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Section 1 - Executive summary

A description of RNA silencing

« Ribonucleic acid (RNA) is chemically similar to the deoxyribonucleic acid (DNA) constituent of genes. Both RNA and DNA comprise a sequence of bases that carries the

genetic code. Much of the RNA in acell has a messenger role that mediates translation of the DNA genetic code into protein. However, if the RNA has an abnormal double
stranded structure, it may suppress protein production or affect chromosome function through a process referred to as RNA silencing.

The specificity of RNA silencing isinfluenced by the sequence of bases in the double stranded RNA: target RNAs match the double stranded RNA in 21 or more
contiguous bases, athough alimited number of mismatches is tolerated.

Many aspects of the mechanisms and natural roles of RNA silencing are now well understood in animals, plants and fungi.

In plants there are at |east three variations on the basic RNA silencing mechanism. All three mechanisms are triggered by double stranded RNA that is cleaved into short

silencing RNAs. One variant mechanism protects against viruses and its short silencing RNAs are known as short interfering (si)RNAs. A second variation of the
mechanism silencing endogenous RNA species and its short silencing RNAs are referred to as micro (mi)RNAS. The third variant mechanism involves siRNASs but the

target molecule is DNA rather than RNA. While the first two variants affect RNA after it has been transcribed, the latter impairs the transcription of RNA from the affected
gene.

Potential applications of RNA silencing.

« RNA silencing biotechnology has potential utility in applications requiring specific suppression of gene expression. Results from laboratory studies indicate, for example,

that a disease gene can be suppressed by introducing a double stranded copy of the disease gene RNA into a cell. Similarly the production of an enzyme can be blocked if a
cell contains double stranded RNA corresponding to the gene for this enzyme.

o Applications of RNA silencing in biomedicine involve the introduction of double stranded RNA into cells. The RNA istaken up into cells and, in experimental situations, it
has been used to silence viral RNAs and RNAs associated with genetic disease and cancer.

¢ RNA silencing can be engineered into plants using transgenes that are designed to produce double stranded RNA. In experimental situations this approach has been used to

engineer disease resistance by targeting of viral RNASs. It has also been used to improve plants by silencing genes responsible for poor storage or nutritional quality of seed,
fruit or tubers. RNA silencing has aso been used to improve paper making quality of trees and to modify flower colour.

 Itislikely that many features of crop plants can be improved by RNA silencing. The availability of the complete DNA sequence of Arabidopsis and rice has allowed the
identification of many potential targets of RNA silencing. Silencing of these RNAs s predicted to improve yield, to increase resistance to stress or disease or to enhance the
quality of crops.

Benefits associated with transgenic RNA silencing in crop plants

« A normal role of RNA silencing is to protect plants against virus infection or to regulate gene expression. Therefore the transgenic applications of RNA silencing can be
considered as harnessing the natural mechanisms of genetic regulation in the crop.

¢ No proteins need to be expressed to achieve RNA silencing, which eliminates the hypothetical hazards associated with the presence of novel or foreign proteinsin crop
plants.

o Expression of viral proteinsto obtain virus resistant transgenic plantsis a controversia technology because of the risk of recombination events between infecting viruses

and the virus-derived transgene. In contrast, short fragments of virus-derived RNA that do not contain any usable genetic information can be utilised to provide a silencing-
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based resistance.

o The effects of RNA silencing are genetically dominant and, as aresult, they can be easily introduced into hybrid crops.

Hypothetical hazards associated with RNA silencing in crop plants

o The benefits of transgenic RNA silencing in crop plants would be offset by hazards to the environment or human health if the specificity of the mechanism is unpredictable
or if the silencing effect is variable between genetically identical siblings or between generations. Environmental influences and pathogens could also affect the stability of

RNA silencing.

Hazards could also be envisioned if RNA silencing itself should prove to be prone to horizontal transfer between organisms.

RNA silencing is frequently triggered non-intentionally in transgenic plants that were designed to accumulate a novel protein and in plants obtained by mutagenesis. The
potential hazards are the same as for engineered RNA silencing.

The potentia for hazard in crop plants can be minimized or eliminated by selection of transgenic lines that are substantially equivalent to non-transgenic plants. Low hazard
lines with stable silencing can be selected for empirically.

Careful design of RNA silencing constructs will also alow potential hazards to be minimized or eliminated.
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Section 2- Introduction

More than 80 million hectaresin 17 countries are currently used to grow genetically modified (GM) crops and this figure has been increasing substantially in each year since the
first commercial release was approved a decade ago 1. The continuing commercial success and an ever-growing demand for novel traits to improve quantity and quality of

agricultural products on the one hand, environmental safety issues and worries about biotechnology on the consumer side on the other hand, necessitate regulation of GM crops
by governments world-wide. An important part of thisregulation is ng and managing the risks involved in releasing modified organisms.

This study focuses on risks associated with a novel technology referred to as RNA interference (RNAI), post-transcriptional gene silencing (PTGS), or RNA silencing. This
technology, which is described in more detail below, can be exploited to fight pathogens, control growth and development and adjust metabolic pathways. Because of the great

variety of possible applications of RNA silencing, a sharp rise in the number of applications for the commercial release of silencing-based crops is expected in the near future.
Furthermore, RNA silencing is frequently triggered non-intentionally in GM plants that are designed to accumulate a novel or foreign protein.

The next two sections summarise the scientific literature on mechanisms of the various RNA silencin hways and their natural rolesin plants, animals and fungi. Section 5
gives an overview of applications of RNA silencing in GM plants and a brief introduction into current devel opmentsin biomedicine. The main purpose of this report isto analyse
potential hazards that might be associated with the use of RNA silencing in GM crop plants. These are presented in_section 6 along with suggestions for future research.

The HTML-version of thistext contains hyperlinks to a glossary and figures, which further illustrate the mechanisms involved in RNA silencing and the hypothetical hazards that
are discussed in this report.
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Section 3 - Summary of theliterature on RNA-directed post-transcriptional gene
silencing

3.1 Thephenomenon

DNA makes RNA makesprotein

In al living organisms, the genetic information is stored in the form of deoxyribonucleic acid (DNA) as afour €letter€y code of the nucleobases adenine, thymine, guanine and
cytosine (A, T, G and C). This code represents the instruction for the assembly of proteins, which perform all tasksin the cell. Ribonucleic acid (RNA) is structurally very similar
to DNA, although the nucleobase thymineis replaced with uracil (U). RNA, among other tasks, serves as a messenger to transport the coded information for protein-assembly
from the DNA in the cell s nucleus to the ribosomes, the protein factories in the cytoplasm. In summary, DNA is transcribed into messenger RNA that is then translated into a
sequence of amino acids to form the mature protein.

DNA makes RNA makes no protein € the silent gene

Until fifteen years ago, it was generally assumed that more copies of agene, i.e. aDNA segment that codes for a protein, would give rise to more messenger RNA for this
particular gene and therefore enhanced production of the corresponding protein. However, inserting transgenic copies of aflower pigmentation gene into the petunia genome in
the early 1990s |ed to reduced rather than enhanced expression of the encoded protein - the flowers on these plants were either white or variegated 23. It was later found out that
the transgenic messenger RNA in these cases was transcribed from its DNA template but that it was degraded in the cytoplasm (Eigure) before it could be translated into protein
458 hence the term post-transcriptional gene silencing (PTGS). There was also co-ordinate suppression (co-suppression) of the endogenous copies of the flower pigmentation
genes.@PTGS and co-suppression are not specific to flower pigmentation genes. With viral transgenes, for example, there is co-suppression of the transgene and the viral genes
and the plants are resistant to the virus 2821011,

We now know that PTGS represents a highly conserved mechanism in plants, animals and fungi. Various terms have been used to describe the associated silencing phenomena
including RNA interference (RNAI) and quelling (in fungi). However, these terms are more historical than biologically relevant and, as the underlying mechanisms are similar,
the generic term @RNA silencing€p is used today. RNA silencing has become a versatile biotechnological tool in many organisms. Crop plants, for example, can be improved by
specific silencing of messenger RNAs affecting growth and devel opment, responses to stresses or the quality of the product. RNA silencing is also useful in the genetic
engineering of resistance to viral and other diseases.€p These potential applications of RNA silencing are described in more detail in section 5 of this report.

3.2 Thebasic mechanism

Double-stranded RNA trigger sthe silencing mechanism

In aeukaryotic cell, most of the RNA lacks the double stranded helix structure that is characteristic of DNA. Most of the RNA is single-stranded and it does not trigger silencing.

However RNA silencing is triggered by RNA with double stranded regions 121314, We now know that RNA silencing associated with co-suppression and quelling is triggered

by double stranded transgene RNA. One of the two strands corresponds to the sense strand of the silencing target and the other is antisense.€p The silenced RNAs are either
degraded or they are prevented from being translated into protein.

A messenger RNA can be specifically targeted for RNA silencing in biotechnological applications by introducing the corresponding double stranded RNA into a cell 121617 Tg
achieve a stable long-term effect it is necessary to genetically engineer the organism to express a transgene that gives rise to amessenger RNA with features that trigger RNA
silencing. The most efficient triggers are those that are transcribed into an RNA with regions that can base pair to each other to form a double-stranded structure. Such a structure
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is often referred to as a €ppanhandley or €hairpingy and the transgenes are often referred to as RNAI constructs. Long double-stranded RNA can not be expressed in

mammalian cells because it induces a strong cytotoxic reaction 18. For this reason short-hairpin (sh)RNA constructs 22 had to be developed which are now also being tested in
plants.

Another way of triggering RNA silencing in plantsis by engineering a virus to carry afragment of the target gene. Most plant viruses use single-stranded RNA to store their
genetic information, which may form double-stranded structures during replication and as aresult of self-complementarity between regions of the genome. As aresult, the RNA

silencing machinery targets the viral genome, including the inserted host gene fragment. The effect of this virus induced gene silencing 2221 is manifested throughout the infected
parts of the plant.

A small RNA isthekey player

As soon as long double-stranded RNA isformed it is €diced€y into small pieces of double-stranded RNA, each 21-26 nucleotidesin length, named small interfering (S)RNAS.
These siRNAs are the molecular hallmark of RNA silencing 2223, Processing long double-stranded RNA into siRNAS requires an enzyme called Dicer in animals and fungi and
Dicer-like in plants 242226 . There are several members of the Dicer-like protein family in plants that are each involved in RNA silencing 2£:28.29.30.31,32,33

Therole of sRNAsisto guide an RNA-induced silencing complex (RISC) to RNA that has target regions with sufficient sequence similarity to the SSRNA so that a stable base
pairing between the two RNAS can be established (Figure). The target RNA isthen cleaved within the base-paired region and RISC is free to seek another target using the same

SIRNA guide 34, The target cleavage reaction is carried out by a member of the Argonaute protein family that is highly conserved in plants, fungi and animals 2.

Given the nature of siRNASsit is not surprising that introducing fragments of double-stranded RNAs as short as 23 nucleotides into plantsis sufficient to trigger RNA silencing
whereas fragments of 16 nucleotides or less, i.e. smaller than natural occurring siRNAs, are not 6.,

In addition to Dicer/Dicer-like and Argonaute there are several other proteins involved in RNA silencing. They include double-stranded RNA binding proteins, RNA helicases

that unwind the double-stranded RNA and proteins that either carry out chemical modifications of the SSRNASs or that protect the SRNAs from degradation 2£. Much of the
current RNA silencing research is aimed at understanding the role and mode of action of these proteins. Thereis aso interest in understanding variations on this basic mechanism
that influence the properties and outcome of the RNA silencing mechanism. In the following sections we discuss these variations.

3.3 Variationson the basic mechanism

Differ ent mechanisms of double-stranded RNA for mation

Transgenic plants may exhibit RNA silencing even if the transgene was not designed to produce double-stranded RNA.. In some instances the silencing is triggered because there
are at least two identical transgenes at the same integration site that are either in the same orientation (direct repeats) or in opposite orientations (inverted repeats). RNA

transcripts extending across the two transgenes of an inverted repeat would have sense and antisense regions that could base pair with each other to form the double-stranded

RNA trigger of silencing. 383940 Transcription of sense and antisense RNA is also possible in cases where the transgene is inserted close to a promoter of an endogenous gene

that is transcribed in the opposite direction. In this case, sense RNA is transcribed from the transgene promoter and antisense from the endogenous promoter. The two can anneal
to form the double-stranded trigger of RNA silencing. Similarly, silencing of an endogenous gene can be triggered by expressing the corresponding antisense strand %L,

In nematodes (roundworms), fungi and plants there is also a mechanism for producing double-stranded transgene RNA that involves an RNA-dependent RNA polymerase. This
enzyme uses a single stranded RNA template to produce a double-stranded RNA trigger of silencing and, in some instances, the templates are €paberrant€p RNAs lacking the

structures that are present at the ends of €normal € messenger RNA 4242, The RNA-dependent RNA polymerase may also use €pnormal€ RNA templates if thereis a source
of primary SsRNAs in the cell. These primary SSRNAS base pair to a @normal€ RNA and prime the production of double-stranded RNA by the polymerase. The double-stranded
RNA isthen processed into secondary siRNAs by Dicer or Dicer-like enzymes. In this scenario a small amount of primary SiRNAs leads to large amounts of secondary siRNAS.
This amplification process may be important in avirus defence role of silencing.
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In addition to the amplification effect, RNA-dependent RNA polymerase may also have a qualitative effect on silencing if the primary siRNASs are complementary to alocalised
region of the target RNA. In this scenario the priming mechanism resultsin secondary siRNAs that are qualitatively different from the primary siRNAs because they are

complementary to the adjacent regions in the target€p 24424647 (Figure). The transition from primary to secondary siRNAs has been described in plants and nematodes.
However the mechanism may not be exactly the same because the transitivity is bidirectional in plants but unidirectional in the nematode. Transitivity has to be taken into
account in biotechnological applications of RNA silencing because the secondary siRNAs may target messenger RNAs other than the intended targets of the primary SiIRNAs.

Systemic RNA silencing

In nematodes and plants the effects of RNA silencing may not be restricted to the cells in which the double-stranded RNA and siRNAs are produced. There is a systemic signal of
silencing that spreads from cell to cell 1246484950 (Fjgyre). The nature of the signal is still unknown but since it has nucleotide sequence specificity it is believed to be RNA,

probably siRNA, which might associate with specialized transport proteins 2122, Intriguingly, this signal moves through plants in the way plant viruses do, travelling short
distances by exploiting connections between cells, the plasmodesmata, and long distances by entering the phloem, a system of €pipelines€y that also distributes the products of
photosynthesis throughout the plant. At the receiving end, the long-range but not the cell-to-cell signal requires the presence of an RNA-dependent RNA polymerase to start a
new round of RNA silencing 2324,

3.4 Natural rolesof post-transcriptional silencing

Silencing fights viruses and viruses fight silencing

One of the major functions of RNA silencing in plants is to protect against viruses 22. The double-stranded form of viral RNA in an infected cell is processed by Dicer or Dicer-
like so that RISC recruits virus-specific SIRNAs (Eigure). RISC is then programmed to silence the viral RNA in theseinitially infected cells. In addition to this intracellular

process there is also a virus-specific silencing signal that moves through the plant, either with or ahead of the virus, and impairs the establishment of systemic infection€p 2426
(Eigure). To succeed in infecting the entire plant a virus must therefore suppress RNA silencing by blocking the intracellular mechanisms or the silencing signal. Consequently,
viruses produce silencing suppressor proteins that interfere with the silencing mechanism 2Z. The suppressors of some viruses hamper systemic signalling while others bind
SiIRNAS, thus depleting the cell of the key component of the silencing machinery. Other suppressors may inactivate proteins involved in the silencing mechanism. Moissard and
Voinnet 2 give a comprehensive overview of silencing suppressors.

MicroRNAs: small RNAsfor the regulation of endogenous RNAS

Viruses and transgenes are not the only source of short silencing RNAs. In animals and plants there are partially double-stranded RNAs 28 that are processed by a Dicer or Dicer-
like protein into an SIRNA-like molecule, called amicro (mi)RNA 392260 This miRNA then programmes RISC so that it cleaves a target messenger RNA or blocks its

translation. Each miRNA can indirectly affect many messenger RNAs because the proteins encoded by their RNA targets may be regulators of gene expression &1.€p It seems that
the miRNASs are an important class of regulatory RNAs acting in concert with regulatory proteins.

Plant miRNASs generally cause cleavage of the target messenger RNA, similar to ssIRNA-mediated silencing, whereas the normal mode of action for animal miRNAs s to inhibit

translation of the target messenger RNA 3462:6364.6566.67 (Fjqure). This difference may be because animal miRNASs are normally only partially complementary to their target
sequences whereas the plant miRNASs exhibit complete or near complete match. Consistent with thisidea, the mode of action of an anima miRNA - either target RNA

degradation or translation suppression €p can be changed by manipulating the degree of target sequence complementarity 3468,

In one extreme example an animal miRNA was able to block translation of a messenger RNA with only 9 consecutive complementary bases 2. This ability of miRNAs to silence
partially complementary messenger RNAs has important implications for the use of RNA silencing technology in GM crops. It illustrates how transgenic or synthetic SRNAs and
miRNAs may have both intended and unintended targets. This potential hazard is considered in detail in section 6.1.
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Endogenous siRNAs: thedark matter of genetics

In addition to miRNAS there are other endogenous short silencing RNAs in plants. These include siRNAs that are derived from transposons 2279¢) and from repeated sequences
in the genome. Transposons are mobile genetic elements with the potential to damage the genome by integrating themselves into active genes or by inducing chromosome
rearrangements. It is thought that many of the endogenous siRNAs protect the genome by silencing these transposons. Trans-acting SIRNAs are a second class of endogenous
SIRNAs. They target messenger RNAS, exactly like miRNAS, but their biosynthesis involves an RNA-dependent RNA polymerase and is similar to that of the transgene SIRNAS.
In arecent study it was estimated that there may be more than 75000 siRNAs in Arabidopsis of which most do not have an assigned function or target. Further analysis of these
endogenous siRNAs is likely to be informative about the potential uses and difficulties associated with the biotechnological application of RNA silencing.
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Section 4 - Summary of the current literature on RNA-directed DNA methylation
and transcriptional gene silencing

Sametrigger, different effect: silencing of transcription

Post-transcriptional RNA silencing occurs if a double-stranded RNA is similar at the nucleotide sequence level to the transcribed region of the target gene 22-1.12.13.74.15.76
However, if the double-stranded RNA has sequence similarity to a promoter region that controls the expression of a gene, the silencing acts at the DNA or chromatin level and

there is RNA-directed transcriptional silencing (TGS) £2£6.2Z,
Packing DNA more densely blocks transcription

Genomic DNA is coiled around protein-structures, consisting mainly of histone proteins. The complex of DNA and packaging proteinsis referred to as chromatin. Densely

packed areas, termed heterochromatin, are generally inactive, whereas less condensed regions, known as euchromatin, are more active (but there are exceptions to this rule) 2822,
The RNA-directed transcriptional gene silencing is associated with heterochromatin formation at the targeted genomic regions (Eigure).

The transition from euchromatin to heterochromatin, a process known as heterochromatinisation, involves chemical modifications of the histone proteins, such as methylation and
deacetylation. The modified histones then attract proteins which condense the DNA-protein structure to heterochromatin. Such modifications can spread from a nucleation site for

short distances in both directions 8281, |n fungi (with the exception of yeast), plants and mammals heterochromatin formation is often associated with DNA methylation €2. In
insects, nematodes and yeasts there is heterochromatin but little or no DNA methylation.

DNA-methylation: a chemical modification changes gene expression

In plants, RNA mediated transcriptional gene silencing is often associated with methylation of the target promoter DNA £2 that could be either a cause or a consequence of
heterochromatinisation. Methylation is a chemical modification of DNA that does not change the nucleotide sequence and is therefore referred to as an €pepigenetic€p, as
opposed to agenetic, modification. RNA-directed DNA methylation is linked to RNA silencing by the involvement of double-stranded trigger RNA that is processed into

SRNAs 884 |n many examples of transgene RNA silencing there is RNA-directed DNA methylation by the transgene RNA leading to methylation of atarget promoter and
transcriptional gene silencing.

