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There are at least three RNA silencing pathways for silencing specific genes in plants. In these pathways,
silencing signals can be amplified and transmitted between cells, and may even be self-regulated by
feedback mechanisms. Diverse biological roles of these pathways have been established, including defence
against viruses, regulation of gene expression and the condensation of chromatin into heterochromatin. We
are now in a good position to investigate the full extent of this functional diversity in genetic and epigenetic

mechanisms of genome control.

Ithough RNA silencing has only emerged as a
topic of general interest in the past six years, the
first RNA silencing paper may have been pub-
lished as long ago as 1928. In that paper
Wingard described tobacco plants in which
only the initially infected leaves were necrotic and diseased
owing to tobacco ringspot virus' (Fig. 1). The upper leaves
had somehowbecome immune to the virusand consequently
were asymptomatic and resistant to secondary infection. At
the time this ‘recovery’ was a mystery: there was no obvious
way to explain the specificity of the resistance to secondary
infection.

The details of the tobacco ringspot virus example remain
to be worked out but we now know that recovery from virus
disease involves RNA silencing that is targeted specifically at
the viral RNA>’. There was no information about mechan-
ismsin 1928 — it was not even known that the viral genome is
RNA. But Wingard’s paper is an appropriate starting point
for the currentinterest in RNA silencing because it illustrates
a viral defence role for RNA silencing which may have been
one ofits original functions in primitive eukaryotes. In mod-
ern plants this process has diversified into mechanisms that,
in addition to defending the plant against viruses, protect
the genome from transposons and regulate gene expression.

Here, I describe three natural pathways of RNA silencing
in plants that have been revealed by genetic and molecular
analysis. These pathways all involve the cleavage of a double-
stranded RNA (dsRNA) into short21-26-nucleotide RNAs by
an enzyme Dicer that has RNase III domains. These RNAs are
known as short interfering RNAs (siRNAs) and microRNAs
(miRNAs). I discuss the possibility that there may be more
than these three pathways, or that several variant mechanisms
of RNA silencing exist. I also discuss features that distinguish
plant miRNAs from animal miRNAs, and the amplification
and mobile signal mechanisms in the siRNA pathways.
Finally, I speculate about the role of RNA silencing in the
integration of genome regulation.

Diverse RNA silencing pathways
The first pathway of the three is cytoplasmic siRNA
silencing®. This pathway may be important in virus-infected
plant cells where the dsRNA could be a replication inter-
mediate or a secondary-structure feature of single-stranded
viral RNA. In the case of plant DNA viruses, the dSsSRNA may
be formed by annealing of overlapping complementary
transcripts. The originally described recovery from tobacco
ringspot virus' and many examples of transgene silencing in
plantsand animalsare probably manifestations of cytoplasmic
RNAssilencing.

The second pathway is the silencing of endogenous mes-
senger RNAs by miRNAs. These miRNAs negatively regulate
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Figure 1 Recovery in tobacco plants infected with tobacco ringspot virus.
The original legend' to the figure reads ‘Turkish tobacco plant 23 days
after inoculation with ringspot. Note the gradual decline in the
development of ringspot symptoms on the upper leaves until finally the top
leaves appear perfectly normal’. We now know that the virus causing the
initial symptoms had activated viral RNA silencing that inhibited spread of
the infection into the upper leaves, and caused them to be specifically
immune to tobacco ringspot virus secondary infection.
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gene expression by base pairing to specific mRNAs, resulting in either
RNA cleavage or arrest of protein translation. Like siRNAs, the miRNAs
are short 21-24-nucleotide RNAs derived by Dicer cleavage of a pre-
cursor. The prototype miRNAs in plants were identified as a subset
of the short RNA population, with the molecular characteristics of
the heterochronic RNAs let-7 and lin-4in Caenorhabditis elegans’.
miRNAs are derived from an inverted repeat precursor RNA with
partially double-stranded regions, and they target a complementary
single-stranded mRNA. However, there are differences between the
miRNAs of plants and animals, as discussed in section ‘miRNA in
plants’ below (see review in thisissue by Ambros, page 350, foramore
complete discussion of miRNAs in animals).

