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A tail of RNA interference

Kailee J. Reed & Taiowa A. Montgomery

It emerges that strings of nucleotides are added to messenger
RNAs that are undergoing silencing in nematode worms. The
composition of these nucleotide tails promotes the formation
of small RNAs that drive heritable gene regulation. See p.283

Discovered in the minuscule nematode worm
Caenorhabditis elegans nearly 30 years ago,
small RNAs have been implicated in a sur-
prising range of biological processes, from
antiviral defence in plants to cancer in
humans. In C. elegans, these RNAs can be
transmitted from one generation to the next,
providing a non-DNA-based mechanism for
heritable gene silencing, in which messen-
ger RNAs are inhibited or degraded?® But the
molecular details underlying the phenomenon
have remained elusive. On page 283, Shukla
et al.’® describe an enzyme that converts even
seemingly innocuous mRNAs into templates
for the formation of small RNAs and mediators
of transgenerational gene silencing.

In 1987, a genetic mutation was identified
in C. elegans that activates transposons* —
abundant but normally inactive genes that
can replicate and reinsert themselves at new
locations in the genome, causing mutations.
Twelve years later, a mutation was found®
that deactivates a gene-silencing phenome-
non called RNA interference (RNAi). The two
mutations had the same physical effects on
the worm, revealing a crucial role for RNAi in
transposon silencing.

The mutations were later mapped®toasingle
gene, RNAi-defective-3 (rde-3). The protein
encoded by thisgene, RDE-3, belongs toafam-
ily of enzymes that extend the ends of DNA and
RNA by adding strings of untemplated nucleo-
tides (that s, those not copied from existing
DNA or RNA). But the specific role of RDE-3
remained amystery. More recently, RDE-3was
showntoaddstrings of alternating uridine (U)
and guanosine (G) nucleotides to RNA ends,
forming poly(UG) tails’. Could this RNA-tailing
activity underpin the molecular mechanisms
of transposon silencing and RNAi?

Typically, RNA.i is initiated by double-
stranded RNA. When introduced into a
cell, either experimentally or naturally,
double-stranded RNA is chopped up by
enzymesinto smallinterfering RNAs (siRNAs).
These, like other classes of small RNA, associ-
ate with Argonaute proteins, either to guide
sequence-specific degradation of matching
mRNAS or to repress their translation into

protein. This effectively silences the genes
that encode those mRNAs. Shukla and col-
leagues found that, when they injected
stranded RNA into the C. elegans germ line
(thetissue that produces reproductive cells),
poly(UG) tails were appended to the matching
cellular mRNA. Importantly, the addition
of poly(UG) tails — a process aptly named
depended on rde-3.

But are poly(UG) tails simply markers of
RNA degradation, or do they have a direct
roleinRNAi? Inakey experiment, the authors
attached RNA tails of various nucleotide
compositions to single-stranded mRNA frag-
ments produced invitro, and then introduced
them into C. elegans. The RNA fragments
appended with poly(UG) tails, but not other
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compositions, were potent triggers for gene
silencing.

In C. elegans, primary siRNAs produced
duringtheinitial stage of RNAi trigger asecond
phase, in which secondary small RNAs called
22G-RNAs are synthesized from the target
mRNA by enzymes called RNA-dependent RNA
polymerases®. The 22G-RNAs probablyactina
feedback loop to maintain small-RNA produc-
tion and mRNA silencing (Fig. 1). Earlier work
showed that rde-3is required for the formation
of 22G-RNAs, but its specific role was unclear®.
HowanRNAistransformed into asubstrate for
22G-RNA synthesis was also not understood.
Could poly(UG) tails serve this function?
Perhaps: Shukla et al. report that poly(UG)-
tailed RNAs synthesized in vitro are bound by
RNA-dependentRNA polymerases and function
as templates for 22G-RNA production in vivo.
So, poly(UG) tails might act aslanding pads for
RNA-dependent RNA polymerases.

Shuklaet al. found evidence that mRNA was
cleaved or trimmed before poly(UG) tails were
added (Fig.1). Cleavage might therefore prime
an mRNA for pUGylation, possibly because the
process of cleavage would remove another tail
consisting of adenosine (A) molecules, which
is added to most mRNAs to promote their
stability and translation.

Takentogether, the authors’ work suggests
amodelin whichmRNAs are bound by siRNAs
and associated proteins, leading to their cleav-
age. RDE-3 adds poly(UG) tails to the cleaved

pUGylated
RNA

RDE-3

== Small
== RNA

22G-RNA

Figure 1| RNA interference in nematode worms. Messenger RNAs can be silenced (degraded or their
translation inhibited) by small RNA molecules. The small RNA that initiates mRNA silencing is anchored

to an Argonaute/Piwi protein, and acts as a sequence-specific guide to direct mRNA cleavage or trimming,
perhaps removing the mRNA's poly(A) tail. Shukla et al.’ report that, in nematodes, the truncated RNA
produced is bound by an RDE-3 enzyme, which adds a tail that consists of alternating uridine (U) and
guanosine (G) nucleotides in a process called pUGylation. This pUGylated RNA acts as a ‘template’ for an
RNA-dependent RNA polymerase (RdRP) enzyme. RARP synthesizes secondary small RNAs, which are

22 nucleotides long and begin with a guanosine (22G-RNAs). The 22G-RNAs probably act to maintain mRNA
silencing by having the same role as the initiating small RNA. Cycles of mRNA truncation, pUGylation and
22G-RNA synthesis drive transgenerational gene silencing.
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mRNA end, enabling RNA-dependent RNA
s to bind and synthesize 22G-RNAs tem-
plated from the mRNA. These 22G-RNAs act
inthesame way astheinitial siRNA molecules,
genessilencing.