RNA-directed DNA methylation of promoter regionsis highly sequence specific and, unlike post-transcriptional RNA silencing, thereislittle or no transitivity: the targeted
region does not extend beyond the trigger sequence 8286, The de novo DNA methy! transferasesinvolved in initiation of RNA-directed DNA methylation in plants are the DRM
methyltransferases £2-96928252 . Onceinitiated, the pattern of DNA methylation can be maintained, at least partialy, in an RNA-independent manner by the MET1 and CMT3
DNA methyltransferases 2287.8889.90 | some instances the RNA-directed DNA methylation persists through several generations 2.

The mechanism of RNA-directed transcriptional gene silencing

The best understanding of alink between heterochromatin formation and RNA silencing isin fission yeast. The heterochromatin in this organism is maintained in regions of
chromosomes that influence chromosome segregation and mating type determination 2222, There is a clear link with RNA silencing because deletion of Dicer and Argonaute
genes results in afailure to initiate and maintain the heterochromatin 2324, The RNA triggers of heterochromatinisation are transcripts of sense and antisense orientation that
anneal to form double-stranded RNA . This double-stranded RNA is then processed into sSRNAs by Dicer 29 There is also an amplification step mediated by an RNA-

dependent RNA-polymerase 2. The sIRNAs are incorporated into the RNA-induced initiation of transcriptional gene silencing (RITS) complex 22 RITSislike RISC in that it
contains an Argonaute protein and an siRNA that guides the complex to itstarget. Plants and other animals also carry out RNA-directed transcriptional silencing and itislikely
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that they also contain RITS complexes although they have not yet been characterised.

Summary of post-transcriptional and transcriptional silencing

Post-transcriptional and transcriptional gene silencing processes are employed by plants, animals and fungi to fight viral infections, keep potentially mutagenic mobile genetic
elements under control, define the chromatin status (and therefore the activity) of genomic DNA regions and to regulate temporal and spatial gene expression. In plantsit islikely
that there are three main pathways 22190

» Post-transcriptional silencing that is mediated by siRNAs derived from long double-stranded RNA

o Pst-transcriptional silencing mediated by miRNAS, a class of endogenous small RNAs derived from specialised transcripts with short double-stranded features
o Transcriptiona silencing that is associated with chromatin-remodelling

However there are probably variations on these pathways that are subdivided according to the nature of the trigger molecule and the involvement of RNA -dependent RNA
polymerases. Other silencing proteins including those in the extended Argonaute family may also define variations on the three main silencing pathways.

From abiosafety point of view, specificity and stability of the silencing mechanism are of prime importance for assessing hypothetical hazards that may be associated with GM
crops that carry RNA silencing constructs. These hazards are discussed in detail in section 6. The following section describes applications of RNA silencing technologiesin GM
organisms.

Home ¢ Summary e« Introduction ¢ Posttranscriptional silencing ¢ Transcriptional silencing ¢« Applications ¢ Risk assessment ¢ Literature « Glossary ¢ lmages ¢ Survey

https://camtool s.cam.ac.uk/access/content/group/ 72e676a7-375f-43bc-9f a8-5598425141db/baul combe/intro_tgs.htm[01/02/2016 15:06:29]



Section 5 - Applications of RNA silencing in GM organisms

51 Why use RNA silencing?© &€

In most cases, the aim of genetic engineering of cropsisto improve yield, nutritional value or ornamental qualities. While some strategies require the expression of additional
foreign genes, others are based on manipulating the expression of endogenous genes. Reducing the abundance of an unwanted metabolite, e.g. an allergen, can be achieved by
over-producing enzymes that degrade it or by down-regulating those that produce it. Similarly, an increase in the accumulation of a metabolite can result from increased
production rates or decreased degradation activity. Increasing the accumulation of an enzyme involves transformation of the plant with additional copies of the gene that encodes
it, while RNA silencing can be used to specifically suppress the expression of genes.

Transgenes are prone to becoming targets of RNA silencing, which often complicates over-expression strategies while facilitating RNA silencing approaches. To express a
transgene, an intact full-length copy of the coding sequence of the original gene must be obtained. In contrast, afragment of the target gene is sufficient to trigger RNA silencing.

Although induced mutagenesis can be used instead of RNA silencing to obtain plants in which a gene no longer produces afunctional protein, this approach is time and labour
intensive because many plants have to be screened to find one where the gene of interest has mutated. RNA silencing, in contrast, can be designed to target the gene of interest.
Furthermore, inactivation of genes by mutagenesis is permanent, while temporal and spatial control of gene inactivation is possible with RNA silencing approaches. Another
advantage of RNA silencing over mutagenesisis its genetical dominance: a single copy of the transgene from one parent is sufficient to induce the silencing effect in the progeny,
whereas aloss-of-function mutation has to be present in both parents to have an effect in the progeny. This greatly facilitates conventional cross-breeding with a silenced plant as
one of the parents 191102,

One very important goal of genetic engineering in cropsisto increase yields by raising the level of protection against pathogens such as plant viruses. Viral diseases can not be
cured in plants but insecticides are used to fight the vectors of insect-transmitted viruses and thus prevent spreading of the disease. A more environmentally friendly approach
would be to enable the plants to defend themselves. RNA silencing is anatural anti-viral defence mechanism that can be used for this purpose. In nature, the silencing mechanism
usually reacts to an incoming pathogen. Although this offers some degree of protection, it can not stop the disease in its early stages. Sometimes, however, parts of viral genomes
seem to become integrated into plant genomes, which creates a memory for the silencing machinery that helps to target the original virus very efficiently at the early stages of the

infection 193, Thisisthe basis for silencing-based resistance in GM crops: the plants are engineered to exhibit pre-established RNA silencing targeted at economically important
viruses. This approach can probably be extended to other pathogens such as bacteria (see Table 1).

5.2 Many roadsto silencing

There are several ways of triggering RNA silencing in plants. Some techniques, like virus-induced gene silencing (V1GS) or introduction of long double-stranded RNAS or
siRNAs into plant tissues, elicit a short-lived silencing response that can be useful for research purposes but not for generating stable silencing in a GM crop.

Before RNA silencing was known, the most popular strategy to achieve stable silencing in plants was the €pantisense€p strategy. This technique involves expression of a short
fragment of RNA that is complementary to the sequence of the target messenger RNA. By binding to its target, the complementary fragment prevents translation of the

messenger RNA into protein and eventually causes its destruction by proteins that recognise the double stranded section 104105

The antisense strategy was first suggested and demonstrated in 1978 by Zamecnik and Stephenson and has been used successfully in many biological systems ever since 106107
In plant science, expressing antisense RNA in transgenic plants to suppress genes remained a popular technique until the dawn of RNA silencing 1%8. It then became clear that
antisense suppression mainly worked because double-stranded regions on the target messenger RNA trigger RNA silencing and that this could be achieved far more efficiently by
directly expressing double-stranded RNA in transgenic plants 122
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5.3 Applications of RNA silencing in theliterature

Thefirst transgenic crop to be released for commercial growth made use of the antisense technology, now known to be based on RNA silencing. This was Calgene€s Flavr Svr¢p

tomato, which was approved by the United States Food and Drug Administration in 1994 but was discontinued soon afterwards due to marketing problems and customer
rejection.

In the Flavr Svr€p tomato, the antisense construct was used to down-regul ate polygal acturonase, an enzyme that isinvolved in fruit softening 119, Flavr Svr€p tomatoes can be
harvested ripe and have a prolonged shelf-life. However, later examinations of the GM cultivar showed that aberrant integrations of the transgene actually triggered RNA

silencing of the polygalacturonase gene by giving rise to double-stranded RNA 111,

Alsoin 1994, the yellow crookneck summer squash hybrid cultivar Freedom Il became the first virus-resistant GM crop to be deregulated for commercial use in the United States
112 One of its parents was the transgenic line ZW-20, which had been engineered to express the coat (RNA-packaging) proteins of two viruses: Zucchini Yellow Mosaic Virus
(ZYMV) and Watermelon Mosaic Virus (WMV) 113, Although the rationale behind the creation of line ZW-20 was to actually express the viral coat protein in order to interfere

with the regulation of the viral infection (pathogen-derived resistance), the resistant plants exhibited remarkably low levels of the viral protein 112, It is most likely therefore, that
the mechanism behind the virus-resistance of ZW-20 is RNA silencing.

Although silencing-based GM crops had been introduced very early on, they do not contribute significantly to the 80 million hectares of commercially grown GM crops world-
wide at present 1. The vast mgjority of these crops have been engineered to express a bacterial gene conferring insect resistance or a herbicide tolerance gene.

Nevertheless, searching literature databases for applications of RNA silencing or antisense technology clearly shows that many more GM crops using these technologies are
currently being developed for future commercial use. Table 1 gives an overview of the current literature on applications of silencing technologiesto GM crops. Since RNA
silencing is anatural defence strategy against pathogens, especially viruses, it is not surprising that a significant proportion of applications of RNA silencing in plants focus on
antivira resistance. However, the table shows that there are many other possible applications of this technology in GM crops.

It is striking that many silencing strategies are still based on antisense or sense co-suppression, i.e. silencing the target by integrating additional copies of the gene in sense or
antisense orientation.€p Thisis surprising, because it has been known for some time now that double-stranded RNA is the most potent and reliable trigger of RNA silencing.

Many protocols and tools have been developed in recent years to facilitate the construction of the transgenes that are required for this strategy 112, Double-stranded (hairpin)
RNA as atrigger of RNA silencing seems to be more popular as atool in basic research where it is used to investigate the function of genes 116:117.118,119,120,121,122,123,124,125

At present, there are no reports of promoter-silencing strategiesin GM crops in the literature. Promoters are sequences that control the expression of genes, thus silencing a

promoter inactivates transcription from the gene it controls. The resulting transcriptional silencing may be advantageous because it might be more stable than post-transcriptional
silencing.

RNA silencing can also be introduced non-intentionally when using random mutagenesis to obtain new crop cultivars. Thiswas reported for arice cultivar in which atermination

signal between two genes was lost by mutagenesis. As aresult, double-stranded RNA is formed, which triggers silencing of afamily of genesthat isinvolved in glutelin

production 128, This cultivar is of commercial interest because it is suitable for patients on alow-glutelin diet 12£.¢

©Although this report focuses on plants, the following paragraph briefly describes applications of RNA silencing in medical research.

The therapeutical usability of SIRNAs s currently explored by many research groups and companies and has largely replaced antisense and ribozyme techniques 128, The hopeiis
that SSIRNAs will be routinely used one day to control metabolic, genetic and infectious diseases, by targeting over-expressed endogenes, mutated proteins, signalling proteins,
proteins targeted by pathogens or pathogen-genomes themselves. Early studies in this field proved the concept but relatively large amounts of siRNAs were required which would

be impractical for applications in human patients 122130 Hence, delivery of artificial SIRNAS for in-vivo applications has been amajor focus of research and a multitude of
chemical modifications of the SRNA molecule have been proposed to enhance stability and cellular uptake of the drug 131, Several studies and clinical trials are currently
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underway and many have delivered encouraging resultsin curing or relieving symptoms of conditions such as cancer, age-related macular degeneration, autoimmune diseases,
arthritis and many viral infectious diseases - some of these have recently progressed to phase 1 human trials or about to do so 131132, Thefirst clinical data were presented
recently by SirnaTherapeutics (Boulder, CO, USA), showing promising results from the initial treatment of 14 patients of age-related macular degeneration 133,

Interestingly, we might even see overlaps between applications of RNA silencing in GM plants and therapeutical applicationsin human patientsin the future: Zhou and co-

workers reported in 2004 132 that they had engineered tobacco plants to produce SSRNAS targeting an influenza virus. They harvested RNA, including the SIRNA fraction, from
the plants and introduced these into isolated human cells. The plant-produced siRNAs successfully targeted the virus in the human cells and inhibited its replication.
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Section 6 - Assessment of risks associated with RNA silencing in GM crops

6.1  Silencing of non-target genes (off-tar get effects)

The goal of silencing-based strategiesin GM crops is to down-regulate a specific target gene without affecting the expression of other genes. Non-target genes can be affected by
silencing trigger transgenes either directly or indirectly. A direct interaction between transgene-derived SsIRNAs and a non-target messenger RNA, which can occur if thereis
sufficient sequence similarity, can induce silencing of the non-target gene. Thisis also referred to as an €poff-target€p effect (Eigure). In contrast, indirect (or €secondary€)
effects on non-target genes can be caused by silencing a gene which regulates the expression of other genes. Secondary effects are afeature of any type of genetic manipulation,
including induced mutagenesis. It is not always straight-forward to distinguish between primary and secondary effects because we do not know all possible interactions between
genes even in organisms that have been fully sequenced.

6.1.1 Hypothetical hazardsand their consequences

It is necessary to minimise off-target effects that would cause unpredictable perturbations of the plant€s metabolism. Extensive off-target effects would undermine the proposed
advantage of RNA silencing as a nucleotide-sequence specific method of reducing gene expression.

6.1.2 Evidence addressing hypothetical hazards
6.1.21  Studieson target RNA abundance

A controversy in the current scientific literature on the issue of off-target silencing is largely based on work with animal systems investigating the specificity of miRNAs and
siRNAsin RNA silencing. These studies indicate that there is a significant potential for off-target effectsin RNA silencing.

The experimental approach involved analysis of messenger RNA profiles following the introduction of synthetic SRNAs into cultured cells 132136.137 The messenger RNAs that
showed reduced accumulation in response to the SSIRNAs were then inspected for potential SIRNA target sites. Results from studies using this approach are summarised in Table
2.€ In general, affected messenger RNAs can be subdivided into those that have potential target sites with at least partial similarity to the IRNA and those that do not. A given
SIRNA can induce silencing of messenger RNAs that have potential target sites and we need to score these as off-target effectsif they were not intended and not predicted. Those
messenger RNAs that do not have a potential target site for the SSRNA probably represent secondary effects, i.e. they are regulated as a consequence of silencing the intended
target gene or in response to flooding the cell with the double-stranded trigger RNA. However, our knowledge of the requirements for the sSIRNA-target interaction may not yet
be sufficient to predict all target sites. Thus, there may be messenger RNAs in the latter group that are actually directly affected by the silencing trigger but currently used
computational agorithms are incapable of identifying these.

One study in human cells found that many messenger RNAs were affected by applications of synthetic SIRNASs, several of these were most likely due to off-target silencing while
others clearly were secondary effects 82. Asfew as 10 matching nucleotides between SIRNA and target were sufficient to induce silencing in at least one case. In contrast, other
studies found relatively few off-target effects 138 or even none at all 132140, No off-target but numerous secondary effects caused by the introduction of double-stranded SIRNAS
was another outcome from a similar study 141, Importantly, extensive off-target effects can be caused by very high levels of SRNAs but these are avoidable by reducing the
SIRNA level, aconcept that has been confirmed by different approachesin plants and other organisms as wel| 140.142,143,144,145

In general, the outcome of such expression profiling studies apparently depends on the experimental conditions and the choice of sIRNAs and target genes. Off-target effects can
not be altogether excluded but they can be minimised by optimising the experimental conditions.

An emerging theme from these studiesiis that the effect of atarget site mismatch depends on its position within the SsSRNA or miRNA: Mismatches in the 5€p half of the
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SIRNA/miRNA can abolish the sSRNA/miRNA-target interaction altogether while mismatches in the central and 3€ positionsimpair the cleavage reaction. This has been
confirmed in plants as well 36142146 Additionally, the nature of the mismatch also influences its disruptive effect on the sSRNA-target interaction: G-U wobble base-pairs and A-

C mismatches, for example, are often well tolerated and G-U wobbles have even been reported to enhance the activity of SIRNAs in some cases 144:148.149 However it has not yet
been possible to derive genera rules for all SsIRNAs and their potential targets. It islikely that additional factors will need to be taken into account including the position of the

target site within the target messenger RNA sequence 190.151.152,153,154,155

So far, only asingle messenger RNA profiling study in plantsis available in which the issue of off-target silencing is addressed 18, |n contrast to the above studies in animal
systems, Schwab and co-workers examined the specificity of miRNAS by transforming Arabidopsis thaliana with additional copies of four different endogenous miRNA
precursor genes and the plants were shown to express elevated levels of the corresponding miRNASs. The findings differed from the siRNA studiesin animalsin that the down-

regulated messenger RNAs all had a maximum of three mismatches to their miRNA in the target site. Similar but less extensive studies with other miRNASs produced similar

results 22:157,158,159,160,161,162,163,164 4 jt has been suggested that the plant RNA silencing machinery may be more specific than its animal counterpart.

Evenif the SRNA-target interaction would not tolerate any mismatches, off-target effects could occur because genes often share regions of highly similar sequence as a
consequence of evolutionary processes by which families of genes emerge. The degree of sequence similarity varies between members of a gene family and the region within the
gene. Regions that encode important catalytic domains in the final protein product are less free to acquire mutations without disrupting the function of the protein; these are
therefore generally more conserved.

It is obvious from our understanding of the mechanism of RNA silencing that a prediction of potential off-target effects can only be based on a detailed analysis of the entire
sequence of apotential off-target gene. However, there is a correlation between sequence similarity and the likelihood of off-target effects 162:166.167,168,169,170,171,172 gnq jn
general, as a @rule of thumbe€p, off-target silencing is highly likely if thereis an overall sequence similarity between intended target and a gene family member of ~8006 13174,
whereas there is alow probability of off-target silencing with less than 70% similarity 1/3-15.176.177

Several studies have provided away of avoiding silencing of gene family members: messenger RNAs have regions at both ends that are not translated into protein (untranslated
regions or UTRS), which usually are highly variable and thus can be targeted by a silencing trigger to ensure specificity within a gene family 18172180181 Becase the target
region can spread on a transgenic but not an endogenous messenger RNA #4182 thjs strategy can only be used when endogenes are targeted.

6.1.2.2 ¢Studieson trandational repression

Mismatches between SIRNA and target, particularly in the centre and 3€ end of the SIRNA, often abolish target cleavage but that does not necessarily mean that RNA silencing is
not taking place. In animals and plants, miRNAs mediate translational repression as well astarget RNA cleavage. Similarly, at least in animals, there can also be trandational

suppression with synthetic SRNAs @,&,@_0 It istherefore possible that the analysis of messenger RNA abundance may result in underestimation of off-target RNA silencing.

To examine trand ational repression effects in off-target studies, protein profiling techniques are available. However, this type of analysisis far more time and labour intensive and
does not offer the same extent of coverage as messenger RNA profiling.

Herman and co-workers pursued such a protein profiling approach to examine the specificity of asilencing trigger that targets amajor allergen in soybean 182, Only a small
number of proteins analysed were found to be affected in the silenced plants and these were linked to the target gene. Thus, no off-target effect was found in this case.

In adifferent approach, introducing a mismatch in the centre of amiRNA target sitein a plant in-vivo assay abolished silencing altogether instead of changing the mode of action

to translational repression 142.

All in all, except for the recent evidence that at least one miRNA in plants silences its target by translational repression 122 there is not much data on this phenomenon in plants
yet. It is possible that translational repression in plantsis very inefficient and possibly even negligible as a potential cause of off-target effectsin GM crops. Even in animal
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systems there is evidence that more than one target site for an SSRNA is required on any given messenger RNA to induce efficient translational repression 183, which is supported
by the observation that miRNA-regulated messenger RNAs in animals often contain several miRNA binding sites $26267.185,186,187,188,189,190,191 Ho\wever, in at least one case
in an animal system, imperfectly paired siRNA induced efficient translational repression with only asingle target site 142,

6.1.3 Assessment of evidence and implicationsfor the practice

The interaction between siIRNAS and target sequences tol erates mismatches to a certain degree in animal systems. Far lessis known about the details of the siIRNA-target

interaction in plants but the emerging evidence suggests that it is less tolerant of mismatches. Similarly, translational repression by mismatched SRNAS/miRNAs is an important
issuein animal systems but less so in plants.