The third pathway of RNA silencing in plants is associated with
DNA methylation and suppression of transcription. The first evidence
for this type of silencing was the discovery in plants that transgene and
viral RNAs guide DNA methylation® to specific nucleotide sequences.
More recently, these findings have been extended by the observations
that siRNA-directed DNA methylation in plants is linked to histone
modification’, and that, in fission yeast, hetero-chromatin formation
at centromere boundaries is associated with siRNAs'’. An important
role of RNA silencing at the chromatin level is probably protecting the
genome against damage caused by transposons (see review in thisissue
by Lippman and Martienssen, page 364).

Anancient origin of these three pathways of RNA silencing is likely
because there are examples of each type in animals, fungi and plants.
Green plants are unusual in that they have retained the capacity for all
three types of silencing, whereas other organisms may have lost one or
more of these pathways. Budding yeast, for example, has apparently
lost all RNA silencing, and in mammals, all the examples of natural
silencing found so far involve miRNAs’. Although exogenous RNAs in
mammalian cells initiate ‘classical”’ RNA interference (RNAi; a type of
RNA silencing) involving siRNAs, it is not clear whether a specific
siRNA pathway is involved. It could be that the exogenous RNAs are
recruited into the miRNA pathway.

Argonaute and Dicer gene families

The Argonaute (Ago) proteins in plants, animals and fungi have been
implicated in all three pathways of RNA silencing. In Arabidopsis
thaliana, for example, AGOI mutants are defective for cytoplasmic
RNA and miRNA silencing pathways, and AGO4 mutants are
impaired in chromatin silencing’. A central role of these AGO proteins
seems likely because they are components of the silencing effector
complexes that bind to siRNAs and miRNAs. Thus, the Drosophila
melanogaster AGO2 protein binds siRNA by means of the PAZ (for
piwi—argonaute—zwille) domain'', and is in the ribonuclease complex
RISC (RNA-induced silencing complex)' that cleaves the target
mRNA. Its role in RISC, on the basis of evidence with mouse AGO2
protein, is probably the ‘slicer’ ribonuclease in RISC”. AGO1 is
probably a RISC component in A. thaliana because hypomorphic
mutants retain the ability to accumulate miRNA, but the corres-
ponding target mRNAs are not cleaved'. In fission yeast, an Ago
protein is found in the RNA-induced transcriptional silencing
complex (RITS) that targets heterochromatinization'. Finally, in
Tetrahymena, an Ago homologue and siRNAs are found in a complex
implicated in a silencing-related mechanism that leads to genome
rearrangementm’”.

Thisroleinssilencing effector complexes indicates that all silencing
mechanisms will involve an Ago protein. Conversely it is likely that
manyifnotall Ago proteins will be silencing-related. If thisis the case,
at least some of the ten Ago homologues in the A. thaliana genome
may be associated with effector complexes of RNA silencing. Perhaps
they associate with RISC or RITS that are adapted to silence genes in
specialized cells, or at particular developmental stages. The mutant
phenotype for AGO7in A. thaliana, for example, is altered timing of
the phase change between juvenile and adult leaves: so AGO7 might
be part of an RNA silencing effector complex which is specific to a
particular stage of development'®.
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The diverse RNA silencing pathways may not be completely
separate. Some proteins, for example AGO1 and zwille (AGO10),
have partially overlapping functions. Conversely, as illustrated by the
miRNA- and cytoplasmic-siRNA-defective phenotype of agol
mutants in A. thaliana™", a single Ago protein may participate in
multiple silencing pathways. Mutations at another silencing-related
gene, HENT, also indicate overlap in different silencing pathways:
HENI mutants are defective in both miRNA and cytoplasmic
siRNA silencing™.

The Dicer gene family in A. thaliana has only four members™:
presumably, if there are more than four silencing pathways involving
Ago proteins, some Dicers will be active in more than one of them.
Two Dicer proteins in A. thalianahave well defined functions: Dicer-
like (DCL)1 is required for miRNA biogenesis®** DCL3 produces
retroelement and transposon siRNAs and is required for chromatin
silencing™. The DCL3 products correspond to a class of siRNA that,
from earlier analyses, had been associated with transposons®, and
that are longer (24 nucleotides rather than 21 nucleotides)*** than
the typical DCL1 products. However the role of the other two Dicers,
DCL2 and DCL4, has been more difficult to define. DCL2 has been
implicated in viral siRNA production but the loss-of-function phe-
notype is only a transient reduction in the level of siRNA in one of
several viruses tested™. It is likely, therefore, that there is functional
redundancy and that the other Dicers of A. thaliana are also involved
inviral siRNA production. The function of DCL4 is not known.

