure 3).
When sid-1 is silenced, animals can no longer respond effectively to RNAI [23]. sid-1 is the
first described endogenous locus that can be stably epigenetically silenced. Epigenetic
silencing of sid-1 is initiated by the introduction of a transgenic multi-copy array that
contains only the sig-1 promoter and 5° UTR sequence (“Psid-17) [39]. Such initiation of
silencing is unprecedented; multi-copy arrays of transcriptional fusions lacking a coding
sequence have never been reported to silence the endogenous locus [40,41]. Once silenced,
the s/d-1 locus remains silenced in progeny that do not inherit the initiating array for up to
13 generations in the germline in all progeny and for up to 19 generations in some progeny.
Transmission of silencing is robust and does not require selection for the silenced state at
each generation. A silenced sid-1 locus is paramutagenic and the silencing signal can be
transmitted even when the silenced locus is not transmitted. In contrast to RNAe [30] and
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silencing of the endogenous oma-1 locus [37], the silencing signal is transmitted only
through the maternal germline [39].

Like all other cases of heritable gene and transgene silencing, silencing of sig-1 in the
germline requires the nuclear Argonaute HRDE-1 and downstream nuclear RNAI pathway
components [39]. However, the chromatin modifying enzymes previously implicated in
epigenetic transgene silencing (set-25, set-32), are not required for s/ia-1 silencing in the
germline. All silenced animals, whether they carry the Psid-1 array or not, show a three-fold
increase in siRNAs targeting the s/d-1 coding region. HRDE-1-mediated silencing of sid-1
can be initiated without dsRNA and piRNAs, likely because HRDE-1-dependent sSiRNAs
can be transcribed antisense to the multi-copy transgene array (Figure 3). These siRNAs can
then target the sid-15" UTR and direct the production of secondary siRNAs targeting the
sid-1 coding sequence. siRNASs targeting the s/@-1 coding sequence are maintained even in
the absence of the array for many generations [39]. Although piRNAs are not absolutely
required for the initiation of s/d-1 silencing, an endogenous piRNA antisense to the Psid-1
transcript contributes to the efficient initiation of silencing [39].

Epigenetic regulation of somatically expressed genes is rare. In fact, the paramutagenic
signal that silences a germline gfp transgene is unable to silence a somatically expressed gfp
transgene [26]. Furthermore, while RNAI silencing of the somatically expressed gene ceh-13
can be transmitted with low penetrance, it is unknown whether silencing occurs in the soma
or whether germline silencing of ceh-13 contributes to the phenotype [25]. In addition to
sid-1silencing in the germline, Psid-1 worms also silence sid-1 in the soma and somatic
silencing persists for four generations in non-array progeny with complete transmission.
Maternal germline silencing directs somatic s/d-1 silencing in the progeny, but the somatic
nuclear RNAI Argonaute NRDE-3 [32] is not required for somatic sid-1 silencing. Instead,
somatic silencing of sid-1 specifically requires the chromatin modifying enzymes that have
previously been implicated in germline transgene silencing (set-25, set-32), indicating that
the mechanisms of transgenerational silencing in the soma and germline are distinct [39].

Stress-induced transgenerational gene expression changes

In addition to initiation by nucleic acids, epigenetic alteration of gene expression can also be
initiated by physiological stress (Figure 2B, C). C. elegans is most comfortable at a
temperature of 20°C, while growth at 25°C is considered mildly stressful and results in gene
expression changes [42]. After resumed growth at 20°C, expression levels of 20 genes
remain significantly altered in young embryos. Notably, two genes investigated in detail
remain altered for three to four generations after return to 20°C, and these heritable gene
expression changes are more dramatic when ancestors are heat stressed for two consecutive
generations [42]. Heat-initiated gene expression changes require endogenous RNAI
components and the levels of siRNAs antisense to the two heritably altered genes also
change in response to the stress and persist for multiple generations, correlating with the
silenced or elevated levels of the gene. Interestingly, unlike dsRNA induced oma-1 silencing
and RNAe, but similar to epigenetic silencing at the s/d-1 locus, inheritance is restricted to
the maternal germline. Thus, heat stress results in a maternally heritable, sSiRNA-dependent
signal that alters gene expression in subsequent generations [42]. In related experiments,
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some genes can remain up-regulated for up to three generations following an ancestral heat
stress specifically in /Arde-1 mutants but not in wild-type worms, leading to the proposal that
germline nuclear RNAI can prevent large fluctuations in gene expression in response to heat
stress [43].