Several studies show that even highly inefficient mismatched triggers can induce significant silencing when introduced at high levels. To minimise off-target effectsin GM crops
it isthus desirable to express the silencing trigger at the lowest level possible by choosing an appropriate promoter.

To further minimise the off-target potential shorter trigger sequences should be used. Most researchers use long triggers in plants that cover large proportions of the target
messenger RNA. This givesrise to alarge and diverse pool of SsIRNAs which obviously increases the chances of off-target silencing. Constructs that produce only asingle

species of SIRNA, known as short hairpin (sh)RNA constructs, have been developed in animal systems and these have now been adapted to plants as well 122,

Many computer programs are now available to assist in designing efficient and specific silencing triggers. A popular tool to identify sequences with sufficient sequence similarity
to agiven sequenceisthe BLAST program (see http://www.ncbi.nim.nih.gov/Education/BL A STinfo/information3.html for details). Although this tool is frequently used by

researchers to identify off-target genes, the algorithm was not designed to match short sequences like SSIRNAs and is therefore not ideally suited for this task 193194.19 Tq close
this gap, several web-based tools are now available to analyse potential off-target effects from a given trigger sequence 1226197 However, riceis the only crop species to be fully

sequenced to date and sequencing effortsin other species are often hampered by the fact that many crop genomes are highly complex. Thus, computational prediction of off-
target effectsin crops will be incomplete in most cases.

The most likely candidate genes to be affected by off-target silencing are members of the same gene family as the intended target, especialy if there is more than 80% sequence
similarity to the silencing trigger. Therefore, it is good laboratory practice to include an analysis of the expression of known family membersin any silencing experiment. Fully
sequenced model species like Arabidopsis thaliana or rice can often help identifying gene families in less extensively sequenced species. Of course, silencing more than one
member of a gene family might often be desirable to completely suppress a metabolic pathway.

While off-target effects can be minimised by applying rational design rules for the silencing trigger and making use of computational tools 12319 jt can never be completely
excluded. However, unpredicted changes in gene expression patterns can be the result of other GM strategies as well, which iswhy the concept of €psubstantial equivalencegy to
the non-GM parent of the GM plant was introduced by the OECD and FAO/WHO to avoid exposing consumers and the environment to undesirable metabolitesin GM plants

198,19 Rapid and reliable methods are now available to prove substantial equivalence 222. If a silencing-based GM plant can be shown to be substantially equivalent to its non-
GM parent, off-target silencing can be regarded as negligible.

6.1.4  Suggestionsfor futureresearch

More research is required to investigate the impact of transgenic RNA silencing strategies on whole genomes in plants. Until now only one such study has been published 128 and
thisinvolved over-expression of natural miRNAs rather than SIRNAs. Natural miRNAs may have evolved for maximum specificity and it is possible that miRNA-mediated
silencing is more stringent than the siRNA-mediated pathway. Therefore it isimportant to investigate the specificity of SSRNA-mediated silencing in plants, using messenger
RNA and protein expression profiling techniques to examine off-target effects caused by target cleavage and translational repression.

Such studies should also include a comparison of different trigger strategies, i.e. long or short fragments of single- or double-stranded RNA, shRNA and artificial miRNAS.€
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It was reported that a shorter version of sShRNAs can reduce off-target effectsin animal cells 222, This phenomenon should be examined in plants too. A comparison of silencing
strategies should furthermore test a variety of promoters to find out the impact of expression levels of the silencing trigger on its off-target potential.

6.2 Silencing of target genesin non-target tissues

In some cases it might be desirable to restrict silencing of atarget gene to specific tissues, e.g. if silencing of the gene in the entire plant compromises its growth and therefore the
yield.

6.2.1 Hypothetical hazardsand their consequences

The hazards associated with silencing of the target gene in non-target tissues depend on the function of the target gene and the reason why it was chosen to be silenced in
restricted tissues only. If this was done to avoid detrimental effects on the growth and yield of the crop, silencing in non-target tissues would simply reduce the economical value
of the crop while not posing any hazard to consumer or environment. If, on the other hand, the reason for the tissue restriction was that global silencing of the target gene could
cause elevated levels of undesirable metabolites, silencing in non-target tissues could pose a serious hazard.

Tissue restriction is achieved by using atissue specific promoter. This strategy could be jeopardised if the promoter has some activity in other tissues or if a systemic silencing
signal can cause silencing of the target in other parts of the plant

6.2.2 Evidence addressing hypothetical hazards

The targets of silencing strategiesin GM crops normally are endogenous genes. To our current knowledge endogenes are protected from the interlinked phenomena of transitive
and systemic silencing 2. This was clearly demonstrated in a grafting study where an endogenous target gene could only be silenced by a systemic signal if an additional copy,
i.e. atransgene, was present in the receiving tissue 4.

Tissue specific silencing of endogenes has been used successfully in several studies 232:203.204.205 Only in one case some leakage of silencing into neighbouring tissues was

reported, which might be due to aresidual activity of the promoter in these tissues 22,

6.2.3 Assessment of evidence and suggestionsfor the practice

Endogene silencing does not spread systemically to our current knowledge and the data from studies employing tissue specific silencing suggests that this technique produces
reliable results. Tissue specificity should be carefully analysed in cases were silencing in a non-target tissue could pose a hazard. This can easily be done by standard |aboratory
methods.

6.24  Suggestionsfor futureresearch

Although there is no indication that silencing of endogenes can spread systemically, only arelatively few genes have been examined so far. To verify these findings it would be
desirable to test more genes using published techniques.

6.3  Stability of gene silencing

This section evaluates the likelihood that traits based on RNA silencing would be unstable or influenced by environmental factors including plant viruses.
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6.3.1 Hypothetical hazardsand their consequences

The hazards due to loss of RNA silencing in a GM crop depend on the function of the target gene. In many instances the loss of silencing would impair the agronomic or other
properties of the crop or its product but they would not pose a threat to the environment or the consumer. However, if the silenced target is an allergen or is associated with
toxicity, theinstability of the RNA silencing trait could present a hazard in supposedly allergen-free food crops. Where silencing is targeted at a pathogen any unexpected |oss of
the disease resistance could create reservoirs for pathogensif farmers do not use any additional means of controlling the pathogen. Instability may also present a potential hazard
if silencing is being used to reduce the risks associated with the expression of another transgene, e.g. by silencing the transgene in pollen to prevent any ingestion by pollen

feeding animals or by using RNA silencing to confine transgenic plants to controlled environments€ 225297, |n these cases, any loss of silencing or failure to induce it would
expose the environment or the consumer to a potential hazard.

6.3.2 Evidence addressing hypothetical hazards

RNA silencing may be unstable because it fails to be initiated in the plant. It could also be inactivated because expression of the silencer transgene exhibits spontaneous instability
manifested within a plant or over several generations.€p Furthermore, there might be environmental factors including stress or virus infections that influence transgene RNA
silencing.€¢

6.3.21  Variability of the onset and extent of silencing

Many examples of RNA silencing involve transgenes that are a copy of the target genein either a sense (co-suppression) or antisense orientation (antisense suppression).€p
Embryonic and meristematic tissues at the growth tips are often free of silencing in plants with these constructs 2% and the onset of silencing occurs spontaneously and

unpredictably at various stages of the plant€ps life cycle 23.173.176,177,209.210211,212.213.214 |y some of these cases the silencing was shown to be manifested only in a subset of
the plants carrying the same transgene locus (Eigure).

The onset and patterning of silencing in plants with sense and antisense transgenes may be influenced by the expression level of the transgene or itstarget in different tissues of
the plant. The Cauliflower mosaic virus (CaMV) 35S promoter is the most frequently used element to control the expression of transgenes, including silencer transgenes.
Although CaMV 35S generally is a strong promoter in most tissues of dicotyledonous plants, some variation in its activity, particularly between roots and leaves, has often been
observed 215:216.217,218.219 anq could account for the difference in silencing-based virus resistance between aerial parts and roots of a plant 222, There may also be seasonal

influences in 35S-driven transgene expression in perennial plants 221, which might influence the efficacy of a silencer transgene.

The pattern of silencing in plants with sense transgenes could also be influenced by the spreading of a systemic silencing signal. In plants exhibiting co-suppression of nitrate

reductase the silencing causes a yellow chlorotic effect so that the spread of silencing could be monitored by the spread of chlorosis 2L, Silencing was initiated in small regions
of young leaves and it later spread through the phloem following the flow of photo-assimilate from source leavesto sinks. From these findings it seems likely that the timing and
pattern of silencing would vary depending on factors affecting phloem transport.

In contrast to weak triggers of silencing like sense or antisense single-stranded RNA, double-stranded RNA is a highly potent trigger and plants that express double-stranded
silencing triggers usually exhibit fully established silencing in all young seedlings of atransgenic plant line 112121222

Once established, RNA-silencing can be lost again if the silencer transgene undergoes transcriptional inactivation (Eigure). Transgenes have indeed often been shown to be

unstable due to becoming hypermethylated in a process that can take several generations€ 223224:225.226.221 (Figure). This process could be more efficient in cases where the
transgene is specifically designed to trigger silencing, thus also promoting its own hypermethylation.

Several studies have shown that silencer transgenes trigger RNA-directed DNA methylation against themselves 43:228.229.230 g, A|though methylation of transgenic DNA can
spread from its original target region, it does not normally cross the border between transcribed regions and flanking sequences such as promoters 231:232.233.234 Ho\yever, the
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presence of several copies of the original methylation target site in the genome can cause more extensive spreading of methylation into neighbouring genomic regions 232236,

While hypermethylation in the transcribed region of the silencer transgene might even increase its silencing efficiency, spreading of the methylation into the promoter (Figure)
would inactivate the silencer and thus re-activate the silenced target gene.

To our knowledge, there are no reportsin the literature that clearly show aloss of silencing due to promoter hypermethylation during the lifetime of a plant. Using co-suppression
strategies, silenced |eaves have been reported to occur between non-silenced ones and vice versa1ZL and one study even found an entire axillary shoot on an otherwise completely

silenced plant that seemed to have lost silencing 232 but it is unlikely that silencing was lost as a consequence of transcriptional inactivation of the silencer transgene because the
latter was found to be over-expressed. It seems more plausible that silencing had failed to initiate in these tissues. The same is true for the variegated silencing phenotype of

flower pigmentsin petun|a_,§,5
6.3.22  Stability of RNA silencing over generations

Post-transcriptional silencing appears to be stable during the life-time of a plant but, in contrast to transcriptional silencing, it islost in reproductive tissues or during seed
development and re-established in the progeny with the same frequency and spatial/temporal pattern asin the parental generation 1£6:214.238.239.240 (i re). As discussed above,
silencer transgenes may become inactivated in agradual processinvolving increasing levels of methylation over the course of several generations The same effect has been
observed as a consequence of vegetative propagation 242,

Several authors reported that transgene-induced silencing was reliably re-initiated in the progeny and stable during the life time of aplant for at least 3-5 generations

116.117,118,119,120,121,122,123,202.205.208 'Ho\ever, there are also reports where silencing failed to re-initiate after seed- or vegetative propagation or showed increased variability

124,125.241.242 |t js|ikely that the loss of silencing was caused by a switch from post-transcriptional to transcriptional silencing of the silencer transgene in these cases.

There are not many long-term observations of silencing stability but some plant lines with co-suppression phenotypes are used by many research groups and must have been seed-
propagated many times since they were generated. One particularly well examined example is the tobacco line 271 which harbours a silencer transgene that triggers post-
transcriptional silencing of endogenous nitrate reductase genes and transcriptional silencing of viral promoters. Thisline was obtained in 1992 and is still in usein various

research groups, thus silencing has been stable in this line for an unknown number of generations over the last 13 years 243244

Another long-term observation comes from arice cultivar with an inverted-repeat re-arrangement within its genome which has shown stable silencing for more than 20
generations now 128, |n addition, there is evidence that naturally occurring integration of viral genesinto a plant genome can €immunise€ the plant by providing amemory for
a silencing-based resistance. This phenomenon appears to have been stable in a Nicotiana species for an extremely long period of time, that was sufficient to cause extinction of
the original virus 123,

Silencing-based GM crops can be useful in classical cross-breeding programs. Several studies examined the silencing phenotype in plant lines into which two different silencer
transgenes had been introgressed and found that these €pstacked€p transgenes gave rise to the same pattern of silencing asin the parental lines they were derived frome

176,245.246 |n one case, highly variable silencing patterns were reported in a plant obtained from crossing two antisense-suppression lines 24, However, these were probably
caused by growing the plantsin in-vitro culture and not by the cross-breeding procedure itself.

6.3.2.3 Viral infections

When two unrelated viruses infect a plant, one of the two is often found to accumulate to higher than normal levels, a phenomenon known as €synergism€p 228. It has been

shown that the virus showing increased abundance benefits from the silencing suppressor encoded by the other virus 242:230.251.252 Thys, viruses can €yco-operate€p to
overcome the natural resistance based on RNA silencing. In addition, viruses have also been shown to interfere with some forms of natural occurring co-suppression affecting

flower or seed pigmentation 223224255 Consequently, it is likely that virus infections can result in aloss of transgene-induced RNA silencing in aGM crop (Figure).
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Such loss of transgene-induced silencing or prevention of itsinitiation has indeed been demonstrated in several experimental systemsin plants and this has been developed into a
tool to identify and characterise novel silencing suppressor proteinsy 22:26:251.252.256 g, A virus may not easily overcome a silencing-based resistance by suppressing the

silencing because it stargeted for degradation by the silencing machinery before it can accumulate sufficient amounts of its suppressor protein. However, it has been shown that a
previous infection with a non-target virus can suppress the silencing against the target virus and allow the latter to infect the plant 22£:258.259.260

Another way in which avirus can inactivate silencing is by transcriptionally silencing the promoter that drives the expression of the transgene that triggers silencing. This requires
an infection with the virus from which the promoter was derived, the Cauliflower mosaic virusin most cases, or avery closely related virus. Transcriptional silencing of

transgenes under the control of the Cauliflower mosaic virus 35S promoter as a consegquence of an infection with this virus have indeed been foun

Viruses can also influence the silencing machinery by inducing a stress response in the plant as discussed below
6.3.24

Stress and other environmental influences

Stress can be induced by sub-optimal environmental (abiotic stress) parameters such as temperature, light and chemical composition of the soil or it is caused by other organisms
(biotic stress) that cause injuries or disease. Stress induces widespread changes in the plant metabolism, which also affect the RNA silencing machinery

silencing suppressor and was also induced by abiotic stress.

A vira infection, in addition to actively suppressing silencing in many cases, triggers stress responses similar to those triggered by other forms of biotic or abiotic stress
262,263.264 |n one report, a virus escaped RNA silencing when the plants were infected with various unrelated viruses 282, Thisloss of virus-resistance did not depend on a
ilencing su :

Another inducer of stress responses is growth on artificial media, atechnique that is often used to vegetatively propagate plants. Callus culture is the induction of atumour like

growth from pieces of plant tissue on artificial media which can be used to transform and regenerate plants. Loss of silencing or reduced silencing efficacy, even when using
highly potent triggers, has been reported several times as aresult of callus culture or in-vitro propagation <<=

222,241,266

Callus- and in-vitro culture, similar to other stress conditions, induce increased global methylation rates of genomic DNA 241.267.268 \yhich could facilitate the self-inactivation of
silencer transgenes due to promoter methylation and thus re-activate the silenced target gene

However, the effect of callus and in-vitro culture can not be generalised as there are reports that show that a callus was not only able to stably maintain silencing but also to
initiate silencing of another target 259, Furthermore, in-vitro culture was even used in some cases to increase the efficiency of silencing initiation

211213

Changesin environmental conditions influence the metabolism of plants even if they are not extreme enough to cause a stress response. One environmental parameter that is now
well known to influence the efficacy of RNA silencing is the temperature. Higher temperatures generally lead to increased abundance of virus- and transgene-derived SSIRNAS
and thus enhanced silencing efficacy, which can be exploited to cure plants of viral infections 229, In contrast, low temperatures inhibit the activity of the silencing machinery

211,272,213 5lthough miRNA biosynthesisis unaffected 222, In addition, transcriptional silencing by hypermethylation is less efficient at |ow temperatur
6.3.25 i

es24
Evidence obtained from field trials

Field trials are more relevant to the agronomical use of GM plants than studiesin the laboratory because the expression of transgenes can be greatly affected by environmental
factors 212276 |n addition, large numbers of transgenic plants can be grown and analysed in field trials and these are exposed to pathogens and environmental changes
Therefore, afield trial summarises al of the above issues in one experiment and allows statistical anayses

No reports of field trials with plants expressing highly potent double-stranded RNA sulencer transgenes seem to be available yet but some trials are ongoing at the moment or
planned for the near future (see: http:// .ogtr.gov.au/rtf/ir/dir054

https://camtools.cam.ac.uk/access/content/group/ 72e676a7-375f-43bc-9f a8-5598425141 db/baul combe/risks.htm[01/02/2016 15:06:30]


http://www.ogtr.gov.au/rtf/ir/dir054secv.rtf%20and%20http://gmoinfo.jrc.it/gmp_report_onepag.asp
http://www.ogtr.gov.au/rtf/ir/dir054secv.rtf%20and%20http://gmoinfo.jrc.it/gmp_report_onepag.asp

All of the studies discussed here used plantsin which silencing was triggered using either the co-suppression or antisense strategy. Field trials confirmed laboratory results that the
onset of silencing with these weaker silencer transgenes can be variable and often occurs at |ate stages of plant development ~22-15541be02,.225.200 . In one study, there was
increased variability in the level of co-suppression of flower pigment genesin comparison to laboratory experiments 22, Furthermore, the onset of silencing was shown to be
affected dramatically by the growth conditions 211:213.214 None of these studies analysed individual plants for spontaneous loss of silencing but the percentage of silenced plants
never decreased in any field trial over time, thusif there was any loss of silencing it did not affect significant proportions of the plants analysed 120213214 Additional indication
for the long-term stability of engineered silencing phenotypes comes from studies describing silencing-based pathogen resistance, many of them under field conditions
113.114,277,218.219.280 Hoyever, these experiments are not as informative as the above studies because the silencing phenotype, unless examined in the laboratory, is only
apparent when the plant is under pathogen attack.

Field trials with transgenic trees are an opportunity to monitor the stability of silencing in individua plants over particularly long periods of time. In two studies, silencing was
found to be stable over a period of four years when the trials were terminated 222281,

6.3.3 Assessment of evidence and implicationsfor the practice

It is clear from the above that the choice of a silencing trigger greatly influences the various aspects of RNA silencing stability. Surprisingly, many researchers still use the rather
inefficient co-suppression or antisense-suppression strategies although a number of tools and protocols is available now to simplify the construction of efficient double-stranded

RNA silencer transgenes 112, Using these highly potent triggers generally results in more stable and reliable silencing than co-suppression or antisense-suppression.
Consequently, double-stranded RNA triggers should be used in any case where stable and reliable silencing throughout the plant is critical for biosafety reasons. In these cases,
the silencing phenotype should also be analysed in different tissues of the plant as there may be significant variations in the silencing efficacy, particularly between roots and
aerial parts.

Spontaneous loss of silencing during the life time of a plant has not been ruled out yet but in most cases it is more likely that silencing that seemed to have been lost had instead
failed to initiate due to an ineffective silencer transgene.

To ensure long-term stability of a silencer transgene, it isimportant to prevent its promoter from becoming hypermethylated and thus inactive. Strategies have been developed to
increase the stability of transgenesin GM plants which might be even more crucia for silencer transgenes. These include avoiding excessive bacterial vector sequences flanking
the transgene in the delivery vector and selection for single integration sites within gene-rich genomic neighbourhoods with low levels of methylation and heterochromatin

282,283 ¢ Transgenes can be embedded in sequences that target a region to transcriptionally active sites within the nucleus 282, These so-called 'matrix attachment regions' shield

the transgene from the influence of neighbouring heterochromatin. A recent study clearly showed that post-transcriptional silencing is significantly more stable over the cause of

several generations when matrix-attachment regions are included in the construction of the silencing trigger transgene 222,

Due to itsinheritability even in absence of the original trigger, transcriptional silencing might seem to be preferable to post-transcriptional silencing in terms of long-term stability

25 However, only asubset of the progeny actually inherits the silenced state 12230285286 Therefore, transcriptional silencing does not increase the long-term stability of the
silenced phenotype in comparison to post-transcriptional strategies.