miRNAs in plants

Plant and metazoan miRNA pathways are fundamentally the same:
both involve 20-22-nucleotide single-stranded miRNAs that are
generated by a Dicer and both depend on an Ago protein. However,
the metazoan miRNAs are processed by Drosha and Dicer RNase I1I
in two steps that take place in the nucleus and cytoplasm’, whereas
miRNAs in plants are processed by a Dicer, and this is most likely to
occur in the nucleus™. Associated with this processing difference, a
dsRNA binding protein, HYL1, is specific to the plant miRNA path-
way *”**, A further important difference is that the plant miRNAs are
more perfectly paired to their target RNA and use RNA cleavage
rather than translation suppression as the primary silencing mecha-
nism**'. The animal miRNAs are normally targeted to the 3’
untranslated region (UTR) of a mRNA, whereas the plant miRNAs
have targets in the coding sequence or even in the 5 UTR™.

There are now extensive lists of plant miRNAs
(http://cgrb.orst.edu/smallRNA/and http://www.sanger.ac.uk/Soft-
ware/Rfam/mirna/) and, in several cases, the target mRNA has been
validated experimentally by expression of an miRNA-resistant target
gene with silent mutations in the putative miRNA complementary
region (Fig. 2). The mutations interfere with miRNA targeting and
result in overexpression of a bona fide miRNA target. This gold
standard of miRNA target identification has been applied to target
mRNAs encoding: (1) a TCP transcription factor required for leaf
morphogenesis™’; (2) a MYB33 transcription factor involved in a
plant hormone response™; (3) an HD-ZIP transcription factor that
influences abaxial and adaxial polarity in leaves and stems™; (4) the
AP2 transcription factor that regulates floral development™; (5) a
NAC transcription factor that plays a role at many stages of develop-
ment’®; and (6) the AGO1 cofactor of silencing'. Other examples
that have been validated by the detection of target mRNA cleavage
products corresponding to an miRNA-complementary site
include a scarecrow transcription factor of unknown function®
and DCL1 (ref. 38).

These, and many other of the miRNAs in A. thaliana for which the
targets have been identified computationally, correspond to mRNAs
for transcription factors and other proteins involved in developmental
regulation®"”. The mRNAs for proteins associated with ubiquitin-
mediated protein degradation are also potential miRNA targets™”.
The target sequences in most of these examples are conserved in rice
and A. thaliana and, in one instance, the conservation extends even
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Figure 2 Validation of miRNA targets. In a wild-type plant (@) an miRNA associated
with RISC will base pair to its cognate target and promote either sequence-specific
RNA degradation or a translational block. However, if a transgene is introduced in
which the miRNA target sequence has silent mutations (b), the miRNA cannot bind to
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the target sequence and the protein encoded by the mRNA is overexpressed. ¢,

Cross-sections of stems in wild-type and rev-70dtransgenic A. thaliana, illustrating a

phenotype from a miRNA-resistant mRNA (from ref. 34). The rev10dtransgene
encodes the revoluta transcription factor and its RNA is resistant to targeting by

miR165and miR766. In the wild-type plants the xylem (xy) is positioned centrally and
inside the peripheral phloem (ph) tissue. In the rev-70d stems the vascular bundles
are radialized with xylem tissue (arrowheads) surrounding phloem tissue (ph). This

effect on the distribution of xylem tissue implies that interpretation of positional
information requires correct targeting by miR765and miR166. 7mG, 7-

methylguanine.
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between mosses and flowering plants*’. However, the range of targets is
not restricted to ‘developmental’ genes because there are also miRNAs
thatincrease or decrease in abundance following cold or drought stress
or sulphur starvation. The predicted targets of these miRNAs encode a
more diverse set of proteins including laccases, cytochrome coxidases,
spliceosomal proteins and ATP sulphurylases™”.

It has been estimated that the A. thaliana genome has about 100
miRNA loci”. This estimate, however, is based on a computational
genome survey which assumes that miRNA targets are conserved in
A. thaliana and rice. Putative miRNA targets that are conserved
between A. thalianaand Lotus, Medicago or Populusand not rice™, or
that are not conserved in distantly related species, would not have
been identified in this survey and the number of miRNA loci could be
considerably higher.