Earlier work® implicated RDE-3 in the
addition of poly(U) tails, rather than poly(UG)
tails. Thereason for the discrepancy between
thiswork and the new findings is unclear, but
it might reflect tissue-specific effects, such
as those of germline compared with non-
germline tissue. If so, it would suggest that
RDE-3 can switch tailingmodes, from poly(UG)
topoly(U), depending on the cell type. A short-
coming of the new study is that the authors did
not test whether poly(U) tails can also trigger
RNAI, although they did show that other tail
varieties cannot do so.

In C. elegans, RNAi underlies transgenera-
tional epigeneticinheritance —aphenomenon
in which changes in gene expression can be
transmitted across three or more genera-
tions without changes in DNA sequence?.
Strikingly, Shuklaet al. show that asingle dose
of poly(UG)-tailed RNA injected into the worm
germ line can trigger silencing of a matching
genefor several generations. Through aseries
of simple genetic experiments, the authors
found that cycles of pUGylationand 22G-RNA
synthesis drive genesilencing from one gener-
ationtothenext. Thisisakey breakthroughin

our understanding of experimentally induced
RNAi. But does pUGylation occur naturally?
Hundreds of C. elegans genes, including
transposons, are naturally regulated by an
RNAi pathway involving RDE-3 — hence the
original link between RNAi and transposon
silencing. Naturally occurring RNAi com-
monly involves a distinct class of small RNA,
called Piwi-interacting RNAs (piRNAs). These
piRNAs, like siRNAs, trigger the production of

“Thisis akeybreakthrough
inour understanding of
experimentally induced
RNAinterference.”

22G-RNAsand heritable gene silencing. Shukla
etal.identified poly(UG) tails on several natu-
ral RNAi targets, including transposons. This
is enticing evidence that pUGylation is not
restricted to experimental RNAi, and might
haveabroadroleinregulating gene expression.
But the phenomenon will have to be explored
onawider scale to uncover how centralitis to
the various pathways involving small RNAs.
Is pUGylation unique to nematodes? In
ciliates —agroup of unicellular, nucleus-bearing
organisms — poly(U) tails promote RNA-
dependent RNA polymerase activity during

RNA#’. Butwhether pUGylation occursinciliates,
andwhat function poly(UG) tails might servein
organisms that lack RNA-dependent RNA poly-
merases (such as mammals), is unclear. RDE-3
has potential counterparts in species ranging
from yeast to humans®, and artificial forms of
it can add poly(UG) tails to RNAs, even in dis-
tantly related organisms, such as yeast and
frogs’. Shukla and colleagues’ study paves the
way for the identification of poly(UG)-tailed
RNAs in other species, and the exploration of
their rolesin the production of small RNAs and
other biological processes.

Kailee J. Reed is in the Cell and Molecular
Biology Program, and Taiowa A. Montgomery
is in the Department of Biology, Colorado State
University, Fort Collins, Colorado 80523, USA.
e-mail: tai.montgomery@colostate.edu

Zamore, P. D. & Haley, B. Science 309, 1519-1524 (2005).
Rechavi, O. & Lev, I. Curr. Biol. 27, R720-R730 (2017).

. Shukla, A. et al. Nature 582, 283-288 (2020).

. Collins, J., Saari, B. & Anderson, P. Nature 328, 726-728
(1987).

Tabara, H. et al. Cell 99, 123-132 (1999).

Chen, C.-C. G. et al. Curr. Biol. 15, 378-383 (2005).
Preston, M. A. et al. Nature Methods 16, 437-445 (2019).
Tsai, H.-Y. et al. Cell 160, 407-419 (2015).

. Talsky, K. B. & Collins, K. J. Biol. Chem. 285, 27614-27623
(2010).

rw N2

©®N oo

This article was published online on 20 May 2020.

nature research

Nature
@NatureSMB

AB6030

Publishing high-quality Research &
Reviews in all areas of cell biology.

Discover our portfolio of leading journals which cover all
areas of cell biology, including Research & Reviews, News,
Commentaries and Historical perspectives.

Nature Cell Biology: nature.com/ncb

@NatureCellBio @NatRevMCB

@NatMetabolism

© 2020 Springer Nature Limited. All rights reserved.

Nature Reviews Molecular Cell Biology: nature.com/nrm
Nature Structural & Molecular Biology: nature.com/nsmb
Nature Metabolism: nature.com/natmetab

Part of SPRINGERNATURE