Even stable silencing that isinduced by strong triggers can be impaired or lost in response to environmental conditions or pathogen attacks. Viral infections are the most serious
threat to the long-term stability of RNA silencing because viruses often encode silencing suppressor proteins. In cases where the target of a silencing strategy isavirus, this effect
would require a double infection because the target virus itself is unable to establish an infection and expressits silencing suppressor. The likelihood of such double-infections
depends on the crop and regional conditions.

In summary, most reports so far indicate that silencing is stable under field conditions but there is no way of excluding unpredicted fluctuations in the efficacy of RNA silencing
or even acomplete loss of silencing under certain conditions.€p In most cases this would not pose a hazard to the environment or the consumer because aloss of silencing simply
re-activates the production of anatural metabolite. However, to our current knowledge, RNA silencing can not be recommended for any applications where any instability of
silencing would cause serious hazards to the consumer or the environment.
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6.34  Suggestionsfor futureresearch

Most of the studies reviewed in this section involved co-suppression or antisense suppression strategies. Double-stranded RNA triggers, on the other hand, have shown far
superior propertiesin all studies so far but more data is required to assess their long-term stability. These studies must take into account the different integration sites and the

structure and length of the trigger sequence. As discussed in section 6.1 shorter triggers are preferable to avoid off-target effects. Although shRNA triggers have recently been

adapted to plants 122, no study on their long-term stability in plant genomesiis available yet.

Furthermore, field trials with plant expressing highly potent silencer transgenes are required to further assess their stability. A useful model system would involve silencing of a
gene that has an easy-to-score phenotype but is dispensable for normal plant development, e.g. genes involved in flower pigmentation.

6.4  Escape of virusesfrom silencing-based resistance

Being targeted by RNA silencing in a GM crop imposes a strong selection pressure on the virus to reduce the similarity between its genome and the silencing trigger by acquiring

mutations. It is highly likely that viruses are able to escape from being silenced in this way because of the high mutation rates associated with viral replication, especially in RNA
viruses (Eigure).

6.4.1 Hypothetical hazardsand their consequences

Obvioudly, loosing its resistance due to viruses evading silencing by acquiring mutations would seriously impair the agronomical benefit of the GM crop but not necessarily pose
a hazard to the environment or the consumer. However, forcing a virus to acquire mutations can facilitate the emergence of novel viruses which might be athreat to other crops.
A breakdown of resistance in a supposedly resistant crop could also create areservoir for the virus that might pose a threat to plants on nearby fields.

6.4.2 Evidence addressing hypothetical hazards

An escape of viruses targeted by transgene-induced RNA-silencing has not been reported yet in plants. However, viruses were shown to escape from being silenced by very short
triggers of silencing (SiIRNAs in this case) in mammalian cells. The escaped viruses had indeed acquired mutations in the targeted regions 123287 However, it was also shown
that this effect could be avoided by targeting several regions at once 123,

6.4.3 Assessment of evidence and implicationsfor the practice

Itislikely that viruses can escape from being targeted by RNA silencing in plantsif short triggers are used. Most silencing strategies in plants employ long triggers that target
large regions within the viral genome. However, as discussed in section 6.1, short triggers are preferable to reduce off-target effects. A compromise would be to target severa
regions within the viral genome with short triggers such as shRNAs as shown for mammalian systems.

6.4.4 Suggestionsfor futureresearch

Experiments similar to those done in mammalian systems 123287 need to be carried out in plants to assess the risk of viruses acquiring mutation to escape from a silencing-based
resistancein GM crops.

6.5 Saturation of the silencing machinery

Transgenic RNA silencing strategies flood the organism with silencing trigger molecules to induce efficient suppression of the target gene. This basically mimics aviral infection
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during which ssiRNA levels reach exceptionally high levels 288, The consequence could be overloading of the silencing machinery, which may be tolerated temporarily but might
result in long-term defects (Figure).

6.5.1 Hypothetical hazardsand their consequences

Saturating all available silencing effector complexes by an overload with transgene-derived siRNAS could render the plant more susceptible to virus infections and cause

developmenta defects due to an interference with endogenous small RNA functions. Since one of the major functions of endogenous siRNAs is to keep transposable elements
under control, this could lead to enhanced rates of mutation 282:220.291,292

6.5.2 Evidence addressing hypothetical hazards

No direct evidence for saturation effects in plants has been reported yet. In one study such effects where analysed in plants that expressed two different double-stranded trigger
RNAs. There was efficient silencing of both endogenous targets and thus no saturation due to stacking of the two trigger transgenes in this case 24

In animal systems, however, there is clear indication for saturation effects. Silencing two target genes simultaneously in the roundworm C. elegans dramatically reduces the
efficiency of silencing compared to silencing of one target alone 223, Similarly, administering synthetic sSRNAs targeting two different RNA virusesin mice was shown to

successfully inhibit both. However, excessive amounts of one of the sSIRNAs compromised the effect of the other one 222, It has furthermore been demonstrated in vitro and in
vivo that the silencing effector complex (RISC) can be saturated 22222

6.5.3 Assessment of evidence and implicationsfor the practice

It is not surprising that the silencing machinery can not cope with indefinite amounts of trigger and mediator molecules, so saturation effects have to be expected. These will
depend largely on theindividual construct and transformation event. One consequence of a saturated silencing machinery would be aloss of natural silencing-based resistance to
viruses. Thus, asimple test would be to infect the GM plant with an array of viruses that replicate in that species and are known to be targeted by RNA silencing. Comparing the

overall susceptibility of the plant and the abundance of virus-derived siRNAs with a non-transgenic control gives an indication as to wether or not the silencing machinery is
saturated in the transgenic plant line.

Very low levels of SRNASs, which are not sufficient to trigger post-transcriptiona gene silencing, might be sufficient to efficiently induce methylation and therefore
transcriptional silencing 22, Thus, targeting promoters for transcriptional silencing might be an alternative strategy to avoid saturation effects if necessary.

Most consequences of saturation effects would affect the economical value of the GM crop while not posing any hazards to the consumer or the environment. An increased
mutation rate, however, would lead to unpredictable long term changes to the GM crop which would be undesirable. Defects in miRNA-mediated gene regulation due to
saturation could also have an impact on metabolic pathways that are normally regulated by miRNAs, thus changing the metabolite composition of the plant.

6.5.4 Suggestionsfor futureresearch

Saturation effects have not been analysed in detail in plants yet. It is particularly important to investigate the possibility of an increased mutation rate as outlined above. The effect
of constant high levels of transgene-derived siIRNAS on endogenous small RNAs and their efficacy should also be analysed.

6.6 Horizontal transfer of silencing

Horizontal gene transfer isamajor concern with GM crops. Silencing-trigger constructs are not different from any other type of transgenes. Horizontal gene transfer in general
has been reviewed extensively elsewhere and is beyond the scope of this report.
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Onerelated issue, however, is peculiar to silencing based GM plants: because the silencing machinery is so highly conserved between species, any silencing trigger or SRNA
might therefore induce silencing in anon-target organism if it is transferred between organisms. We refer to this as horizontal transfer of silencing (Eigure).

6.6.1 Hypothetical hazardsand their consequences

Horizontal transfer of silencing could induce unpredictable effects in non-target organisms, which would seriously undermine the biosafety of silencing-based GM crops.

6.6.2 Evidenceaddressing hypothetical hazards

There is no difference in the structure of SsSRNASs generated in different organisms. Consequently it is possible to induce specific silencing in human cells using ssIRNAs that were

produced in a transgenic plant 134, However, it is necessary to use a concentrated RNA extract from the plant, which is then applied to isolated human cellsin acell culture
environment to induce silencing. Therefore, no hazard to the consumer can be implied from this study.

A major concern with horizontal gene transfer is the exchange of genetic information between GM plants and bacteria. However, despite having regulatory small RNAs and some

of the protein components that function in RNA silencing in higher organisms, bacteria do not employ the same RNA silencing mechanism as higher organisms 227:238.299
Therefore, horizontal transfer of RNA silencing from plants to bacteriaiis highly unlikely, albeit not formally ruled out by experiments yet.

Nematodes (roundworms) are more likely candidates for a horizontal transfer of silencing from plants to other organisms because they are very abundant in soil and many feed on

plants. In the nematode C. elegans, silencing can be triggered simply by feeding the animals on bacteria that express double-stranded RNA 12143233 |ngestion of the double-
stranded RNA induces silencing in the worm and its progeny. Similar to the experiment described above, plant-generated SIRNAS can also be used to trigger silencingin C.
elegans 29, These€) experiments have not been repeated yet with plant feeding nematodes but it was demonstrated recently that silencing can be induced in a root-knot

nematode 3% and it has been suggested that this could be exploited to develop anovel type of silencing-based nematode resistance in plants 3% .

A transfer between plants is also possible in an experimental system: in one study, silencing was triggered in a plant by infiltrating leaves with an extract containing ssIRNAs from
asilenced plant 323, Rubbing extracts from bacteria that express a silencing trigger onto plant leaves also induces silencing 34305,

6.6.3 Assessment of evidence and implicationsfor the practice

Although it has been shown that SSRNAs and triggers of silencing can be transferred from one organism to another, we have no indication that this actually occursin nature.
Although plant-generated sSIRNAs have been used to trigger silencing in human cells, a horizontal transfer of silencing from silencing-based GM crops to humans or animalsis
unlikely because a high dosage of extracted plant RNA was required in the experimental system to trigger silencing. Furthermore, SsSRNAs that are not chemically modified are
unstable in the blood stream, which has been amajor obstacle for the development of SIRNAS as therapeutics. For this reason, any plant-derived siRNA that would survive a gut
passage would quickly be degraded in the blood. Even if some siRNAs would be taken up by cells, any silencing they might trigger would be short-lived because RNA silencing
in humans does not involve an amplification step.

A morerealistic scenario is the transfer of silencing from plants to silencing-competent soil organisms such as nematodes. However, there is no experimental indication yet that
thistransfer is possible.

A transfer of silencing between plants would also be undesirable. The techniques described in the literature to achieve such atransfer involved extracts containing large amounts
of silencing triggers or sSiRNAs. It is unlikely, although not ruled out yet by experiments, that a mechanical transfer of silencing from plant to plant is possible. In addition, there
seems to be no systemic silencing and amplification of silencing when endogenes are targeted. Any silencing of an endogene by a horizontally transferred silencing trigger or
siRNA would therefore be weak and very short-lived.

Horizontal transfer of silencing, evenif it should be possible in nature, would only have an effect if there are suitable target genesin the receiving organism. Thus, measures that
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reduce the likelihood of off-target effects in the target organism, such as using short triggers, could also reduce the likelihood of effects in a non-target organism if transfer would
indeed occur.

6.6.4  Suggestionsfor futureresearch

So far, a horizontal transfer of silencing from a GM crop to other organisms has not been observed in nature. Initially, the most likely target organisms have to be identified and

assays have to be developed. Induction of silencing has recently been achieved with aroot-knot nematode. Plants that express a silencing trigger directed at a nematode gene can
be used to test the transfer of silencing between the two organismes.

Phloem-sap sucking insects might also transfer silencing signals between plants. An experimental system needs to be established to test this possibility.
6.7 Risksassociated with non-intentional RNA silencing

Non-intentional RNA silencing is frequently associated with transgenic over-expression strategies in plants. In some cases this may be obvious because the transgene is not

expressed but there may also be a background level of RNA silencing even though the transgene is expressed. This may easily be overlooked in cases where RNA silencing was
not part of the design.

6.7.1 Hypothetical hazardsand their consequences

Non-intentional RNA silencing in plants that were designed to express a transgene is mechanistically identical to intentional silencing using trigger constructs. Therefore, the
hypothetical hazards and their consequences are basically the same as those identified above for GM crops in which RNA silencing is triggered intentionally. The main concerns
in this case are off-target€p effects on endogenous genes, saturation of the silencing machinery and a hypothetical transfer of silencing between organisms.

6.7.2 Evidence addressing hypothetical hazards

All of the evidence addressing hypothetical hazards from intentional RNA silencing discussed above applies to non-intentional RNA silencing as well. However, it isimportant to
investigate the likelihood and magnitude of non-intentional RNA-silencing in GM crops. It has been known for along time that complete or partial silencing of the transgeneisa
frequent outcome of plant transformation even if the transgene is not designed to give rise to double-stranded RNA transcripts. Thisis often caused by multiple incomplete
integrations of the transgene into the plant genome, often arranged as inverted repeats, which is a consequence of Agrobacterium-mediated transformation techniques
306.307,308.309 These jnverted repeats are transcribed to yield RNA that is self-complementary and therefore forms double-stranded structures that trigger the silencing
mechanism 343236,

RNA-dependent RNA-polymerases can also process aberrant single-stranded RNA, which can arise from fragmented integration of transgenes into the plant genome, to produce a
double-stranded trigger of silencing 2832,

Double-stranded RNA can also be formed if the transgene integrates into an endogenous gene in reverse orientation. In this case, the transgene promoter and the endogene
promoter both drive transcription of the transgene seguence in opposite directions, resulting in the production of complimentary sense and antisense transcripts, which can pair to
form double-stranded RNA. A recent study showed that transcriptional silencing of the transgene can also be triggered if the transgene promoter sequence is transcribed in sense

orientation, driven by promoters present in flanking genomic sequences or in the bacterial DNA that is part of the transgene construct 312,

In addition, integration of atransgene into a densely methylated heterochromatic region of the genome can promote transcriptional silencing of the transgene, which often results
in variegated expression. However, it has been reported that variations in transgene expression are more likely to be caused by the aforementioned fragmented and repeated

integration of transgenes and not by position effectsin Arabidopsis thaliana 311:312,
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6.7.3 Assessment of evidence and implicationsfor the practice

Self-silencing of transgenes appears to be a frequent outcome of plant transformation techniques. It is desirable to avoid or minimise this effect, which might be associated with

hazards such as €poff-target€p silencing of unknown endogenous genes. In most cases expression of the transgene is the aim of genetic engineering and plant breeders would
normally select against lines with silenced transgenes. Sometimes, however, the desired phenotype may be obtained with plants that, contrary to expectation, exhibit strong RNA
silencing instead of expression of the transgene, which may even go unnoticed. This phenomenon is frequently found in virus resistant GM plants, which have often been

designed to express aviral protein but were |ater found to be resistant because of the activation of antiviral RNA silencing 114,

The presence of siRNASs derived from the transgene and the methylation status of the transgene itself can be tested by well-established standard laboratory methods. Itis
reasonable to include such tests in the characterisation of GM plant lines that are intended to be released into the environment. The level of expression of atransgene can also be

used as an indicator for the activation of silencing as much of the between line variation in transgene expression is likely to be due to silencing. Consequently any line that is
expressing less than the maximal possible level of the transgeneis likely to be exhibiting silencing to some extent. Conversely, no €off-target€y silencing of endogenous genes
or saturation of the silencing machinery have to be expected in plant lines where the transgene is not significantly affected by RNA silencing. As discussed above, several

precautions can be taken to minimise silencing of a transgene.

Non-intentional RNA-silencing can also be caused by induced mutagenesis 122.€ Because of the random character of this breeding technique it is not possible to analyse
silencing of atarget genein this case.

6.7.4  Suggestionsfor futureresearch

The fact that RNA silencing can be triggered by transgene expression in plantsis well known. However, more research on the parameters that play arole in non-intentional
triggering of RNA silencing, such as the characteristics of €paberrant€p RNA, would help to further minimise non-intentional silencing of transgenes.
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Online survey

To find out more about unpublished experiences with silencing-based transgenic plants, we conducted a survey among research groups working on RNA silencing in plants. A
total of 195 scientists who had published peer-reviewed articles relevant to the subject were invited to fill out an online questionnaire, which was designed and published using
the Perseus SurveySolutions€y Expresstool (http://express.perseus.com). We received 38 completed questionnaires. One person specified that he/she was not working on plants
but had been involved in off-target studiesin other organisms. Nine participants were involved in the development of commercia silencing-based GM crops but only two
specified to be working in industry, the other 36 have positions in academia, 19 of those are research group leaders.

The magjority of participants (35 of 38) uses RNA silencing as atool to study functions of other genes, 19 study the mechanism of RNA silencing itself and 16 specified to use
RNA silencing to produce GM crops (more than one option was allowed).

Asdiscussed in section 5 of the report, many researchers still use single-stranded sense or antisense RNA as atrigger of RNA silencing. These strategies, known as co-
suppression or antisense suppression, are used by 22 of 38 participants. Long double-stranded (hairpin) RNA and short hairpin (sh)RNA constructs are used by 25 and 7
participants respectively, and 15 have used virus induced gene silencing (more than one option allowed). This shows that the more efficient double-stranded triggers are gaining
popularity and that an increase in the use of shRNAs in published studies can be expected in the near future. Given the potential of these short triggersin avoiding off-target
effects, thisis an important development.

We asked how researchers ensured optimal efficiency and minimal off-target effectsin the design of their silencing triggers. The BLAST algorithm is used by 21 of 38
participants and 22 participants specifically look for potential target sites within messenger RNAs of known family members of the gene of interest. Web-based tools for SRNA
design and other non-specified methods are used by 7 participants each (more than one option was allowed). None of these methods for ensuring efficient and specific silencing
are used by 6 participants. The majority therefore uses computational tools in the design process of silencing triggers.

We wanted to know how many silencing-based transgenic plant lines the participants had worked with so far. Thirty-five participants answered this question and the magjority of
21 participants specified to have worked with 1-20 lines of such plants, while 12 had worked with more than 50 lines. In addition, non-stable (transient) silencing constructs were
used by 25 participants, 17 of which had used between 1 and 20 different constructs.

Although most researchers seem to use computational tools to ensure specific targeting by their silencing-trigger constructs, only 8 participants specified to routinely check for
off-target effectsin silenced plants. Another 12 do check sometimes but not on a routine basis. Of those 20 participants who check off-target effects, 13 examine transcript levels
only whereas 4 check the trandation of putative non-target genes aswell. A further 3 specified to sometimes, but not routinely, check for trandational repression. Translational
repression is often difficult to analyse because antibodies for the detection of specific proteins are not aways available. Translational repression is not well examined in plants but
it has a strong off-target potential because it isinduced by rather weak siRNA-target interactions that may have a substantial number of mismatches.

We asked the 20 participants who check for off-target silencing (occasionally or routinely) to give an estimate of the frequency at which this occurs with the various techniques
they use.€p For each of the techniques, participants were asked whether they have used the technique and are able to estimate what percentage of plants they found to exhibit any
off-target silencing, choices were: 0%, less than 1%, between 1 and 10%, between 50 and 90% or more than 90%.4p One participant specified to have found off-target silencing
in more than 90% of plants when using co-suppression or antisense suppression. All other participants had observed significantly fewer off-target effects. The four other
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participants who specified their estimates for off-target silencing with co-suppression or antisense suppression found off-target silencing in less than 1% (one participant) or none
of the plants (3 participants). Using long double-stranded RNA as trigger, three participants estimated to have seen off-target effectsin 1 to 10% of their plants, one participant in
less than 1%, and 7 found no off-target effects in the plants they had worked with at all. All three participants who gave an estimate of the frequency of off-target effects using
virus-induced transient gene silencing (VIGS) specified to have observed no off-target effectsin their experiments. Two participants gave an estimate for shRNA constructs, of
which one specified to have observed no off-target effects and one found off-target silencing in 1 to 10% of the plants. One participant had analysed off-target effects when using
siRNAs in plants and found none. Two participants used other methods than the ones represented on the questionnaire to obtain silenced plants and both estimated to have seen
off-target effectsin less than 1% of plants. Two participants did not specify the silencing technique used but specified to have found no off-target effectsin silenced plants. In
summary, ho more than 10% of silenced plant lines were estimated to exhibit off-target effects by all but one of the participants. However, we do not know how exactly potential
off-target effects analyses were carried out in these cases. Furthermore, some of the observed off-target effect may in fact be secondary effects as a consequence of silencing the

target gene.