Initiation and amplification of silencing

RNA-dependent RNA polymerases (RDRs; also known as RARPs)
are required for the cytoplasmic and chromatin RNA silencing path-
ways in C. elegans'"*, fungi'®* and plants***** but not, apparently,
for the same pathways in insects or mammals. The RDRs sharea com-
mon sequence motif that is distantly related to the catalytic domain
of DNA-dependent RNA polymerases’, and it is therefore likely that
they are an ancient group of proteins. A. thaliana, C. elegans and
Neurospora crassa have small RDR gene families that, as with Ago
proteins, indicate functional diversification of silencing pathways. In
A. thalianathe RDR1 and RDR6 (also known as SDE1/SGS2) ortho-
logues are required in the cytoplasmic RNA silencing pathway that
silences transgenes and viruses. However, it seems that these proteins
have specificity for different viral RNAs: RDR6 mutants in A.
thaliana are hypersusceptible to cucumber mosaic virus® but not to
tobacco rattle and tobacco mosaic virus*, whereas tobacco plants
with reduced levels of RDR1 show enhanced susceptibility to
tobacco mosaic virus**, RDR2 mutants are defective for produc-
tion of endogenous siRNAs, including those corresponding to
retroelements. So the RDR2 protein might be part of the chromatin
silencing pathway™.

In principle, the RDR proteins could mediate primer-dependent
and primer-independent mechanisms of RNA silencing (Fig. 3).
The primer-independent process may be important for the production
of dsRNA from a single-stranded template, so that silencing can be
initiated in virus-infected plants or with transgene RNAs (Fig. 3a).
Consistent with this primer-independent mechanism, in vitro
assays with N. crassa*’ and tomato enzymes™ demonstrate that RDR
catalyses primer-independent synthesis of dsRNA on a single-
stranded RNA (ssRNA) template. Similarly, in wheat germ extracts,
ssRNA can be copied into complementary RNA by an unidentified
enzyme that, presumably, is an RDR*’. However, it is not yet clear
how RDR could differentiate the viral and transgene RNAs targeted
for silencing from the non-silenced endogenous RNAs. Perhaps the
RNA that becomes silenced contains ‘aberrant’ features that are
absent from ‘normal’ non-silenced RNA. Alternatively, the aberrant
RNA might lack features that are present in normal RNA. The
absence ofa 5’ cap (R. Sablowski, personal communication) renders
an RNA susceptible to RDR-dependent RNA silencing in A.
thaliana, but other possibilities have not been ruled out.

The second RDR mechanism (Fig. 3b) requires that primary
siRNAs from a virus, transposon or transgene are primers in RDR-
directed synthesis of dsSRNA. The QDE1 RDR protein from N. crassa
incorporates a labelled 20-nucleotide antisense RNA into the
complementary strand of a ssRNA in vitro*’, in a manner that is con-
sistent with this mechanism. This primer-dependent process is also
supported by indirect genetic evidence from C. elegans and plant
systems in which the initiator of silencing comes from part of a target
gene. In these systems, the secondary siRNAs that accumulate in the
silenced tissue are dependent on RDR proteins*'”', and are derived
not only from the initiator region but also from adjacent regions in
the target sequence. Moreover, the secondary siRNAs in C. elegans
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Figure 3 The action of RDR proteins in the initiation or amplification of silencing. a, RNAs are normally not silenced because the RDR proteins do not have access to the template
RNA sequence. Cap-binding protein (CBP) and poly-adenosine-hinding protein (PABP) may be involved in this restriction of RDR access. However in b, the RDR protein is allowed
access because the RNA lacks a 5’ cap or 3 poly-adenosine tail, and dsRNA is produced which enters the SIRNA pathway. b, The amplification process would result from the
ability of a single aberrant RNA to generate many molecules of siRNA. ¢ shows the outcome if a small quantity of primary siRNA is present from either a virus, a transposon or from
a cellular RNA through the process shown in b. The antisense strand of this SIRNA may anneal by base pairing to a target RNA and serve as a primer for the RDR. The resulting
dsRNA would then be cleaved by Dicer and, as in b, there would be amplification because many secondary siRNAs would be produced from each molecule of primary SiRNA.

correspond only to the 5 side of the ssRNA, as would be expected if
an antisense primary siRNA had been extended by the RDR at its 3
end. However, in A. thaliana and Nicotiana benthamiana the sec-
ondary siRNAs are from both the 5" and the 3’ side of the initiator™"*
on the ssRNA, and so cannot be produced from a simple priming
mechanism on a single RNA species. The most likely explanation
here is that the silencing target, like many parts of the A. thaliana
genome, is transcribed from both strands™. The 3’ secondary siRNAs
would then result from extension of an siRNA primer on an antisense
RNA template.