Heat stress at 25°C can also epigenetically increase the expression of several somatically
expressed multi-copy transgenes [44] (Figure 2B, C). This increase in expression can persist
for up to seven or fourteen generations after return 20°C if ancestors are exposed to heat
stress for 1 or 5 generations, respectively. The activated locus is not paramutagenic, and the
epigenetic signal responsible for the elevated expression is likely present in the chromatin
structure. Consistent with this model, the repressive SET-25-dependent histone H3K9me3
mark is reduced along arrays with increased expression [44].

Like heat stress, starvation can also result in persistent gene expression and siRNA level
changes (Figure 2B, C). When starved, C. elegans L1 larvae enter a reversible larval arrest
phase that can last for weeks in the absence of food [45,46]. Small RNA sequencing in
starved larvae and subsequent fed progeny reveals that starvation alters the expression levels
of many small RNAs (predicted to target >1000 genes) and expression of some small RNAs
remains altered in fed worms for three generations [47]. Transgenerational persistence of
starvation-modulated siRNA expression changes depends on the nuclear RNAi Argonaute
HRDE-1 and the endogenous small RNA pathway protein RDE-4. Some mRNAs that can be
targeted by siRNAs decreased in starved worms show the expected transgenerational
increase in expression. These MRNAs include genes involved in nutrient regulation,
providing a possible yet unverified physiological role for heritable sSiRNA changes in
response to starvation conditions [47].

Transgenerational modification of physiological traits

Despite an impressive ability to survive starvation, L1 larvae that experience starvation
exhibit several phenotypes once they are returned to food, including reduced brood size [48]
(Figure 2B, C). Reduced brood size does not persist in subsequent fed generations in wild-
type worms. However, aak-1/2worms, which lack the metabolic kinase AMPK, exhibit post-
starvation reduced brood size for up to seven generations [49]. Worms lacking AMPK
function have elevated levels of the histone H3K4me3 modification in the germline and
soma and these elevated levels persist in non-starved conditions for at least 6 generations
[49]. Genetic reduction of H3K4me3 levels by RNAI targeting methyltransferase complex
components can partially restore post-starvation brood size in aak-1/2worms, indicating that
increased H3K4me3 levels contribute to brood size reduction across generations [49]. The
transgenerational signal responsible for this increase in H3K4me3 and the genetic
consequences of increased H3K4me3 in starved aak-1/2worms and their progeny remain
unknown [49], but the unregulated accumulation of histone methylation marks in worms
lacking a demethylase enzyme similarly results in a progressive reduction in fertility [50].
Starvation in wild-type worms results in increased heat resistance in the great grand-progeny
of select starved worms (those most physiologically affected) suggesting that this trait is also
subject to transgenerational epigenetic control by unknown mechanisms [48].
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Perturbations in histone modifying complexes can also lead to a heritable increase in
longevity (Figure 2B, C). The ASH-2 complex methylates histone H3K4 in C. elegansand
other animals. Disruption of this complex results in a decrease in histone H3K4me3 marks
and also extends lifespan in C. elegans [51]. Notably, increased longevity persists for four
generations even after the function of this histone modifying complex is restored [51]. This
persistent increase in longevity requires an intact germline and depends on the presence of a
histone H3K4me3 demethylase. Despite a global restoration of H3K4me3 levels to wild-
type levels in wild-type progeny from ancestors that lacked ASH-2 complex activity, these
progeny still have longer life spans, suggesting that regulation at a few genes may contribute
to longevity. Consistent with this hypothesis, many genes whose proper expression depends
on the ASH-2 complex function in longevity and growth and a significant portion of these
genes remains misregulated three generations after restoration of the ASH-2 complex [51].