Two of 38 participants specified to have been involved in |arge-scale studies of off-target effects. One of them found no non-target messenger RNA to be affected by the presence
of the silencing trigger and the other one found less than 1% of messenger RNASs to be affected.

Switching from post-transcriptional to transcriptional silencing in transgenic plantsis a possibility that has not received alot of attention in published studies so far. We asked the
participants whether they determine the mode of silencing (post-transcriptional or transcriptional) in their experiments. Thirteen of 38 participants normally examine the mode of
silencing in their transgenic plants and a further 5 specified to do this sometimes. Asked for the percentage of plants that exhibit transcriptional silencing but were designed for
post-transcriptional silencing, 1 participant specified between 50 and 90%, 6 participants between 1 and 10%, 4 participants observed thisin less than 1% and 8 participantsin
none of the transformed plants. Therefore, unintentional triggering of transcriptional silencing when using post-transcriptional silencing strategiesis usually observed in no more
than 10% of plant lines by most of the participants.

We also asked participants whether they examine the stability of silencing over anumber of generations. Thirty of 38 participants specified to do this, 5 of which normally check
more than 4 generations, 15 participants check 3-4 generations and 10 examine 1-2 generations. The remaining 8 participants do not check the stability of the silenced state in
their transgenic plants. Of those 30 participants who do check the stability, 13 never found instability, 8 found loss of silencing to occur very rarely, 8 found an occasional |oss of
silencing and one specified loss of silencing to occur frequently. The 17 participants who specified to find loss of silencing at least in some cases were asked whether they check
the methylation status of the silencing trigger transgene in the cases where silencing has been lost. Fifteen of these 17 never analysed this and the two that did specified to find
increased methylation to be correlated with aloss of silencing in at least some of the cases. Therefore the majority of participants would normally analyse the stability of
silencing in transgenic plant lines over at least 1-2 generations and athough loss of silencing is observed, only one participant would classify this as afrequent event.

Finally, al participants were given the opportunity of adding further comments. One participant raised the question of how to define off-target effects as discussed in the report.
One participant wrote €We have had lines in which silencing was enhanced between T2 and T3 generations.€p This pattern was not described in any of the publications
reviewed in this report and may be arare case which, in general, should not cause a problem in the transgenic plant, its environment or the consumer.

Another participant commented: €As | observed, RNA| technology is not so efficient or stable as some papers have declared. However, gene silencing efficiency in some of the
transformants are satisfactory, and these transformants selected are valuable. They can be used for further investigations.€
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One comment highlights a particular problem for comparative literature studies. This participant wrote €...] | also worked with transgenic lettuce during my PhD, but from the
third generation on plants lost resistance due to methylation and the work was never published.€ The generation of virus resistant plants using RNA silencing technologiesis not
novel anymore and therefore difficult to publish in peer reviewed high-impact journals. In addition, the experiment was unsuccessful in this case, as the resistance turned out to
be unstable. From arisk assessment point of view, however, results like these are interesting because we need to know how frequently researchers find an instable silencing
phenotype. For acomprehensive analysis it would be ideal to have alarge number of similar experiments, failed or successful from the experimenter€ps point of view, published
in the scientific literature. To complement this limitation of the peer-reviewed publishing process for scientific data, surveys like the one presented here might help to get amore
comprehensive picture of the unpublished expertise of researchers.
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Sequence

Sequence

The term "sequence” either refers to the sequence of nucleobasesin DNA or RNA polymers (chains) or the sequence
of amino acids that make up a protein. The nucleobase sequence of genomic DNA is transcribed into messenger
RNA, which istrandlated into protein.
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Direct and inverted repeats

direct repeat inverted repeat

DNA or RNA often containsregions of repeated sequences.

Two single-stranded RNAs are shown here. The molecule on the left contains a direct repeat of the nucleobase
sequence (A)denine - (C)ytosine - (U)racil - (G)uanine. The inverted repeat shown on the right is obtained by
repeating the sequence in reverse order (ACUG > GUCA) and then forming the complement (GUCA > CAGU).
Because of the complementarity of one part of the RNA strand to another part, an intramolecular interaction is
possible that resultsin a double-stranded "hairpin” structure. An RNA with direct repeats does not form this
structure.

Since double-stranded RNA is avery potent trigger of RNA silencing, inverted repeat sequences can be used to
efficiently induce silencing in plants and other organisms. These can be long sequences that encompass the entire
transcribed region of the target gene, or they can be as short as an SIRNA. The latter are referred to as short hairpin

(sh)RNAs.
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Mismatches and wobble basepairs

Mismatches and wobble basepairs

Nucleobases in DNA and RNA molecules are complementary to each other, i.e. adenine normally forms basepairs
with thymine (in DNA) or uracil (in RNA) and guanine pairs with cytosine. A mismatch is a combination of
nucleobases on the two opposing strands that can not form a basepair. However, there are some less-frequent
combinations of nucleobases that can form hydrogen bonds. In RNA, guanine often pairs with uracil, whichis
termed a @ wobble€) basepair.

Wobble basepairs, unlike complete mismatches, do not disturb the spatial geometry of the double helix. In the
SIRNA-target interaction, wobble basepairs as well as the A-C mismatch can be tolerated well 1.

Literature
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SIRNA

Small interfering (sS)RNA

A ground breaking study by Hamilton and Baulcombe in 1999 identified a novel class of signalling RNA molecules

that are indicative of silencing processes 1 These were named small (or short) interferi ng (s)RNAs and are now
known to be central to all RNA silencing pathways. SIRNASs are generated from double-stranded RNAs by a Dicer

enzyme 2 . However, sRNAs are not just the end-product of RNA silencing - they mediate the sequence specificity

of RNA silencing by binding to target RNA and inducing its destruction 34 (see Figure).
SIRNAs are double-stranded because they are excised from longer double-stranded RNAs. The SsIRNA duplex is
furthermore characterised by overhangs of 2 nucleotides at the 3€p ends of both strands, which are dueto the

staggered cuts that the Dicer enzymes introduce in the trigger RNA 2 (Figure). Therefore, only 19 nucleotides of a
21 nucleotide SIRNA are actually base-paired with the complementary strand 4 . The 5€ ends of both strands of the

SIRNA duplex are phosphorylated and the 3€p ends are hydroxylated 4,
Although siRNAs are double-stranded, the two strands are not equally loaded into the silencing effector complex
(RISC) to guide the degradation of target RNA. Selecting the guide strand is not arandom process. Instead, a

protein probes the stability of the two ends of the double-stranded structure ® . The differential stability of the ends
is due to the fact that adenine-uracil basepairs are weaker than cytosine-guanine basepairs. The weaker end, i.e. the
one with more A-U basepairs, is then presented to other components of the silencing machinery that separate the

strands and incorporate the guide strand into RISC 67 .
The development of protocols for the sequencing of SRNAs from living cells has reveal ed the existence of SRNAS
that are not derived from transgenes or viruses. SSIRNASs that are derived from the organism€s own genes are now

referred to as endogenous SIRNAs 821011 Some of these are derived from transposable elements and play an

important role in protecting the genome from the mutagenic action of these mobile genetic elements 12 . Another
group of endogenous siRNAS regulates the expression of other transcriptsin amicro (mi)RNA-like manner. These

are called trans-acting (ta-) SRNAS.

Initially, sSRNAs were thought to be of uniform length of about 25 nucleotides* . Later, different size classes

ranging from 21 to 27 nucleotides were found, which are often linked to specific silencing phenomena 13 . The two
major size classesin plants are € short€y (21-22 nucleotides) and €long €(24-26 nucleotides) SsSRNAs. While
transgene-induced silencing givesrise to SIRNAs of both classes, silencing of transposons (endogenous targets) is

associated with long siIRNAs only 13 . More evidence for distinct roles of the two size classes came from analyses
using viral suppressors of RNA silencing. Different suppressors differentially affecteded the accumulation of the

two size classes of SRNAs from a double-stranded transgene RNA 13 . The observation that those suppressors that
affected systemic movement of RNA silencing through the plant also inhibit the accumulation of long SsRNAs led
to the hypothesis that long SIRNAs are the systemic RNA silencing signal that travels through the phloem to trigger

sequence specific silencing throughout the plant 1314 . However, this hypothesis has not been confirmed yet and
other candidates for the mobile silencing signal are also discussed 14 . Long siRNAs were furthermore found to be
required for RNA-directed DNA methylation 13 . Short SRNAs, in contrast, are sufficient for silencing of a
transgene in acell in which the silencing trigger RNA is present 13 . In addition, short ssRNAs have been shown to

mediate the local cell-to-cell spreading of RNA silencing 1°.
Normally, ssIRNAs silence target RNAs by introducing a cleavage in the target RNA in the centre of their binding

site? . The cleavage products are subsequently degraded in a process that might involve different protein

components for the two fragments 16 .
Most anima miRNAs seem to interfere with the trandation of their target messenger RNASs rather than causing
their degradation. By introducing central mismatches, SRNAs can also be forced to mimic this animal miRNA-like

mode of action 17,
SiIRNAs are now routinely synthesised artificially as aresearch tool to mediate RNA silencing in-vitro and in-vivo

418 Furthermore, synthetic SRNAs are currently being developed into a novel type of drug to fight infectious
diseases and genetic disorders 192021
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miRNA

Micro (mi)RNA

Micro (mi)RNAs are small RNASs (21-24 nucleotides long) that regulate gene expression in plants and animals but
are absent in fungi. They have an important role in growth and development of the organism. Like SIRNAS,
mMiRNAs feed into the post-transcriptiona gene silencing pathway, leading either to degradation of the target

messenger RNA or to translational repression 1. The main difference between miRNAs and SIRNAs is that
miRNAs are encoded by a distinct class of genes in the organism¢ys own genome. The transcripts from these genes
do not encode proteins. Instead, the transcribed RNA is partially self-complementary, which enablesit to fold into a

characteristic structure that includes imperfect double-stranded regions from which the miRNAs are excised 1 . The
excision of the mature miRNA is a multi-step reaction that involves trimming theinitial precursor several times. In
plants, this reaction, at least in part, is performed by the Dicer enzyme DCL1 2. Only one strand of the initially
double-stranded miRNA isincorporated selectively in the silencing effector complex RISC to guide it to its target
messenger RNA 34 _ In the fruitfly Drosophila melanogaster, this selection is carried out by the R2D2 protein. This
protein probes the binding strength of the two ends of the double-stranded miRNA. The weaker end is presented to
other proteins which separate the two strands and hand over the functional (guiding) strand to RISC ® .

The proteins HY L1 87 and HEN1 8 are also required for miRNA accumulation and thus normal development in
Arabidopsis. HEN1 modifies miRNAs by adding methyl groups to the ribose backbone 19 . The methylation might
increase the stability of the mature miRNA and prevent it from serving as a primer for RNA-polymerases.
MicroRNAs are produced in the nucleus but act in the cytoplasm. In animals, the protein Exportin5 acts as a shuttle
to transport miRNAs from the nucleus into the cytoplasm 111213 Thisrole might be carried out in plants by the
Exportin5-homologoue HASTY 14

Apart from their biosynthesis, miRNASs are characterised by their conservation between species. Most families of
Arabidopsis miRNAs have obvious homologues in rice and other plants 1>16.17:18  However, plant miRNA only
show homology to other plant miRNAs and animal miRNAs to animal miRNAs 1° | indicating that this mechanism
of gene-regulation has evolved separately in plants and animals.

In plants, miRNAs initiate cleavage of the target messenger RNA which is then degraded 20212223 | contrast, the
default mode of action of animal miRNAs is thought to be translational repression of the messenger RNA, i.e. the
target is not degraded but prevented from being translated into protein 242226:27.28 ' |n mammalian cells, messenger
RNAs that are subject to translational repression are € rounded up€p in compartments called P-bodies 2 , where
they might be degraded 30 .

The differential effect of animal and plant miRNASs on target messenger RNAs is reflected in the degree of
similarity between miRNA and target: animal miRNAs generally exhibit more mismatches to their target than plant

miRNAs, which seems to prevent the cleavage reaction 26:31:3233  However, there are plant miRNASs that cause
trandational arrest rather than target degradation and animal RNAs that induce degradation of the messenger RNA
34,3536,37.38 Fyrthermore, arecent report showed that at least two nematode miRNAS that have originally be
classified as translational repressors actually cause degradation of the target messenger RNA 34

Another difference between animal and plant miRNAs is the binding site within the messenger RNA: animal
miRNAS often target multiple sites within the 3¢ untranslated region of the messenger RNA
24,25,39,40,41,42,43,44,45,46 \y hi| e plant miRNAs bind to a single site anywhere within the target 47 . It has been
reported that translational repression isfar less efficient than target degradation, which may explain why multiple
target sitesin animal messenger RNAs are necessary 31 . However, in one study a single binding site for an
imperfectly matched siRNA €was shown to be sufficient to induce translational repression 33

Although many small RNAs, including miRNAs, from plants have been cloned and sequenced (see
http://asrp.cgrb.oregonstate.edu/db/), the number of validated targets of miRNAsis still small. Identifying targets
iseasier in plants than in animals because plant miRNAs generally exhibit a high degree of complementarity to their
target sites, which facilitates computational target identification 4/ . Animal miRNAs, in contrast, tend to bind
their targets rather loosely with many mismatches. Given the small size of miRNAS, this greatly complicates
computer-aided target prediction 4° .

To refine the search for miRNA targetsit isimportant to test and update the known rules for miRNA-target
interaction. The most recent update of miRNA-target recognition rules comes from alarge-scale study of genome-
wide miRNA-mediated gene regulation C .

The impact of amiRNA on gene expression can be complex. In animals, miRNASs can shift the entire transcription
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profile of acell, which indicates a pivotal role for miRNAs in establishing and maintaining tissue identity 38 . In
plants, many miRNA targets encode transcription factors, which in turn regulate specific subsets of genes. In
addition, the biosynthesis of another class of regulative small RNAS, so called trans-acting SSRNAS, has recently
been shown to depend on miRNAs °1 . Thus miRNAs can be €regulators of regulatorsy °2 .

Bearing in mind this complexity of miRNA-mediated gene regulation, it is easy to imagine that any disruption of
this mechanism must have severe consequences. Viruses can interfere with silencing pathways including miRNA-
mediated silencing by encoding proteins that suppress RNA silencing. It has been suggested that many symptoms of
viral diseasesin plants are caused by the disruption of miRNA-mediated gene regulation by silencing suppressor
proteins 23:5455.56,57.58 However, viral suppressors are highly diverse and not all of them affect miRNA-mediated
silencing 2 .

Two new layers of complexity have recently been added to our knowledge on the relationship between viruses and
miRNAs. One of them is that hosts can encode miRNA genes which target specific viruses 22 . This constitutes a
novel form of heritable sequence-specific immunity against viruses and, as expected, viruses seem to have evolved

proteins to suppress this mechanism ° . The other one i's that viruses themselves can encode miRNAs, which can
target host genes and viral genes, which might contribute to regulating the viral infection cycle ©° .
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Transcription

Transcription

To make the protein product of a gene, its sequence information needs to be copied from the genomic DNA into
messenger RNA. This process, termed transcription, requires an RNA-polymerase. It isinitiated at promoter
sequences that set the starting point and direction of the transcription. Silencing pathways can either prevent
transcription (transcriptional silencing) or interfere with the messenger RNA by degrading it or preventing it from
being trandated into protein (post-transcriptional silencing).
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Expression
Expression of a gene

Thelevel of transcription of genomic DNA into RNA is called @RNA expression level € of agene, while the level
of synthesis of the corresponding protein is its €pprotein expression level€p. Post-transcriptional gene silencing
occurs in the cytoplasm, following the export of a messenger RNA from the nucleus. Thus, the nuclear RNA
expression level is unchanged whereas the cytoplasmic abundance of the targeted RNA is reduced, which in turn
leads to a reduced abundance of the protein product. Transcriptional gene silencing, in contrast, reduces or abolishes
the transcription of the gene. Thus, the two modes of gene silencing can be distinguished by analysing nuclear and
cytoplasmic abundance of the target messenger RNA. €
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Arabidopsis thaliana

Arabidopsis thaliana, A. thaliana

The thale cress Arabidopsis thaliana is the preferred model organism for plant genetics and molecular biology. This
small weedy plant is easy to grow, has a short life-cycle, produces alarge amount of seeds and has a small genome
which is now completely sequenced.
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RNAI

RNA interference, RNAI
The term @RNA interference€ was originally used to describe RNA silencing in animals. It is now often used as a
generic term for RNA silencing in all organisms. Constructs that are designed to produce a double-stranded trigger

of RNA silencing in transgenic plants are often referred to as RNAi constructs. A co-suppression strategy, in
contrast, is based on the expression of copies of the target gene, which give rise to single-stranded RNA.
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Post-transcriptional

Post-transcriptional

The term €ppost-transcriptional € refers to events after the transcription of RNA from its DNA template. Post-

transcriptional RNA silencing affects the mature messenger RNA after it has been exported to the cytoplasm
(Eigure), thus thereis no effect of thistype of RNA silencing on the transcription rate in the nucleus.
Transcriptional silencing, in contrast, inactivates gene expression in the nucleus.

RNA that is transcribed but later degraded in a sequence specific manner is said to be subject to post-transcriptional
silencing.
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Basepairs

Basepairs

DNA and RNA molecules can form double-stranded structures where the nucleobases of one strand are bound to
nucleobases of the opposing strand (intermolecular interaction) or of the same strand (intramolecular interaction) by
hydrogen bridges. Two nucleobases that are linked to each other by hydrogen bridges are called a €basepair€.
Normally, only certain combinations of nucleobases can form basepairs: in DNA, A(denine) pairs with T(hymine)
and G(uanine) with C(ytosine). In RNA, U(racil) replaces T(hymine).€p However, G often forms a weaker pair with
U in RNA, which isreferred to as awaobble base pair.

The length of double-stranded DNA moleculesis measured in basepairs (bp), whereas the number of unpaired
nucleotides (nucleobase plus backbone; nt) is used to measure single-stranded DNA and RNA molecules.
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Genome

Genome

The sum of al genes of an organism isits genome.
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In this example, an inverted repeat transgene is expressed under the control of a transgene promoter to generate
double-stranded RNA that triggers RNA silencing (see here for detailed Figure).

The sequence of the double-stranded RNA isidentical to parts of the protein-coding region of the endogenous target
gene. Thetrigger is converted into siRNASs that induce degradation of the target messenger RNA. No trandation into
protein can occurr from the degraded RNA, thus target messenger RNA and protein product are absent. If thereis
insufficient sequence similarity, the sSiRNA can not induce target degradation but might still interfere with its

trandation into protein.

In both cases, the transcription rate of the endogenous target gene into messenger RNA is not affected.

Silencing can also be induced by viruses and single stranded RNA (not shown here).
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Co-suppression

Co-suppression

The term €pco-suppressiongy was coined in the early 1990s to describe the observation that transgenic plants that
were transformed with additional copies of a gene sometimes suppress the expression of both, the transgene and the
plant gene. We now refer to this phenomenon as post-transcriptional gene silencing or RNA silencing. Co-

suppression is still used sometimes to describe a silencing strategy that is based on integration of additional copies of
agene, rather than expression of a double-stranded silencing trigger. The latter is now often referred to as RNAI, a
term that was originally used to describe RNA silencing in animals only.
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Endogenous gene

Endogenous gene

An organism«s own genes are called €pendogenous genes€p. The opposite are foreign, exogenous, genes.
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Thisillustration givesan overview of post-trancriptional RNA silencing pathways

RNA silencing istriggered by double-stranded RNA. Single-stranded RNA needs to be converted to the double-sranded
form to serve as atrigger. The formation of double-stranded RNA either involves RNA-polymerases or intramolecular
interactions. An RNA-polymerase can recognise incorrect RNAs by an unknown mechanism. The "aberrant” RNA isthen
converted into the double-stranded form by the RNA-polymerase (1). Alternatively, parts of the RNA can be
complementary to each other and interact to form a double-stranded "hairpin” structure (2).