Asaresult of the RDR-mediated mechanisms, a single aberrant
RNA species or primary siRNA molecule could generate many
dsRNAs which would then silence even more target molecules.
This amplification process is likely to be essential in virus defence
because it would ensure that silencing of viral RNAs keeps pace
with the replication and accumulation of viral RNA. Similarly, in
genome defence, the amplification steps would ensure that a few
molecules of transposon RNA could activate the chromatin-
silencing pathway sufficiently to suppress all copies of a transpos-
able element. In addition, the RDR proteins would help target the
RNA silencing mechanism to transposons because transcripts
with direct repeats are readily amplified™ (see review in this issue
by Lippman and Martienssen, page 364).

Mobile silencing signals

Together with RDR amplification, mobility of a silencing signal is
probably a crucial characteristic of an antiviral defence system. A
mobile silencing signal could move either with or ahead of the virus
to silence the viral RNA before, or at the same time, as the virus moves
into a cell”. Indeed, in plants and C. elegans, the effects of silencing
extend beyond those cells in which the silencing is initiated and can
spread systemically’*® through the organism. This systemic effect
has nucleotide-sequence specificity corresponding to the initiator
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dsRNA, indicating that the signal either is an RNA or that it has an
RNA component. Consistent with this idea, the SID1 protein, which
is required for systemic RNAiin C. elegans, is a transporter of dSRNA
across membranes™®.

In plants the systemic silencing mechanism is unlikely to be the
same as thatin C. elegans. The signal does not have to cross any mem-
branes because most of the cells in a plant, including the phloem cells
of the vascular system, are connected by plasmodesmatal channels
that are a continuation of the endoplasmic reticulum®'. So far, none
of the host proteins involved in movement of this silencing signal has
been identified. However, an analysis of systemic signalling from a
green fluorescent protein (GFP) transgene coupled to a phloem-
specific promoter indicated that the signalling mechanism in plants
can be resolved into short (up to 15 cells) and longer range® phases
extending up to several centimetres.

Short-range signalling is unlike the longer range movement
because it is unaffected by RDR6 loss-of-function mutants (Fig. 4),
and itislikely that a 21-nucleotide siRNA is the mobile signal®>. Con-
sistent with a short RNA being the mobile signal for short-range
signalling, the siRNA in a virus-infected cell is present either as free
RNA or in low molecular weight complexes that could be well below
the normal size exclusion limit of plasmodesmata®.

A longer 24-nucleotide class of siRNAs, possibly generated by
DCL3 (see section ‘Argonaute and Dicer gene families’ above), has
been proposed as a candidate for the long-range phloem entry signal
because viral proteins that block systemic silencing also prevent
accumulation of the 24-nucleotide siRNA®. However, systemic
silencing is transmitted from grafted plantsin which both the 21-and
24-nucleotide siRNAs are suppressed by the viral HCPro suppressor
of silencing®. It is therefore possible that other silencing RNAs
including long ssRNA, dsRNA or siRNAs, could be signal molecules
because any of them can initiate silencingif they are introduced into a
cell with a suitable target. The plasmodesmatal size exclusion limit®'
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might be a barrier to intercellular movement of high molecular weight
complexes containing these RNAs, but it is possible that free RNAs or
RNAs in low molecular weight complexes are mobile. Precedents for
phloem-mobile RNAs in plants include viroids®® — small non-protein
coding RNA plant pathogens —and the transcript corresponding to a
homeobox protein mRNA®.