Concluding Remarks and Future Perspectives

Studies in C. elegans reveal that RNAi-based mechanisms can allow the organism to
maintain a gene expression memory for many generations. Identification of additional
heritably silenced loci will help to answer remaining questions regarding how and why such
stable heritable epigenetic states are established and maintained (See Outstanding Questions
Box). To date, a limited number of endogenous epigenetically silenced loci have been
identified in C. elegans [25,37,39]. In one report, of 171 genes targeted by RNAI, silencing
of 13 loci was inherited [25]. It is not yet clear why dsRNA targeting of some genes is more
amenable to producing a heritable signal than others, although current models suggest that a
gene must be expressed in the germline for the heritable signal to be sufficiently amplified
and transmitted by a germline-restricted HRDE-1-dependent process in each generation. In
addition to sid-1, the two genes located upstream of si@-1 are also heritably silenced by the
same intergenic fragment that silences s/@-1 [39]. No other intergenic locus has been
reported to stably silence an endogenous gene. It is possible that other heritably silenced
germline genes have not yet been identified because silencing of many genes is difficult to
detect. Alternatively, it is possible that unidentified features of heritably silenced loci or the
initiating silencing signals contribute to an enhanced ability to silence the locus. It may be
easier to identify additional endogenous heritably silenced loci in a recently described
sensitized mutant background in which germline transgene silencing can be extended by
several generations [28].

Outstanding Questions Box

. Why are some endogenous loci more amenable to heritable silencing than
others?

. What are the physical signals that are transmitted across generations?

. What mechanisms control the duration of epigenetic changes to gene

expression?

. What are the physiological consequences of stress-induced heritable gene
expression changes?
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. Avre the mechanisms that support TEI in C. elegans and in mammals
conserved?

Heritably silenced endogenous genes and transgenes often rely on small RNA-based
pathways and the silenced state is associated with an increase in small RNAs that can target
the silenced gene. Despite this strong correlation, it is difficult to determine whether these
small RNAs are the physical molecule transmitted across generations or whether these small
RNAs are the downstream product re-generated in response to some other physical signal. A
genetic analysis of the role of HRDE-1 in transgenerational silencing at the si@-1 locus
suggests that RNA molecules, likely small RNAs themselves, embody the heritably
transmitted entity. The transmitted sid-1 silencing signal can persist in the absence of
zygotic HRDE-1 for a single generation presumably due to the presence of maternal
HRDE-1, but requires HRDE-1 for stability and for the execution of silencing in subsequent
generations [39]. Although all cases of transgenerational epigenetic gene silencing require
HRDE-1, different transmission properties, including the persistence of transmission and the
differential ability of males to transmit the signal, suggest that the identity or strength of the
signal may vary among cases of heritable silencing.

Because the environmental signal that epigenetically alters gene expression is likely to be
transient, a mechanism that ensures a transient increase in phenotypic diversity and the
eventual re-expression of an epigenetically silenced gene is preferable to a permanent
alteration. In fact, transgenerational epigenetic regulation of most transgenes and all
endogenous genes is not permanent. One possibility is that an epigenetic signal is not
transmitted across generations with 100% efficiency and thus diluted over time. However, a
more precise mechanism may also limit transgenerational transmission. For example,
endogenous RNAI pathways can limit the stability of heritable silencing by competing for
shared pathway components [28,52,53]. Upon initiation of exogenous RNAI, endogenous
siRNAs initially decrease but become re-expressed in the next generation [28]. Many of
these endogenous siRNAs can target RNAI pathway components, potentially directly
limiting the inheritance of silencing in response to exogenous dsSRNA. This model is further
supported by the observation that silencing and the persistence of antisense small RNAs
targeting a germline gene can be extended by initiation of a second exogenous RNAI
response targeting an unrelated gene [28]. It is not yet known what ensures the specific
regulation of anti-RNAI factor small RNAs in response to initiation of exogenous RNAI nor
whether such a competition model can be extended to other cases of transgenerational
information transfer.