The double-stranded RNA formed either way is recognised by Dicer (3). This enzyme processes the long double-stranded
RNA into small interfering (s))RNAS, the mediators of sequence specificity in the RNA silencing pathway. These are
loaded into the effector complex RISC (RNA-induced silencing complex), where one strand is selectively retained to guide
the complex to its target while the other strand is discarded (4).

Depending on the degree of sequence similarity, the ssIRNA-target interaction can have three different outcomes:

o |If the SIRNA isimperfectly matched to the target, it may bind but fail to cleave the target. The bound SiRNA prevents
trandation of the target into protein (5).
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o If SRNA and target region match perfectly or with very few mismatches, RISC cleaves the target which is
subsequently degraded (6).
o If thereisinsufficient match between siRNA and the probed RNA, RISC isrejected (7).

If the target is a transgene, systemic silencing (8), spreading of the target region within the target gene (transitivity) (9) and
methylation of the genomic DNA (not shown here) can be induced.

A more detailed step by step explanation of post-transcriptional silencing pathways can be found here.
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Sense and antisense

Sense and antisense

Although genomic DNA always consists of two complementary strands, only one of the two is transcribed into
messenger RNA that is trandated into the protein product of the gene. The strand that isidentical in sequence to the
messenger RNA isreferred to as the sense strand and the complementary strand is called the antisense strand. Sense
and antisense RNA, if both expressed, can form double-stranded RNA that triggers the silencing mechanism (see
Figure).

The identity of sense and antisense strand is defined by the promoter sequence, which sets the starting point and
direction for messenger RNA transcription. Genes can be orientated in both directions on the genomic DNA.
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An imperfectly matched SiRNA can induce trandlational repression instead of target degradation. The sSiRNA binds to
the target but cleavage can not be induced by RISC. Normally, ribosomes (the "protein factories" of the cell) scan the

messenger RNA and translate the code of nucleobases into a chain of aminoacids, the building blocks of proteins. By
an unknown mechanism, the bound siRNA interferes with this trandlation process.

Trangdlational repression leads to silencing just as target cleavage does, but it has no effect on the abundance of the
target messenger RNA. Therefore, thistype of silencing can only be detected if protein abundance is analysed.
Although translational repression has been shown in plants, it is far more common in animals.
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Hairpin RNA
Hairpin RNA

Hairpin RNA constructs are used by researchersto trigger RNA silencing in transgenic organisms. They contain a
fragment of the target gene (or the entire sequence of the gene) in sense orientation, followed by the same fragment
in antisense orientation (Eigure). The two fragments are separated by alinker sequence. Because of their physical
proximity, the two complementary fragments of the resulting messenger RNA can easily interact to form a double-
stranded substrate for Dicer, thus triggering RNA silencing against the target gene 12 . When they were first
introduced, hairpin constructs were difficult to make but many tools and techniques are now available to facilitate
their construction 34 .
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shRNA

Short-hairpin (sh)RNA

Transforming plants with constructs that direct the expression of long double-stranded RNA (so called @hairping
constructs) efficiently triggers RNA silencing (see Figure). However, this approach cannot be used in mammalian

cells where long double-stranded RNAS trigger a cytotoxic reaction that leads to cell death 1 . This reaction,
mediated by the interferon system, protects the organism from RNA viruses by sacrificing the infected cell, thus

preventing spreading of the virus 2 . Double-stranded RNAs shorter than 30 nucleotides do not trigger the interferon
response, therefore scientists have developed artificially produced siRNAs and protocols for their delivery into

mammalian cells to efficiently induce RNA silencing 3 . However, SRNA-induced silencing is short-lived and
cannot be used to study long-term effects. For this reason, constructs were developed to directly express SSRNA-like

moleculesin cells# . These constructs use RNA-polymerase 3 to express a short hairpin (sh)RNA. This polymerase
is specialised to transcribe short templates with a precisely defined termination signal. The resulting transcript is
about twice aslong as the mature SsIRNA and folds back upon itself to form a double-stranded precursor with one
end exhibiting the 2-nucleotide overhang that is typical for SRNASs, while the other end forms a bulge. Dicer
recognises the open end of this structure and excises the mature SsIRNA, thus producing asingle SsiRNA from each

transcript 26 .

Recently, shRNA constructs have been demonstrated to function in plants aswell /. The small size of sShRNAs
makes them a preferred tool compared to long double-stranded RNAS, since the latter are processed into a pool of
siIRNASs, many of which might bind to unforeseen targets. In contrast, ShRNAs can be tailored to specifically match
the target gene, thus minimising off-target effects. Off-target effects might be further reduced by using shorter

versions of sShRNAs as shown in a recent study in mammalian cells® .
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This series of images shows how viruses trigger RNA silencing.

The genome of most plant virus consists of one or more molecules of single-stranded RNA. DNA (single or double
stranded) and double-stranded RNA genomes are found less frequently among plant viruses but are common among
viruses infecting other organisms.

After entering the plant cell, the genomic RNA isreleased from its protein coat. A virus-encoded RNA-polymerse
replicates the RNA genome, which istranslated to produce viral proteins. To closethe vira "life"-cycle, the new
copies of the genome are re-packed with coat protein unitsto yield infectious vira particles.
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Dicer
Dicer (DCR) and Dicer-like (DCL)

Dicer (DCR) isthe name given to a class of key enzymesin RNA silencing in animals and fungi, which process long
double-stranded RNA into short SSRNAs. The homologous enzymes in plants were later named Dicer-like (DCL)

These enzymes contain RNA binding, RNA unwinding and RNA cleaving domains® . In the fruitfly Drosophila
melanogaster, Dicer enzymes have aso been shown to assist in assembling the silencing effector complex RISC

and to @hand over€ the SsIRNAs they produce to this complex, which iswhy they are required even if "ready-
made" SsRNAs are delivered to acell 2.

There are four DCL proteinsin the model plant Arabidopsisthaliana (DCL1, 2, 3 and 4). Mammals encode only a
single Dicer in their genomes while two are found in the fruitfly Drosophila melanogaster.

Literature
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RISC

RNA-induced silencing complex (R1SC)

RISC isakey player of post-transcriptional RNA silencing. It was first identified€p in the fruitfly Drosophila
melanogaster as an RNA-directed nuclease that binds ssSRNAs as a guide to identify target sequences ! . RISCisa

complex of proteins with varying protein-composition in different organisms 234 . In Drosophila melanogaster,
several components of RISC have recently been identified, including an ARGONAUTE protein and an RNA

helicase (a protein that unwinds RNA) 6 . ARGONAUTE proteins are an essential part of RISC in different
organisms 27 . The plant RISC complex has not yet been isolated but an ARGONAUTE protein has been shown

recently to perform the sIRNA-guided target cleavage that is thought to be the core function of RISC 82 . The RISC
activity could be carried out entirely by this ARGOANUTE protein, so it is possible that there might not be a RISC

complex assuch in plants8 .
An overview of pathways involving RISC can be found here.
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RISC identifies target RNAs by using the SSRNA as aprobe. If SRNA and target match sufficiently, RISC cleavesthe

target RNA, which is subsequently degraded. RISC is then free to seek out more targets using the same siRNA probe.
If SSRNA and target do not match sufficiently, RISC is rejected and no cleavage occurs. In some cases, an

imperfectly matched sSIRNA can still prevent trandation of the target into a protein as shown on the next dlide.
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ARGONAUTE

ARGONAUTE (AGO) proteins

All organisms capable of carrying out RNA silencing possess at least one member of the extensive and highly
conserved family of ARGONAUTE proteins. The first one to be identified was the Arabidopsis ARGONAUTE1L
(AGO1) and the severe developmental defectsin plants lacking a functional version of this protein 1 are now known
to be caused by a disruption in microRNA-mediated gene-regulation for which AGO1 is required 2. ARGONAUTE
proteins are essential components of the silencing effector complexes (RISC and RITS), although the exact
functions of these proteins are just beginning to emerge 3467891011

©Recently, members of the ARGONAUTE protein family have been characterized in bacteria where they carry out
guided RNA degradation 12 although in eubacteria, unlike in higher organisms, the guide seemsto be asingle-

stranded DNA instead of asmall RNA 12,

The genomes of many organisms encode several members of the ARGONAUTE family: there are 27
ARGONAUTESsn the nematode C. elegans, 10 in the plant A. thaliana, 8 in humans, 5 in the fruitfly D.

melanogaster and 2 in the fungus N. crassa 12 . The large number of ARGONAUTE proteins in some organisms
might indicate that there are more different silencing pathways than we know of today.
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HEN1

HEN1

The Arabidopsis HEN1 (HUA ENHANCERL) protein isinvolved in miRNA biosynthesis 12 and in RNA silencing

pathway's that involve an RNA-dependent RNA-polymerase activity 2. Neither HEN1 nor HYL 1 are absolutely
required for miRNA biosynthesis but if both are missing the plant is infertile, suggesting a synergistic effect of

these two proteins 3. HEN1 is an RNA methyltransferase that modifies the 3€p end of miRNAs and SRNAs+° .
Unmethylated ends of miRNAs and SIRNAs are marked out for degradation > . Methylation might also prevent
miRNASs from being used as primers, €thus disabling undesirable miRNA-induced transitivity on endogenous

targets * .
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Inverted repeat

Inverted repeat

Theterm @inverted repeatgp is frequently used in the scientific literature on RNA silencing. In this context it refers
to aDNA or RNA sequence that is self-complementary. Thisis achieved by a sequence that is followed, either
directly adjoining or interrupted by a spacer sequence, by its complement in reverse orientation (see Figure).
Inverted repeats are often used to construct silencer transgenes, because the resulting double-stranded RNA isavery
potent trigger of RNA silencing.
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Promoter

Promoter

Promoter sequences precede every protein-coding gene. They are not part of the final messenger RNA but they
control its spatial and temporal expression pattern by serving as a recognition sequence for DNA-binding
components of the transcription machinery. Genes are transcribed in a directional manner, thus the promoter sets the
starting point and the direction in which transcription is to proceed.

Introduction « Applications ¢ Risk assessment * Glossary ¢ Images * Survey

https://camtool s.cam.ac.uk/access/content/group/72e676a7-375f-43hc-9f a8-559842514 1 db/baul combe/gl ossary/promoter. htm[01/02/2016 15:06:53]



C. elegans

Caenorhabditis elegans, nematodes

Nematodes, or roundworms, are structurally simple organisms. They are probably the most numerous multicellular
animals on earth. The nematode Caenorhabditis elegans is a very important model organism for molecular
biologists. It isvery easy to trigger RNA silencing in C. elegans because the worm feeds on bacteria which can be
engineered to produce double-stranded RNA. These molecules are ingested through the wormse€ gut cells and

trigger RNA silencing throughout the animal 1.
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RNA-dependent RNA-polymerase

RNA-dependent RNA-polymerase

An RNA-dependent RNA-polymerase (RdRp) is an enzyme that uses RNA as atemplate to produce a second
(complementary) strand of RNA.
RNA viruses produce their own RNA-dependent RNA-polymerases to multiply their genomic RNA. Although they
have been known for along time 1234 | the function of plant-expressed RNA-dependent RNA-polymerases
remained unclear until the discovery of RNA silencing. The Arabidopsis thaliana genome encodes six RNA-
dependent RNA-polymerases, termed RDR1, RDR2, RDR3, RDR4, RDR5 and RDR6. Some of the functions of
RDR1, 2 and 6 in RNA silencing are known but it is still unclear whether or not RDR3, 4 and 5 are actually
functional and what their roles in RNA silencing could be.

Literature

lOOOOOOOO Astier-Manifacier, S. & Cornuet, P. (1971). RNA-dependent RNA polymerase in Chinese
cabbage. Biochim Biophys Acta 232: 484-493

2.9QO0OOVOOO Schicbe, W., Haas, B., Marinkovic, S., Klanner, A. & Sanger, H. L. (1993). RNA-directed
RNA polymerase from tomato |eaves.€p |. Purification and physical properties. Journal of Biological Chemistry
268: 11851-11857

3 QOOOOOOO Schicbe, W., Haas, B., Marinkovic, S, Klanner, A. & Sanger, H. L. (1993). RNA-directed
RNA polymerase from tomato |eaves.€p |1. Catalytic €in vitro properties. Journal of Biological Chemistry 268:
11858-11867

4L QOOOOOOO Schicbe, W, Pelissier, T., Reidel, L., Thalmeir, S., Schiebel, R., Kempe, D., Lottspeich, F. et
al. (1998). Isolation of an RNA-di rected RNA polymerasespe(nflc cDNA clone from tomato. Plant Cell 10: 2087-
2102

Introduction « Applications ¢ Risk assessment * Glossary ¢ Images * Survey

https://camtool s.cam.ac.uk/access/content/group/ 72e676a7-375f-43bc-9f a8-559842514 1 db/baul combe/glossary/rna_dep_rna_pol.htm[01/02/2016 15:06:54]



Complement, complementary DNA/RNA strand

Complement, complemantary DNA/RNA strand

Two strands of DNA or RNA that bind to each other to form a double-stranded molecule are not copies of each other
€ they are complementary to each other. DNA and RNA encode their information in a sequence of the four
nucleobases (A)denine, (T)hymine, (G)uanine and (C)ytosine. In RNA (U)racil replaces (T)hymine. These
nucleobases can establish basepairs, where a nucleobase of one strand is bound to a nucleobase of the opposing
strand. In such basepairs, A isnormally paired with T (or U in RNA) and G with C. Therefore, knowing the
sequence of one strand is sufficient to derive the sequence of the opposing strand provided they are bound to each
other over their entire length. The level of complementarity between two DNA or RNA strands is a measure for the
amount of possible basepairs that can be established between the two.
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Transitivity

The target region of RNA silencing can be extended in a process known as "transitivity”. In this example, all SRNAs
delivered initialy (primary sSIRNASs) correspond to the same part of the protein coding region of the target gene
(labelled "tein®). Silencing is induced and the target messenger RNA is cleaved within the "tein" region by the
effector complex RISC, programmed with the primary siRNASs.

It is not known how exactly the target region is extended. One possibility (shown here) isthat the two fragments that
result from the cleavage of the target messenger RNA are recognised as an "aberrant” RNA by an RNA-polymerase,
which converts the fragments into doube-stranded RNA (see details). This new double-stranded RNA encompasses
the entire messenger RNA and it is processed by Dicer into SIRNAs. These secondary siRNAs target all regions of
the messenger RNA.

Transitivity is also linked to methylation, which may indicate a different mechanism involving transcription of
double-stranded RNA from the genomic copy of the gene. Alternatively, primary ssIRNAs might guide the RNA-
polymerase directly to itstarget and prime the polymerase reaction (not shown here).

So far, trangitivity has only been observed when transgenes are targets of RNA silencing. Endogenous genes seem to
be protected from this process.

SIRNAS can either be delivered directly or they can be produced from transgenes or viruses.
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Transitivity
Transitivity (Eigure)

In nematodes and plants, triggering RNA-silencing against one region of atransgenic messenger RNA resultsin the
formation of SSIRNAs corresponding not only to that region but to the entire messenger RNA. This spreading of
targeting beyond the initial trigger region is known as transitivity and requires the activity of an RNA-dependent

RNA-polymerase 12345  The exact mechanism is not clear yet but it is conceivable that the RNA-polymerase
recognises sIRNAs that are bound to their target RNASs as primers. The result would be a double-stranded RNA that
extends beyond the initially targeted region to which the s RNA was bound. This extended double-stranded RNA
can be processed into siRNAs. Because of the unidirectional mode of action of all polymerases, transitivity should
extend the target region exclusively towards the 5€ end of the template. Thisisindeed observed in nematodes 48
. However, plants surprisingly exhibit transitivity towards both ends of the template 1357 . To explain this
phenomenon it has been suggested that the plant RNA-polymerase responsible for transitivity mainly actsin an
unprimed mode, i.e. it recognises the fragments that arise from the initial SRNA-directed target cleavage and

converts them into double-stranded RNA beginning from the 3€ ends 37 Alternatively, there could be small
amounts of antisense transcript corresponding to the target RNA, which would allow a primer-dependent

polymerase reaction that would extend the target towards the 3¢ end of the sense transcript 3 . Recent data do

indeed suggest that alarge part of plant genomes may be transcribed in the antisense orientation 8 . Biochemical
studies have reveal ed both primer-dependent and primer-independent RNA-polymerase activitiesin plants and
fungi °10

Trangitivity in plants affects transgenes only, while endogenous targets seem to be protected from this process by an
unknown mechanism 311 .
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Induction of systemic silencing by " agr o-infiltration”

Plant RNA silencing involves amobile signal that spreads through the plant to cause systemic silencing. In a standard
assay areporter transgene, e.g. the jellyfish green fluorescent protein, is silenced locally by infiltrating aleaf with a
bacterium culture that expresses a silencing trigger. The bacterium used is Agrobacterium tumefaciens, which is why this
widely used procedure is known as "agro-infiltration".

Within afew days, the reporter geneis silenced (red area) in the infiltrated leaf. A signal of unknown identity spreads
through the vasculature of the plant and triggers systemic silencing of the same target gene first in newly emerging

leaves and later in the enitre plant. Since the signa retains the sequence specificity of theinitial silencing it is often
thought to be SIRNA, probably associated with a transport protein.

The systemic spreading of a silencing signal resembles the long-range movement of plant viruses. Since they are targets
of the silencing machienery, viruses must either outrace the silencing signal or inactivate it. Consequently, some vira
silencing suppressor proteins interfere specifically with the signal step of RNA silencing.

Only transgenes and pathogens can be targeted by a systemic silencing signal but it is not known yet how the plant's own
genes are protected from becoming systemically silenced.
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Thisillustration gives an overview of the RNA silencing pathway triggered by a single-stranded RNA virus.

The incoming virus genome is unpacked (1), replicated (2) and re-packed (3) to complete its "life"-cycle. Thisrequiresthe
activity of aviral RNA-polymerase which resultsin the temporary formation of double-stranded RNA (4). In addition, host
(plant) encoded RNA -polymerases are thought to contribute to the formation of double-stranded viral RNA (5). Single-

stranded viral RNA can also form partially double-stranded structures due to intramolecular interactions between regions with

complementary sequences (6).

Double-stranded RNA is recognised by Dicer which processes the viral RNA into SIRNAs (7). These might feed into a

hypothetical SRNA amplification cycle, involving a host RNA-polymerase (8).
Triggering silencing locally induces a systemic silencing signal that spreads through the plant to "immunise” the entire plant
against the virus (9). Thissignal is thought to involve sIRNA.

SiRNAs are loaded into the effector complex RISC to identify the targets of RNA silencing (10). Viral RNA (and any other
RNA with sufficient sequence similarity) is cleaved by components of RISC and subsequently degraded (11).
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A more detailed step by step explanation can be found here.
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Viral suppressors

Suppressor s of gene silencing

One of the mgjor roles of RNA silencing in plantsis to provide a defence system against viruses. Therefore, viruses
are under strong selection pressure to develop ways of evading or counter-acting the silencing machinery. Many, if
not al, plant viruses and at least some animal viruses consequently encode proteins that suppress gene silencing

1.23456.7,891011,1213141516,17.18 v/jrg suppressor proteins have apparently evolved independently of each
other because they exhibit a broad spectrum of activities and interactions with the host silencing machinery. The

ability of viral silencing suppressorsto interfere with different steps of gene silencing pathways make them ideal
tools to dissect these pathways 1-5:17:19,20,21,22,23,24,25,26,27,28,20,30,31,32,33,34,35,36,37,38

Among the best characterised suppressors are the potyvirus HC/Pro and the tombusvirus P19 protein. Resolving the
crystal structure of the latter made it possible to see aviral silencing suppressor in action, showing that it

specifically binds to siRNAs which fit into a €pmoul d€p formed by two interacting copies of the protein ®2° . The
P19 protein is thought to validate the identity of the bound RNA by probing for the 2 nucleotide overhangs that are
typical for SRNAs. The suppressor functions by depleting the cell of the SSIRNAs that would otherwise target the
virus for degradation.