An intriguing possibility is that the movement of miRNAs and
endogenous siRNAs might play a role in regulation of endogenous
genes. For example, during leaf development miR165 and miR166
are negative regulators of genes affecting leaf polarity, and their dis-
tribution and possible gradient of expression is consistent with that
of a mobile signal***, Consistent with the idea that endogenous
silencing RNAs are mobile signals, there are many miRNAs and
siRNAs in the phloem sap of pumpkin®, and a phloem protein has
been detected that binds specifically to the single-stranded form of
these RNAs.

Viral suppressor proteins

RNA silencing in plants prevents virus accumulation and, accordingly,
viruses have evolved various strategies to counteract this defence
mechanism. The primary counter defence measure involves sup-
pressor proteins of silencing which are encoded in the genomes of
both RNA and DNA viruses”. These proteins probably evolved
independently in different virus groups because they are structurally
diverse, and there are no common sequence motifs. A secondary
mechanism to counteract silencing is illustrated by the apparent
resistance of satellite and defective interfering RNAs to degradation
by siRNAs”""*. It seems that these RNAs have protective secondary
structures, or are compartmentalized so that they are hidden from
the RNA silencing mechanism.

In principle, the plant viral suppressor proteins could be used asa
tool to investigate the mechanism of RNA silencing. However, in
most instances, including the prototype HCPro suppressor from
potyviruses, there are conflicting data about their mechanism of
action””°, Only for two suppressors — p21 encoded by beet western
yellow virus” and p19 encoded by the tomato bushy stunt virus
(TBSV) group®’*— is there a clear indication of how they act. In
both cases, the virus suppressor protein binds to and, presumably,
inactivates siRNAs so that they do not target the corresponding viral
RNAs. For p19, the high resolution crystal structures for two different
TBSV-group proteins, combined with molecular and biochemical
data, indicate precisely how silencing is blocked. A tail-to-tail p19
homodimer forms a-helix brackets around the ends of the siRNA
base-paired region’”” and, consequently, an siRNA or miRNA is
prevented from being incorporated into an active RISC*®”*”*, In
transgenic Arabidopsis expressing p19 (ref. 73), both miRNA and its
complement (miRNA*) accumulate, whereas in the control plants
without p19 the miRNA* is undetectable’. Presumably the
miRNA-miRNA* duplex is normally a short-lived precursor of
miRNA—RISC”, but s stabilized in the presence of p19.

Given thelikelihood that virus defence was an ancient role of RNA
silencing, it would not be surprising if RNA silencing also influences
animal virus infections. Consistent with this idea, the NS1 and E3L
proteins of influenza and vaccinia viruses’, and the B2 protein of
flock house virus®, have silencing suppressor activity. In addition,
there are five different miRNAs in mammalian cells infected with
Epstein—Barr virus that correspond to inverted repeat regions in the
viral genome®. One of these viral miRNAs targets the viral DNA
polymerase gene BALF5, and directs processing of a BALF5 trancript
which is likely to affect virus accumulation. However, this is the only
report of siRNAs or miRNAs corresponding to mammalian viruses,
and it remains to be confirmed whether the silencing suppressor
activity of the influenza and vaccinia virus proteins is a side effect of
their dsRNA bindingactivity®. So, on the basis of current evidence, it
seems unlikely that RNA silencing in mammals is a general defence
mechanism against viruses as it is in plants. Perhaps it is effective
against a subset of mammalian viruses or is an antiviral defence in
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Figure 4 A silencing signal is affected by an RDR mutation. The two panels show A.
thaliana plants carrying two transgenes. a, In the wild-type plant, a GFP transgene is
constitutively transcribed, but the GFP fluorescence is suppressed because a second
transgene for GFP dsRNA is expressed in the phloem cells. A silencing signal has
moved out of the phloem and has silenced the GFP transgene throughout the leaf.
The plant appears red under ultraviolet light owing to chlorophyll fluorescence. b, This
plant has a mutation in RDR6 and the silencer signal is able to act only in the cells that
are close to the phloem. The GFP transgene is not silenced in cells that are further
than about 20 cells from the phloem and consequently they appear green under
ultraviolet light (reproduced with permission from ref. 62.).

embryonic or other cells in which the systems of innate and humoral
immunity are ineffective.