Persistent transgenerational gene expression changes in response to an environmental stress
in C. elegans suggest that a transgenerational memory of an ancestor’s environment may be
beneficial to future progeny. Although multiple genes alter expression in response to these
environmental stresses [42,43,47], it is not yet known whether the heritable gene expression
changes have a physiological impact. Are these genes a byproduct of experienced stress or
do they contribute to the ability to survive an environmental stress? Furthermore, it is still
unknown how the physiological stress specifically targets a restricted set of small RNAs for
transgenerational regulation. Nonetheless, the ability of both C. elegans and of other species
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to transmit a gene expression memory across many generations in the absence of the
initiating signal presents the fascinating possibility that the experiences of an ancestor can
affect the gene expression, physiology, and potentially the survival of many future
generations. Analogous to findings in C. elegans, in mice expression changes in small RNAs
transmitted by sperm in response to environmental stresses can result in gene expression and
behavioral changes in progeny [5-7]. Mendel’s studies of transmission of simple traits in
peas allowed him to formulate and test the fundamental rules of genetic inheritance. TEI in
C. elegans similarly presents the opportunity to study the strategies and mechanisms of
intergenerational transmission of epigenetic information that are likely preserved in more

complex organisms.
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epigenetic inheritance

Transfer of gene regulatory information across generations without a change to DNA

sequence.

paramutation

A trans interaction between two homologous loci that leads to a heritable change in

expression at one of the loci

short interfering RNA (SiRNA)

A short RNA molecule that participates in transcriptional and post-transcriptional gene

silencing. In C. elegans, siRNAs are single stranded molecules

RNA interference
Gene silencing by double stranded RNA

small RNA
see siRNA

PiRNA
An endogenous 21-nucleotide small RNA stabilized by PRG-1

HRDE-1
A nuclear RNAIi Argonaute proteins that binds secondary siRNAs

PRG-1
An Argonaute protein that binds piRNAs

oma-1
A germline-expressed gene encoding an oocyte maturation factor

sid-1

A gene encoding the transmembrane dsRNA-transporting protein SID-1.
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Box 1

We use the term epigenetics, literally “beyond” genetics, to refer to the transfer of non-
DNA sequence information between cells and organisms. Multiple strategies enable
epigenetics and numerous mechanisms have been described. These often operate in
parallel, ensuring robust inheritance and obfuscating analysis and understanding. Here we
list four known epigenetic strategies and provide examples of specific mechanisms.

Autocatalytic feed forward loop

Examples include transcription factors that drive their own expression [54], metabolites
that induce the expression of their own transporter [55], and proteases required for their
own activation [56]. In each case, daughter cells that inherit the protein product
(regulator) maintain the positive feed forward loop.

Structured templating

Examples include prions [57] and cortical templates [58]. Prions are extremely stable
protein aggregates that induce new subunits to adopt an alternate, often non-functional or
toxic, structure. The cortical structure of ciliates is composed of regular patterns of ciliary
units. Alterations in these patterns produce new morphologies that are stably propagated
to daughter cells.

Chromatin marks

Examples include DNA methylation (5-methylcytosine, [59]), often associated with gene
silencing, and chemical modifications of histones (e.g. methylation and acetylation) [60],
which can promote or silence transcription. De novo DNA methyltransferases establish
(by largely mysterious mechanisms) DNA methylation patterns in early mammalian
embryos, while maintenance DNA methyltransferases methylate post-replicated hemi-
methylated DNA. Unlike mammals, C. elegans and Drosophila lack significant 5-
methylcytosine. Histone modification patterns are initially responsive to and directed by
gene expression states. Once established, histone modification patterns are maintained
autocatalytically, whereby the modifications are binding sites for the modifying enzyme
complexes.