In addition to viral-encoded suppressors of gene silencing, plants seem to have their own suppressors but their role

in the diverse silencing pathwaysis not clear yet 39 .
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Endogenous ssIRNAs

Endogenous SsRNAs

Endogenous SiRNAs are small RNAs that are encoded by an organismeps own genome but are not miRNAs. The
term @endogenous small RNAs€) can be used to collectively refer to miRNASs and endogenous siRNAS.
Following the discovery of SIRNAsin 1999, two laboratories demonstrated that there are SSIRNA in plant in which
RNA silencing had not been triggered by atransgene or avirus. These siRNAs were shown to originate from
regions between protein-coding genes, from repetitive DNA sequences and from transposons 12 . Transposons are
mobile genetic elements that are akin to some viruses and transposon-derived SIRNAS play an important rolein
restricting the activity of these elements that could otherwise cause extensive mutations 3*° . Many more
endogenous siRNAs have been reported since then 678 |
While transposon-derived endogenous siRNAs only affect the transposon they are derived from, €trans-acting
_siRNAs€ regulate other genesin amiRNA-like manner 79 .
Endogenous siRNAs differ from miRNASs in the way they are produced. A miRNA gene is transcribed to produce a
folded, partially double-stranded RNA, the miRNA-precursor, from which a precisely defined miRNA is excised 10
(see Eigure). In contrast, other regions within the genome can give rise to extended double-stranded RNAs that are
processed by Dicer enzymesto form a diverse population of more or less overlapping endogenous siRNAS.
Endogenous siRNAs that are derived from repeated DNA elements and transposons require the activity of DNA-
dependent RNA-polymerase 4 (also known as SDE4), Dicer-Like3 (DCL 3) and RNA-dependent RNA-polymerase 2
(RDR?) for their biosynthesis 21112 | |n contrast, trans-acting sSRNAS, a subgroup of endogenous SIRNAs, are
produced in a process that involves RNA-dependent RNA-polymerase 6 (RDR6) but not DCL3 or RDR2 7 . In
addition, the production of trans-acting sSRNAs is linked to the miRNA pathway ’
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Endogenous ssIRNAs
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Transposons

Transposable elements, (transposons)

Transposable elements are DNA sequences with the ability to move from place to place within a genome. They are
divided into two classes. Class 1 transposabl e elements (retroel ements) make up over 70% of genomic DNA in
maize. Retroelements multiply viaan RNA intermediate (a process called reverse transcription). Whereas a copy of
aclass 1 element remains at its original location during transposition, class 2 transposable elements excise
themselves from one location to integrate into a new place in the genome.

Many endogenous siRNAs in animals and plants are derived from transposons, showing that silencing these

otherwise mutagenic elements is an important part of genome maintenance 123 .
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Trans-acting SRNAs

Trans-acting (ta) SRNAs

Trans-acting (ta-) SRNAs are a class of endogenous SIRNAs. Acting in €ptrans€p means that the targets of these
siRNAs are different from the transcripts that give rise to them. Similar to miRNAS, tasiRNASs are generated from
precursor RNAs that are encoded by the genome 12 . Clusters of ta-siRNAs occur in the genome because each
precursor transcript is processed into several non-overlapping sRNAs 123 |
MiRNAs play arole in the biosynthesis of ta-sIRNASs by introducing a cleavage in the precursor RNA. This seemsto
be recognised by RNA-dependent RNA polymerase 6 (RDRG6), which converts the single-stranded precursor into
the double-stranded form. A Dicer enzyme (DCL4) process the doubles-stranded precursor into the mature ta-

siRNAs 14 . Another Dicer, DCL1, isrequired for miRNA maturation and therefore also for ta-SiRNA biosynthesis
5,6
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Biosynthesis

Bbiosynthesis

The term biosynthesis refers to a production process in-vitro by which simple precursors are processed by enzymes
into more complex compounds.
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CG, CNG and CNN methylation

CG, CNG and CNN methylation

DNA methylation affects cytosine (C) nucleotides and is linked to RNA silencing. There are two phases of DNA
methylation: initiation and maintenance. Initiation requires atrigger which can be a double-stranded RNA. When
DNA isreplicated, the methylation pattern is copied onto the newly synthesised strands to maintain the methylation
status. In plants, DNA methylation is preferably maintained at cytosinesin the CG context (which refersto a
cytosine that isfollowed by a guanine) and in CNG contexts (where N can be any nucleotide other than G).
Cytosinesin other sequence contexts can aso be methylated but this type of methylation is not maintained in
absence of the original trigger.

Initiation and maintenance of methylation patterns in plants involves at |east three different types of
methyltransferases, i.e. enzymes that add methyl groups. DRM methyltransferases can initiate new methylation but
are not involved in maintaining pre-established methylation patterns 1234 . In contrast, the CMT3 (for CNG
contexts) and MET1 (for CG contexts) methyltransferases are required for the maintenance of methylation patterns

in the absence of atrigger but not for the initial establishment of these patterns 245:6:7.8
DNA methylation is linked to heterochromatinisation, a process that changes the packing density of regions within
the genome. Densely packed heterochromatin can attract CM T3 methylatransferases and guide them to at least

some DNA regions where CNG methylation needs to be maintained %10 .
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Chromatin

Chromatin

Literally meaning € stainable matter€p thisterm refers to the genomic DNA and its associated packaging proteinsin

the nucleus of acell. DNA iswrapped around a protein €preel€p composed of histones H2A, H2B, H3 and H4. A
©nucleosome is aunit consisting of the histone core and about 150 basepairs of DNA wrapped around it.

Nucleosomes can be more or less condensed and the degree of condensation affects the accessibility and, hence, the
transcriptional activity of the region. In general, a higher degree of condensation reduces the activity of a genomic
region but there are exceptions to this rule. Heterochromatin is the term used for a densely packed region. The
opposite is euchromatin. The pattern of more or less densely packed DNA that becomes visible when chromosomes
are condensed during cell-division has been known since the 1920s 1 .

Literature

1

. ©© Heitz, E. (1928). [Das Heterochromatin der Moose]. Jahrbuch der Wissenschafltichen Botanik
69: 762-818
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Heterochromatin

Heter ochromatin

Densealy packed chromatin is referred to as heterochromatin. In general, DNA in heterochromatic regionsisless
accessible to the transcription machinery than DNA in euchromatic regions. As aresult, genes in heterochromatic
regions are expressed at low levels or they are completely silenced. However, heterochromatin does not aways

inactivate genes and some genes even require a heterochromatic environment to be active 1
DNA iswrapped around structural proteins (histones) that can be chemically modified to affect the chromatin
status. The condensation of euchromatin to heterochromatin is called heterochromatinisation.
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Thisillustration gives an overview of RNA-induced DNA methylation and chromatin modification pathways

Genomic regions that contain repetitive sequence elements are transcribed into RNA by a specialised RNA-polymerase (1).
These transcripts are recognised by another RNA-polymerase and converted into a double-stranded RNA (2), which is
processed by Dicer. The products of the Dicer reaction are endogenous siRNAs (derived from the plant's own genome).
Asin post-transcriptional silencing pathways, the SIRNASs are incorporated into an effector complex (3), referredto asRITS
(RNA-induced transcriptional gene silencing complex). The SsSRNA guides the complex to matching regions within the
genomic DNA (4) where it induces a chemical modification that does not alter the DNA sequence. Thisreaction involvesa
DRM methyltransferease, an enzyme that adds methyl groups to cytosine residues. A different set of methyltransferasesis
required to maintain the methylation pattern during DNA replication.

Methylated DNA is less accessible to components of the transcription machinery. Furthermore, DNA methylation is linked to
heterochromatin formation: DNA is wrapped around structural proteins, termed histones. Changing the structure from
loosely packed "euchromatin” to densely packed "heterochromatin® inactivates genes within the affected region (5).
Heterochromatin, in turn, attracts the RNA-polymerase that produces the templates for endogenous siRNAS, thus enabling a
self-sustaining feed-back 1oop to maintain the silenced state.

SIRNASs generated from viral RNASs or transgenes can also feed into the methylation/chromatin-modification pathway (6).
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Methylation

Methylation

A methyl group consists of one carbon and three hydrogen atoms. Methyl groups are used by many organisms to
modify DNA, RNA or proteins. The process of adding a methyl group is known as € methylation€.
The methyl group often functions as a marker that attracts other proteins for further modifications. DNA
methylation of promoter sequences (el ements that control the expression of the adjacent genes) leads

to@transcriptional silencing of the target gene 1 . There are different types of DNA-methylation for different
sequence contexts. These are known as CG, CNG and CNN methylation.

Once established, DNA methylation can be maintained in the absence of the original trigger and, in plants, the
methylation pattern is inherited by the progeny 2 . When DNA is replicated one strand carries the imprinted
methylation pattern while the newly synthesised strand does not. The methylation maintenance machinery of the
cell recognises such hemi-(half-)methylated DNA and imprints the methylation pattern onto the newly synthesised

strand. This methylation pattern israrely actively deleted. It can be lost, however, as a consequence of afailurein

the maintenance process. 3 .

The maintenance of methylation patterns in plant genomes depends on the activity of methyltransferases such as
MET1 or CMT3 and also requires the DDM 1 chromatin remodelling helicase .

Small RNAs such as s RNAs and miRNASs can aso be methylated. In plants, the HEN1 protein methylates miRNAs
5 In this case the methylation occurs at the ribose backbone and not at a nucleobase. In addition to providing a
quality control step in their biosynthesis, methylation might be required to prevent miRNASs from acting as primers
for RNA-polymerases, which could cause undesirable transitive silencing on endogenous target genes. Methylated
miRNAs might also be more stable than non-methylated ones. Similarly, methylation has been shown to increase

the stability of artificial SRNAsin blood, an essential prerequisite for applications of RNA silencing in medicine® .

Literature

lOOOOOOOO Mazke A. J. & Birchler, J. A. (2005). RNAi-mediated pathways in the nucleus. Nat Rev
Genet 6: 24-35

290000 OOO Jones, L., Racliff, F. & Baulcombe, D. C. (2001). RNA-directed transcriptional gene silencing
in plants can be inherited independently of the RNA trigger and requires Met1 for maintenance. Curr Biol 11: 747-

757
3. 9O©OOOOO©© Bender, J. (2004). DNA Methylation and Epigenetics. Annu Rev Plant¢ Biol 55: 41-68

4 QOOOOOOO Jddelon, J. A, Bender, J. & Richards, E. J. (1998). The DNA methylation locus DDM1 is
required for maintenance of gene silencing in Arabidopsis. Genes Dev 12: 1714-1725

500000009 YU, B, Yang, Z, Li, J, Minakhina, S., Yang, M., Padgett, R. W., Steward, R. et al. (2005).
Methylation as a Crucial Step in Plant microRNA Biogenesis. Science 307: 932-935

6.9 OOV O©OOO Soutschek, J, Akinc, A., Bramlage, B., Charisse, K., Constien, R., Donoghue, M., Elbashir, S.
M. et al. (2004). Therapeutic silencing of an endogenous gene by systemic administration of modified SSRNAS.
Nature 432: 173-178

Introduction « Applications ¢ Risk assessment * Glossary ¢ Images * Survey

https://camtool s.cam.ac.uk/access/content/group/ 72e676a7-375f-43bc-9f a8-559842514 1 db/baul combe/gl ossary/methyl ation.htm[01/02/2016 15:07:03]



Epigenetic

Epigenetic modifications

Epigenetic modifications are minor chemical modifications of nucleobases and DNA packaging proteins which
affect the expression pattern of a gene without changing its sequence. Transcriptional silencing of a gene as aresult
of RNA-induced DNA methylation is an example for an epigenetic modification.
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DRM methyltransferases

DRM methyltransfer ases (Arabidopsis)

DRM methyltransferases can initiate methylation at CG, CNG and CNN sites but are not involved in maintaining
pre-established methylation patterns 1234
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MET1

MET1

In plants, the methyltransferase MET1 is required for the maintenance and inheritability but not the establishment of
DNA CG methylation patterns that are associated with transcriptional gene silencing 12 . In contrast, maintenance

of DNA methylation associated with post-transcriptional gene silencing is MET 1-independent 2 .
Although MET1 has arole in seed development and flowering, mutationsin MET1 are not letha to plants.
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RITS

RNA-induced initiation of transcriptional gene silencing complex (RITS complex)

While RISC is the effector complex of post-transcriptional gene silencing, RITS is the effector complex of
transcriptional gene silencing. Its existence has been shown in fission yeast, where it contains an ARGONAUTE

protein, the chromodomain protein Chpl, Tas3 (a protein of unknown function) and Dicer-generated SRNAs® .
RITSlocalises to all heterochromatic regionsin fission yeast where it isinvolved in a self-enforcing loop

mechanism 2 : RITS is tethered to the methylated histones in the heterochromatic target region, probably by the

chromodomain protein Chpl 3. RITS promotes the processing of RNA that is transcribed from the region it is
bound to. This processing involves an RNA-dependent RNA-polymerase and results in the formation of double-

stranded RNA that is processed into SIRNAs by Dicer #° . These sIRNASs target the region they are derived from to
maintain the heterochromatic state and promote binding of RITS . See Figure.
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Crop Silencing | Target Purpose and Reference
technology comments
used
Apple sense- DspE-interacting The plant-pathogenic | 313
suppression | kinases bacterium Erwinia
amylovora secrets the
DspE protein. To
establish the disease,
this protein must
interact with agroup
of plant proteins, the
DspE-interacting
kinases. Silencing the
latter therefore
prevents the disease.
Coffee double- Theobromine Reducing the caffeine | 181
stranded synthase 1 (MXMT1) | content in coffee
RNA plants. In this case,
targeting theobromine
synthase 1 also led to
down-regulation of
two other genes which
areinvolvedin
caffeine synthesis. The
resulting coffee plants
exhibited reduced
caffeine levels.
Cotton double- DELTA9-desaturase, | Improving the fatty- 204,314
stranded oleoyl- acid composition of
RNA and | phosphatidylcholine | cotton seed ail.
antisense omegab-desaturase,
suppression | delta-cadinene
synthase
Diverse sense and plant viruses RNA silencing isa 315,316,317,8,10,11,257,278,316,318,319,
plant antisense natural defence 320,321,322, 323
species suppression, mechanism of plants
double- against viruses. This
stranded can be exploited to
RNA pre-establish an
€©immunisedgy state
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against economically
important viruses.€p

Thisisthe most
extensively examined
application of RNA
silencing in transgenic
plants. The second
GM crop to be
released for
commercial usewas a
virus-resistant squash.
Although this plant, as
well as many other in
the literature, had not
been designed to
employ RNA silencing
against the virus, we
now know that thisis
the mechanism behind
pathogen-derived
resistance in most of
the cases reported in
the literature.

Maize

antisense
suppression

O-methyltransferase

The GM plants exhibit
reduced lignin
contents, which
facilitates digestion of
thisforage grassin
animals, thus
improving livestock
performance. This
could be particularly
useful intropical
forage species, which
generally are of lower
quality than species
from temperate
climates.

Maize
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double-
stranded
RNA

22-kD zein

Zeinisastorage
proteinsin maize
seeds. Suppressing
zeinsimproves the
nutritional value of
maize.
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photorespiration, a
process that competes
with photosynthesis
and istriggered by
high oxygen levels. It
isnormally avoided by
the plant but
suppression of
plastidic glutamine
synthase forces the
plant metabolism into
photorespiration mode,
unless a high carbon
monoxide pressureis
provided. Asthisis
only possiblein a
controlled
environment, these
plants can not survive
outside the
greenhouse. This
construct would be
used as an addition in
transgenic plants that
might pose a health
and safety risk in the
environment, e.g.

Opium double- codeinonereductase | Replacement of 325
poppy stranded (COR) morphine with a
RNA nonnarcotic
metabolite.
Ornamental | antisense Enzymesinvolved in | Manipulating flower 2,3,180,276, 326
crops suppression | flower pigmentation | coloursin ornamental
and double- crops.
stranded
RNA
Poplar antisense cinnamyl-alcohol Improving pulping 281
suppression | dehydrogenase characteristics for
(CAD) or caffeate/5- | papermaking.
hydroxy-ferulate O-
methyltransferase
Potato antisense Pastidic glutamine Thetarget enzymeis | 207
suppression | synthase involved in
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transgenic plants that
produce

pharmacol ogical
substances.

Potato

antisense
suppression

Gl-1and A2-1

Increased dormancy
periods of tubersto
prevent germinating
during storage.

)
K
~

Potato

antisense
suppression

Threonine synthase

Changing the
aminoacid metabolism
of the plant to improve
nutritional value.

In this case, two
braches of a pathway
use the same precursor
substance to produce
two different amino
acids. Suppressing one
branch therefore leads
toincreased
channelling of the
precursor into the
remaining branch.

Potato

sense-

suppression
and
antisense
suppression

Granule-bound starch
synthase | (GBSSI)

Silencing GBSSI leads
to reduced amylose
contentsin tubers.

(8}
N
©

Rice

antisense
suppression

allergenic proteins

Reducing the
accumulation of
allergenic proteins.

Rice

antisense
suppression

Waxy

The protein Waxy is
involved in amylose
metabolism. The
resulting GM plants
exhibit lower amylose
levelsin the seeds,
which has a positive
effect onthe
processing
characteristics of rice.

https://camtools.cam.ac.uk/access/content/group/ 72e676a7-375f-43bc-9f a8-5598425141db/baul combe/tablel.htm[01/02/2016 15:07:05]




Table 1 € Applications of RNA silencing in GM crops

Ryegrass

antisense
suppression

Lol p5

Lol p 5isthemajor
allergenic protein of
ryegrass pollen. In this
study, it was targeted
by pollen-specific
expression of Lol p5
antisense suppression
RNA, resulting in
reduced allergenicity.

Soybean

antisense
suppression

allergenic proteins

Reducing the
accumulation of
allergenic proteins.

Sweet
potato

sense-
suppression

Granule-bound starch
synthase | (GBSSI)

Silencing GBSSI leads
to reduced amylose
contentsin tubers.

Tobacco

antisense
suppression

any transgene

The antisense
suppression construct
is expressed under a
pollen-specific
promoter, i.e. the
silencing trigger is
only present in pollen,
where it suppresses the
production of the
targeted transgene-
product.

This system might be
useful to prevent
uncontrolled spreading
of aprotein from
transgenic plantsvia
pollen. Tobacco is
only used as amodel
plant in this study.

Tobacco
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double-
stranded
RNA

Influenza NS1 protein

Inthiscase, theplantis | 134

engineered to express
siRNAstargeting a
human pathogen - the
influenzavirus. In this
experiment, the RNA,
including the virus-
specific SSIRNA, was




Table 1 € Applications of RNA silencing in GM crops

harvested from the
plant and introduced
into human cells,
which successfully
inhibited viral
replication.

Tomato

double-
stranded
RNA

polygalacturonase

Thisisthe Flavr Svr¢
€ Tomato, which
exhibits delayed fruit
softening. It has been
shown that the target is
silenced due to
aberrant integration of
the transgene into the
genome, leading to the
expression of double-

stranded RNA rather
than the expected
antisense trigger.

Tomato

antisense
suppression

ACC synthase

Suppression of
components of the
ethylene metabolism
reduces the
susceptibility of the
plant to a herbicide.

o8]
[

Tomato

double-
stranded
RNA

DE-ETIOLATED1
(DET2)

DET1lisaregulatory
geneinvolved in
several signalling
pathways controlled
by light. Silencing
DET1 therefore
influences many
metabolic pathways,
which hasa
detrimental effect on
growth and
development of the
plant. In this study,
DET1sllencingis
triggered in fruits only,
using afruit-specific
promoter. Asa
consequence, the
plants grow normally

N
N

https://camtools.cam.ac.uk/access/content/group/ 72e676a7-375f-43bc-9f a8-5598425141db/baul combe/tablel.htm[01/02/2016 15:07:05]




Table 1 € Applications of RNA silencing in GM crops

but the fruits
accumulate increased
levels of lycopene and
B-carotene, which are
highly beneficia to

human health.
Walnut double- tryptophan Agrobacterium 336
stranded mMonooxygenase tumefaciensisa
RNA (iaaM) and bacterial pathogen that
isopentenyltransferase| infects many plant
(ipt) from species, leading to
Agrobacterium crown gall disease.
tumefaciens. The bacterium inserts

parts of itsown
genome into the plant
genome, thus forcing
the plant to produce
the nutrients it
requires. Silencing
these bacterial genesin
the plant preventsthe
disease.
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Invitro invivo

in-vitro, in-vivo

In-vitro means €in the glass€p, i.e. in the test tube, as opposed to in-vivo studies that analyse reactionsin aliving
cell/organism.
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Off-target silencing

Off-target silencing

For the purpose of this report, off-target silencing is defined as a silencing effect on a non-target gene that was
neither intended nor predicted. Off-target effects are observed because we do not know all the rules that govern the
interaction between a silencing trigger and its target or because the target organism is not fully sequenced.