Viral symptoms and silencing

Asviruses are inducers, suppressors and targets of the RNA silencing
mechanism, there are many ways in which the symptoms in infected
plants can be influenced by viral intervention in the miRNA and
siRNA pathways. For example, in A. thaliana plants infected with
turnip mosaic virus, the symptoms include developmental defects
that are mimicked by transgenic expression of the HCPro suppressor
of silencing, or by mutation affecting the DCL1 protein of the miRNA
pathway™. It is likely, therefore, that these symptoms are caused by
suppression of the host’s miRNA pathway by the viral HCPro. By
extrapolation, other viral symptoms involving developmental
defects are probably due to silencing suppressors™**%,

A variation on this effect of viral suppressors is suggested by the
finding that transgenic tobacco plants expressing HCPro show
enhanced resistance to diverse pathogens including tobacco mosaic
virus and the oomycete (water mould) Perenospora tabacina. One
plausible explanation for this resistance is that HCPro suppresses the
action of endogenous miRNAs or siRNAs that usually target negative
regulators of the host’s innate immune system™.

A second more direct role of RNA silencing in symptom forma-
tion is illustrated by cucumber mosaic virus strains with small non-
coding satellite RNAs. The Y strain of satellite RNA causes a bright
yellow chlorosis in infected plants’ that is suppressed in transgenic
plants expressing the HCPro silencing suppressor. Presumably, the
symptoms develop because there are Y-satellite-RNA-derived siRNAs
that target an endogenous gene normally required for chlorophyll
accumulation. Similarly in viroid infections, pathogen-derived
siRNAs may target endogenous genes’”. Viroid RNAs would be an
excellent substrate for Dicer because they are essentially circular
RNAs that fold to form an extensively double-stranded rod-like
structure. Consistent with the involvement of siRNAs, viroid symp-
toms are blocked if the infected plant expresses HCPro, and are
mimicked in transgenic plants expressing an inverted repeat trans-
gene derived from the symptom-inducing region of the viroid
genome’”.

RNA silencing in genetic regulation

One of the challenges for research in genetic regulation is to under-
stand how expression of whole sets of genes can be coordinated. RNA
silencing may contribute to this integration of genetic control because
itissubject to severallevels of feedback regulation, and because any one
siRNA or miRNA could target the silencing mechanism to multiple
RNAs or to DNA loci. The combined effect of these features could be
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that a single RNA species mediates RNA silencing-based effects on
many other genes and RNAs. Onelevel of feedback controlisillustrated
by cytoplasmic RNA silencing in which dsRNA is generated from a
ssRNA by an RDR (Fig. 3a). In this scenario the original ssRNA tem-
plate is both a target and a precursor of the siRNA. High levels of the
ssRNA would thereforelead to abundant siRNA and, consequently, the
ssRNA levels would decline. Conversely, reduced levels of the ssRNA
would lead to decreased amounts of siRNA and ultimately an increase
in theamount of ssRNA (Fig. 5a).

Feedback mechanisms are also apparent in the miRNA pathways
because the mRNA transcripts encoding DCLI (ref. 38) and the
AGO1 component of RISC'* are themselves targets of miRNAs
(miR162 and miR168, respectively). Abundant AGO1 or DCL1
proteins would lead to a silencing-mediated decrease in the amount
of corresponding mRNAs. Conversely, reduced amounts of these
proteins would ease the level of silencing and the concentration of
mRNAs would increase. This feedback mechanism could explain
the otherwise paradoxical increase in the amount of miRNA in the
presence of viral suppressors of silencing’”* (Fig. 5b). In this case,
the suppression of silencing would uncouple the feedback loop so
that the abundance of AGO1, DCL1 and the associated miRNAs
would be unchecked by the normal mechanisms.

A second type of feedback control is implied by the finding that
miR159and its putative target (transcription factor MYB33 mRNA)
are both positively regulated by the plant hormone gibberellic acid
(GA)®. A GA stimulus couldlead to an increase in MYB33 that would
initiate flowering and, directly or indirectly, to an increase in miR159.
The higher concentration of miR159 would then counteract the
increase in MYB33 and dampen the GA response (Fig. 5¢). A similar
mechanism may apply to miR171 that targets the transcription factor
GRAS mRNA™ . If miR171 were a simple negative regulator of the
transcription factor mRNA then the miRNA would be abundant
when the target is rare and vice versa. In fact both are upregulated in
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inflorescences’ in a pattern that could be explained if the GRAS
transcription factor promoted expression of the miR171.