Sequence specific RNA guides

Examples include genome rearrangements [61] and RNAI [62]. Ciliates contain an
unassembled micronuclear “germline” genome and a transcriptionally active assembled
macronuclear “somatic” genome. Following conjugation, a duplicated micronuclei
becomes a new macronucleus, using RNA guides from the previous macronucleus to
direct its assembly. Thus, changes in the old macronucleus can produce “new” RNA
guides that direct genome rearrangements to copy the change, enabling the inheritance of
an epigenetically controlled genome structure. In RNAI, Argonaute-bound small
interfering RNAs interact with additional proteins, including methyltransferases, to
regulate gene expression. siRNAs are most often produced from and target homologous
genes. Thus, RNAI can target any gene that can be induced to produce siRNAs.
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Transgenerational RNAI occurs in organisms that can replicate and amplify siRNAs,
establishing an autocatalytic feed forward loop.
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Trends Box

In C. elegans, epigenetic information that alters the expression of transgenes and
endogenous loci can sometimes be propagated for many generations even when the
initiating environment or genetic event is no longer present.

The transgenerational signal is often, but not always, paramutagenic and extra-genomic.

Transgenerational epigenetic inheritance at endogenous loci and transgenes can be
initiated by small RNA pathways, multi-copy transgenes and by physiological stress.
Maintenance of the altered expression state requires small RNA and chromatin modifying
pathways.

Changes to physiological traits can also persist transgenerationally in the absence of the
initiating genetic alteration or physiological stress. The causative genetic alterations that
result in the altered physiological state are not yet known.
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Figure 1.
In C. elegans, piRNAs are transcribed by RNA Polymerase 1l (Pol 1) and primary siRNAs

can be produced from exogenous dsRNA. piRNAs and primary siRNAs are stabilized by
unique Argonaute proteins (yellow) and can direct the production of highly amplified
secondary siRNAs by RNA-directed RNA polymerases (RARPs). Secondary siRNAs bound
to the Argonaute HRDE-1 can direct transcriptional and post-transcriptional silencing of
homologous loci. HRDE-1 is required for the heritable transmission of gene regulatory
information in C. elegans.
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A.

PERSISTANCE,

PERSISTANCE,

A summary of transgenerational epigenetic inheritance in C. elegans. A. Epigenetic
silencing of transgenes and endogenous loci can be initiated by exogenous RNA,

endogenous piRNAs, and a multi-copy intergenic region. Silencing persists after loss of the
initiating trigger in the germline (black bars) or soma (blue bars). Bars represent
transmission efficiency at each generation. B. Gene expression and physiological changes
initiated by an environmental stress or methyltransferase inactivity can be persist
transgenerationally. C. Key for parts A and B. ND: Not determined. N/A: Not applicable.
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Initiation and Maintenance Inheritance and Silencing
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Figure 3.

sid-1 TEI as a model of RNA mediated inheritance.

(1) Amplified siRNAs transcribed from a multicopy si@-I-promoter transgene array (2)
target rare s/ad-1 pre-mRNA and (3) prime the RARP dependent spread and amplification of
SiRNA targeting the sid-1 coding region prior to mRNA trans-splicing. (4) siRNA targeting
the coding region are maintained by an RARP-dependent autocatalytic amplification cycle.
Mother to progeny transfer of silencing is accomplished by transfer of germline siRNA via
ooctyes. (5) PTGS-produced germline siRNA are transmitted to oocytes.

(6) siRNA persist in embryonic germline precursor (pink) and initiate nuclear TGS to
silence sid-1in somatic cells (blue).

(7) PTGS silencing is maintaned and silences s/@-1 in the cytoplasm of the developing
germline.
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