The ability of siRNAs and miRNAs to target multiple RNAs and
DNAs may also contribute to their role in integration of genetic
regulation. Targeting by these short RNAs is tolerant of limited
sequence mismatches’, and each siRNA or miRNA probably has both
primary and secondary targets. The primary targets would be more
completely matched to the siRNA or miRNA and, if the target is an
RNA, it would be cleaved by RISC. Any secondary targets would have
more mismatches and would be cleaved more slowly than the primary
targets. Alternatively, as occurs for APETALA2 (AP2) mRNA™®, the
secondary RNA targets might be translationally repressed rather
than degraded. Currently there is no information about secondary
targets of siRNAs and miRNAs in plants. Investigation of miR159and
miR319may tell usabout the potential importance of secondary targets
because the two miRNAs differ at only three nucleotide positions and
have MYBor TCPmRNAs, respectively, as distinct primary targets™.
The extent to which these miRNAs cross target at either the RNA
cleavage or translational repression level will indicate the extent to
which miRNAs in plants might have multiple targets.

Future prospects

Over the past few years, we have come to appreciate that there are
diverse natural roles of RNA silencing, ranging from defence against
viruses to the regulation of gene expression and chromosome struc-
ture. But a remaining challenge is to find out the full extent of this
functional diversity. One approach will be to analyse Ago and other
gene families associated with the silencing mechanism. The charac-
terization of silencing-related RNAs using computational approaches
and direct sequence analysis may also be informative, as is discussed
above in the context of miRNAs. In addition to miRNAs, plants
including A. thaliana have vast numbers of other short RNA species,
many of which are likely to be siRNAs**. A small RNA database

b : Pre miR162
- Dicer mMRNA
A\
miR162
[
GA —=3» MYB33 —=3»- Flowering
‘\ miR159

Figure 5 Feedback mechanisms in RNA silencing. a, The sequence of events when siRNA production involves an RDR using a ssRNA template. The siRNA is incorporated into RISC
and negatively regulates its own production by targeting RISC at the ssRNA. b, The feedback inhibition of miR762 on its target mRNA encoding DCL1 Dicer (ref. 38). DCL1 mediates
the production of miR762 from the pre-miR7162 precursor RNA. The miR762 then targets the DCL7 mRNA, and negatively regulates DCL1 synthesis. So a high level of miR162
leads to a decrease in the rate of DCL1 production, whereas a low level of miR762 has the opposite effect. €, A negative-feedback regulatory mechanism proposed for miR159.
The target RNA of miR159 encodes a MYB33 transcription factor. Both MYB33 mRNA and miR159are positively regulated by the plant hormone GA®: in a GA-responding A.
thalianathere is an increase in the level of the MYB33 mRNA which is associated with an increase in the level of miR759. The high levels of miR159then suppress the GA-
stimulated increase in MYB33. Several rounds of the priming process would amplify the silencing effect of the SIRNA.
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(http://cgrb.orst.edu/smallRNA/) lists more than 2,000 of them but
there are likely to be many more, and their extended analysis will
probably be a rich source of information about genetic elements that
are targeted by RNA silencing.

The RNA targeting mechanisms of RNA silencing have not been
extensively investigated in plants: one particularly neglected area is
the possibility of translational suppression, as is mediated by animal
miRNAs’. One plant miRNA (miR172) is known to suppress trans-
lation of the floral regulator AP2mRNA**, but for most other miRNAs
and siRNAs the possibility of translational effects has not been invest-
igated. Transgene silencing” suggests that translational effects may be
more general, and perhaps protein rather than RNA profiling should
be used to identify the targets of RNA silencing mechanisms.

Another outstanding question concerns silencing RNAs that move
between cells. Current indications are that this signalling process
affects virus movement” (E. Bayne, F. Schwach and D.B., unpublished
work), but possible roles in plant growth and development have yet to
beexplored. miR165and miR166regulate spatial information in plant
development™* and conceivably the movement of silencing-related
RNAsisinvolved (Fig.2).

Although RNA silencing is a relatively recent topic of research, the
mechanisms are now becoming clear and there is some indication of its
biological roles. The discovery of RNA silencing has completely
changed our view of RNA as a regulatory molecule in eukaryotic cells
and itislikely that this view will continue to evolve as further discoveries
emerge about the diversity of silencing mechanisms. O
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