Isisimportant to distinguish off-target ‘primary" effects, i.e. silencing of a non-target RNA by adirect interaction
between trigger and target, and 'secondary’ effects, i.e. effects caused by the specific down-regulation of the target.
Many genes are part of complex egulation networks so that down-regulating one gene can influence the expression
of other genes. Secondary effects can also result from transgenic over-expression strategies. In addition, there may
be non-specific effects on non-target genes caused by flooding the cell with triggers of RNA silencing.
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no translation into protein
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iRM
iRMNA
-
‘FB"SE‘f;:"Ade’i\'Ed some siRMAs perfectly matching RMNA degraded no translation into protein
si s

some siRMAs partly matching translation blocked

no protein
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Off-target effects

The sequence-specificity of RNA silencing is mediated by small interfering (S)RNAS. In the example shown here, the

siRNAs are generated by an inverted-repeat RNA (see here for details) that isidentical in sequence to the target messenger
RNA (top).

The three messenger RNAs below represent three different types of possible interaction between transgene-derived siRNAs
and non-target RNAS:

o Non-target RNA 1 does not share any sequence with the target RNA and is therefore not affected.

o Non-target RNA 2 has aregion of identical sequence in common with the target RNA (shown in red). ThisRNA is
targeted for degradation by siRNAs derived from the common region.

o Non-target RNA 3 has at |east one short fragment of sequence in common with the target gene. This fragment may be
shorter than an SIRNA. In some cases, if there are only afew mismatches between siRNA and target, this may till
induce target degradation. If there are too many mismatches the SRNA can not induce degradation of the target RNA

but it might block trandlation instead. The abundance of the protein product, but not the messenger RNA, of the non-
target geneis affected in this case.

Effects such as those shown here for RNAs 2 and 3 are predictable to a certain degree if sufficient sequence information is
available and in some cases they are induced deliberately to silence several members of a gene family at once.

Silencing a gene can also induce secondary effects on non-target genes.
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Microarray

Microarray assay

Rather than monitoring expression levels of asingle gene in different tissues and under different environmental
conditions, researchers often want to analyse patterns of gene expression. A DNA microarray contains thousands of
DNA probes, densely spotted onto a chip, which enables sequence-specific genome-wide quantification of
messenger RNAs. One sampleistaken as areference (control) before the experiment is started. The experimental
dataset is then computationally compared to the control dataset to reveal the impact of the experimental conditions
on the messenger RNA expression pattern. Experiments like these have been used to investigate regulatory effects
of SsIRNAs on non-target messenger RNAs. Microarrays are now also being developed to examine the expression

patterns of known miRNAs 1

Literature

lOOOO©O©O©OO Shingara, J, Keiger, K., Shelton, J., Laosinchai-Wolf, W., Powers, P., Conrad, R., Brown, D.
et al. (2005). An optimized isolation and Iabellng platform for accurate microRNA expression profiling. RNA 11.
1461-1470
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Table 2 € overview of sequence requirements for the sIRNA-target interaction

Table 2 ¢ overview of sequence requirementsfor the sSRNA-target interaction.

A) Experiments analysing the effect of mismatches on target messenger RNA silencing
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Organism | Experiment | Number and position of mismatchesin S RNA* — effect on Comments References
silencing
all regions | 3€» end centre S5@end
Isolated Synthetic up to 4 — mode of 68,149,183
mammalian| siRNA, action changes
cells predicted from cleavage to
target tranglational
monitored repression
Insect¢y Synthetic 4 — no 4 — no silencing 20r4— 137
embryo SIRNA, silencing very low
extract protein 1 at cleavage site — | |evel of
expression no silencing silencing
of predicted
target
monitored
Plant Short trigger 1 — no silencing 36
integrated in
virus (27
nucleotides),
protein
expression
of predicted
target
monitored
I nsect Synthetic 1 — mild effect on Silencing was evaluated 337
embryos SIRNA, silencing by scoring effects on
phenotype embryo development but
monitored 2 — significantly target expression levels
reduced silencing were not quantified
efficacy
Isolated Synthetic 1 — very mild The effect of 2 central 152
mammalian| siRNA, effect on silencing mismatchesis difficult to
cells mRNA and explain. The endogenous
protein 2 — reduced target MRNA level was
levels of silencing efficacy significantly reduced but
predicted but mRNA still in another assay, almost
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target significantly no effect of the
monitored reduced. No clear mismatched siRNA on
effectin target translation was
translational assay observed.
Isolated Synthetic 1 — differential 151
mammalian| sSIRNA, effect depending
cells replication on target site, one
of predicted SIRNA had amost
target (a full silencing
virus) efficacy while
monitored another one was
significantly less
effective
4 — no silencing
Isolated Synthetic 1 — silencing 1- The synthetic SRNA had | 153,287
mammalian| siRNA, abolished or at silencing no mismatches to the viral
cells replication least significantly | abolished RNA target but after long
of predicted reduced oratleast | incubationtimes, a
target (a significantly] mutated virus with one
virus) reduced mismatch to the SRNA at
monitored acentral position
appeared.
Isolated Synthetic 1 — silencing Similar to thefindingsof | 338
mammalian| SiRNA, abolished or at Gitlinet al. 287 the HIV
cells repllcatl on |east Sgnlflcantly virus e&:aped from bel ng
of predicted reduced targeted by an ShRNA
target (a silencing trigger construct
virus) after acquiring a mutation
monitored in the central region of
the shRNA target site.
Plant Synthetic 6 — no 45
SIRNAS, silencing
protein
expression
of predicted
target
monitored
| solated Synthetic 2 — no silencing 339,340
mammalian| siRNA,
cells mRNA and
protein
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levels of
predicted
target
monitored
Isolated Synthetic 1 — significantly 341
mammalian| siRNA and reduced silencing
cells shRNA, efficacy
mRNA and
protein 2 — nosilencing
levels of
predicted
target
monitored
Isolated Synthetic 3G-U 1 G-U wobble 1G-U 148
mammalian| siRNA, wobble mismatch — wobble
cells mMRNA and | mismatches significantly mismatch
protein — reduced silencing — no
levels of significantly efficacy effect
target reduced
monitored silencing 1true
efficacy mismatch
—
significantly
reduced
silencing
efficacy
Isolated Synthetic 2 G-U wobble 149
mammalian| SIRNA, mismatches and 3
cells mRNA and true mismatches —
protein mode of action
levels of changes from
target cleavage to
monitored trandlational
repression
| solated Synthetic lin linpositions5-11 |1lin The effect of mutations 147
mammalian| SiRNA, position1 | — significantly positions depended not only on the
cells mRNA and or2—no | reduced or 12-17 — position but on the
protein effect completely reduced identity of the substituted
levels of abolished silencing | silencing nucleobase to the extent
target lin efficacy. that some mutations in
monitored positions 5- regions of otherwise low
11— tolerance were well
significantly tolerated.
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reduced or
completely
abolished
silencing
Isolated Synthetic 1— 1 — dlightly 1—-no Effect of two mutations 342
mammalian| siRNA, significantly| reduced silencing effect or was most pronounced
cells MRNA reduced efficacy dightly when onewasin the
levels of silencing reduced centre and the other in the
Predicted efficacy 2 — significantly | silencing | 3¢ end.
target reduced silencing efficacy
monitored 2—no efficacy
silencing or
severely
reduced
silencing
efficacy
Insect€y Synthetic combination | upto 9 — upto5— | Target cleavage with 9 145
embryo SIRNA, of 7-93¢ | cleavage of cleavage of | 3€p mismatches was
extract target mismatches | target target slightly enhanced by
cleavage with 1-2 increasingly increasingly | combining with one 5¢
monitored slowed slowed mismatch.
mismatches | down down
— no
target 10 — no 6 — no
cleavage target target
cleavage cleavage
Isolated Synthetic 1— 11— 69
mammalian| sSiRNAs, reduced reduced
cells analysed silencing silencing
messenger efficacy efficacy
RNA
expression
patterns
(microarray
assay)

* Some studies report the overall effect of mismatches regardless of their positions - these results are summarised under €pall regions€ in the table. The 3€ and 5€» ends are

those of the SRNA. The 3¢y end of the SRNA isthe 5¢p end of the target site on the messenger RNA and vice versa. Effects of mismatchesin more than one region are
independent of each other unless otherwise stated.

B) Experimentsinvolving large scale expression profiling

https://camtool s.cam.ac.uk/access/content/group/72e676a7-375f-43bc-9f a8-5598425141db/baul combe/tabl e2.htm[01/02/2016 15:07:08]



Table 2 € overview of sequence requirements for the SsIRNA-target interaction

162,343.344 Conyersely,
some messenger RNAS
that had valid target sites
according to the rules
found in this study were
not affected by
overexpression of the
matching miRNAs.

Organism Experiment Requirementsfor the SIRNA-target interaction to induce silencing* Comments References
all regions 3€ end centre S5@end
I solated Synthetic SIRNAS, 15 matchesin 14-15 matches, At least 9 matches Some messenger RNAs 69
mammalian analysis messenger total with at least encompassing the | (including the centre) | with short stretches of <8
cells RNA expression 11 contiguous centre. Having and 1 additional nucleobases similarity to
patterns (microarray matches. onemismatchin | matchinthe 3¢y end. | the SRNAs were affected
assay) the 3¢ half but these were most
abolished likely secondary effects
silencing for this not triggered by a direct
subgroup. interaction with the
SRNAs.
Plant Overexpression of four | No more than two | No more than three No mismatchesat | Not more than one A few exceptionstothe | 156
natural plant miRNAS, | contiguous mismatches even if positions 10 or mismatch in positions | rulesinferred from
anaysis of messenger | interna thereis a stretch of 11. 2-12 from the overexpression of the
RNA expression mismatches. 10 or more miRNA 5¢ end. four chosen miRNAs
patterns (microarray consecutive matches have been reported
assay) in the 5€ region.

* |n contrast to table 2A, the resultsin table 2B were obtained from large scal e expression profiling analyses. Rather than examining the effect of mismatches on target messenger
RNA silencing, these data give an indication of the number and positions of matches that are sufficient to induce silencing of a messenger RNA.
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5€ and 3¢ ends

5¢ and 3¢ ends

The two ends of a DNA or RNA molecule are not equal. Nucleotides, the building blocks of DNA or RNA, are
linked by a ribose backbone. Ribose is a carbohydrate that contains five carbon atoms that form aring structure. In
biochemistry these are referred to as carbon atoms 1€p to 5€p. To link two units of ribose, the hydroxyl (OH) group
of a 3¢ carbon atom reacts with the phosphate group of a 5€p carbon atom.

In the final DNA polymer (chain), the terminal ribose at one end has a free hydroxyl group at a 3€p carbon atom,
while the other end carries a free 5€p phosphate group. The two ends are referred to as the 3€p and 5¢p end
respectively. Asaresult, DNA or RNA molecules have a polarity which is recognised by enzymes that interact with
them. For example: the sequence 5@-ACTG-3€p is not identical to 3€-ACTG-5€p and a protein that binds to DNA
with the former sequence will not accept the latter. Sequences are always written down from the 5€ to the 3¢ end.
The two ends of messenger RNA molecules are usually modified with structures, termed €5€pcap€ and €3¢
poly(A) tail€p, that play arolein the translation process. A lack of these structures can make the @aberrant@ RNA
atarget of the RNA silencing machinery by attracting an RNA-polymerase that converts the single-stranded

messenger RNA into a double-stranded substrate for Dicer 1 .

Literature

lOOOOOOOO Gazzani, S, Lawrenson, T., Woodward, C., Headon, D. & Sablowski, R. (2004). A link
between mMRNA turnover and RNA interference in Arabidopsis. Science 306: 1046-1048
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Wobble basepairs

Wobble basepairs

Although, in RNA, uracil (U) normally forms basepairs with adenine (A), so-called €wobble€y basepairs of uracil
(V) with guanine (G) can also occur. Unlike complete mismatches, wobble basepairs do not disturb the spatial
geometry of the double helix. Wobble mismatches between SsSRNAs and target sites can be well tolerated in some

cases !,

Literature

lo©OO©OOO©© DU Q. Thonberg, H., Wang, J., Wahlestedt, C. & Liang, Z. (2005). A systematic analysis of
the silencing effects of an active SRNA at all single-nucleotide mismatched target sites. Nucleic Acids Res 33:
1671-1677
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Domain

Domain

Proteins are made up of amino acid polymers that from three-dimensional structures, which determine the enzymatic
or structural function of the protein. While some of these structures are peculiar to a single protein, others can be
found in many different proteins. These modules of distinct self-stabilizing structures are referred to as

©domains¢y.€p DNA or RNA binding domains, for example, can be found in many proteins that need to interact
with nucleic acids.
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Hypothetical hazard: variability of onset and extend of RNA silencing

seeds

vy T
Frry wg#g

f weak trigger of silencing

environmental
v @ >

influences on
strong trigger of silencing

expressing tissue
silenced tissue

efficacy of silencing

112

Silencing a gene with additional copiesin sense or antisense orientation (co- or antisense-suppression) can

lead to unreliable triggering of silencing in late stages of the plant's development. With these "weak" triggers

of silencing, silenced and non-silenced tissue is frequently found on one plant and some plants often fail to
initiate silencing altogether.

Strong triggers such as double-stranded RNA normally induce silencing in the seedling and maintain the
silenced state throughout the plant's life time.

Environmental parameters can have an influence on the efficacy of RNA silencing.

Post-transcriptional silencing is not inheritable. The silenced state is lost during reproduction and re-
established with the same frequency and spatial/temporal pattern in the next generation.
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Transgene-induced transcriptional silencing

Asindlide 1, silencing is triggered by an inverted repeat construct. In this case, however, the sequence of the inverted
repeat matches the promoter of the target gene and not its protein-coding region. The siRNAs generated from this
trigger induce RNA-directed DNA methylation of the promoter sequence. This process inactivates the promoter, thus
abolishing transcription of the messenger RNA.
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Hypothetical hazard: instability of silencing over generations
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A silencing trigger, double-stranded RNA in the example shown here, directs SSRNA-mediated
degradation of target messenger RNA and methylation of its own copy in the plant's genome. The

methylation (shown here as red flags) can accumulate and spread throughout the transcribed region
but does not easily spread into the promoter (labelled "transg. prom.") that controls the expression of

the transgene. If methylation does spread into the promoter, the trigger is no longer transcribed,
resulting in aloss of SIRNAs and re-activation of the silenced target gene. This process might take

several generations to manifest.
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Hypothetical hazard: suppression of RNA silencing by viruses
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Many plant viruses inhibit RNA silencing by encoding their own silencing suppressor proteins.
Silencing suppressors have evolved independently in various taxonomical groups of viruses.
Consequently, they have different modes of action and interfere with RNA silencing pathways at
different steps. The example here shows a suppressor that binds ssIRNASs to inactivate them. Thisis
the mode of action of the tombusvirus P19 protein, one of the most extensively studied viral

SUPPressors.
A vira infection could result in aloss of silencing of the target gene by the action of silencing

SUPPressor proteins.
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Hypothetical hazard: escape of viruses from silencing-based
resistance
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Viruses that are targeted for RNA silencing by short triggers such as short hairpin
(sh)RNASs can escape the silencing-based resistance by acquiring mutations within
the target region, thus impairing the interaction between the s RNA (shRNA) and the

viral RNA. Thelonger the trigger, the more difficult it isfor the virus to acquire the
necessary number of mutations without affecting its viability.

viral RNA silenced
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Hypothetical hazards: saturation of the silencing machinery
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Overexpressed potent triggers of RNA silencing could saturate the silencing machinery by loading all
available units of the effector complex RISC with transgene-derived siRNASs.

A virusthat is normally fought by RNA silencing can accumulate to high levelsin a plant with a
saturated silencing machinery, thus causing severe infections.
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Hypothetical hazard: horizontal transfer of RNA silencing
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RNA silencing is a highly conserved mechanism in plants, animals and fungi. If triggers or mediators of RNA
silencing, such as SiIRNAs, could be transferred from a GM plant to other organisms in afunctional state, they could
induce silencing of any sufficiently matching genesin the receiving organism.

Some plant viruses are transferred from plant to plant by mechanical inoculation. Thus, there could be a mechanical
transfer of silencing triggers or SSRNAs between plants, although thisis a very unlikely scenario.

The nematode species C. elegans is an important model organism for the study of RNA silencing. Silencing can be
induced in these worms by feeding them on bacteria that produce the silencing trigger. Since many nematodes live in
the rhizosphere it is conceivable that these could pick up RNA triggers or sRNAs from the plant. This could result in
silencing in the worm if there are sufficiently matching nematode genes. Vice versa, a"silenced" worm might induce
silencing in anon-GM plant by feeding on itsroots. So far, thereis no experimental indication that this unlikely
event is possible in nature but silencing can be triggered in a plant by rubbing RNA extracts from silenced plants
onto non-silenced leaves.
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PEV

Position effect variegation/ position effect silencing

Following chromosomal rearrangement events, euchromatic genes can end up in juxtaposition to heterochromatic
regions. The heterochromatic state can then spread into the formerly euchromatic gene, thus silencing it. Thisis
referred to as gpposition effect silencing€p. The resulting phenotype often is amosaic pattern as this type of
silencing is variable between individual cells. Later in development, the expression status of the gene becomes
clonally stable, giving rise to patches of similarly expressing cells. Thisis known as €pposition effect variegationgy
(PEV).

Interestingly, some Drosophila genes that normally reside in heterochromatic regions exhibit PEV when moved far
away from heterochromatin, suggesting that genes are optimised for expression in their @home environment€ and

that heterochromatic regions are not always inactive 12

Literature

lOOOOOOOO© Wakimoto, B. T. & Hearn, M. G. (1990). The effects of chromosome rearrangements on the
expression of heterochromatic genesin chromosome 2L of Drosophila melanogaster. Genetics 125: 141-154

290090900 OO Eberl, D.F, Duyf, B. J. & Hilliker, A. J. (1993). The role of heterochromatin in the expression
of a heterochromatic gene, the rolled locus of Drosophila melanogaster. Genetics 134: 277-292
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AGO1 (ARGONAUTEDL), Arabidopsis thaliana protein

AGO1 (ARGONAUTEL1), Arabidopsis thaliana protein

The Arabidopsis AGO1 protein was the first identified member of the extensive and highly conserved
ARGONAUTE family and it is now known to play a crucial rolein the RNA silencing machinery. AGO1
contributes a nuclease activity to the silencing effector complex RISC, which carries out the SSRNA-guided
cleavage of the target RNA 12,

Several other members of the ARGONAUTE protein family also have the structure that is required for a nuclease
activity 1 and AGO1 does not associate with all SRNA that are produced in acell. Thereforeiit is expected, that
other ARGONAUTE proteins perform the cleavage reaction in different silencing pathways.

Recent findings show that AGOL1 binds SsIRNAS, performs the cleavage reaction and does not appear to be part of a
complex when purified from plant extracts. Therefore it is conceivable that thereis no RISC complex as such in
plants and that AGO1isRISC 1 .¢

Literature

19O ©O©O©OOHO Baumberger, N. & Baulcombe, D. C. (2005). Arabidopsis ARGONAUTEL isan RNA Slicer
that selectively recruits microRNAs and short interfering RNAs. Proc Natl Acad Sci USA 102: 11928-11933

29000000 Q, Y., Denli, A. M. & Hannon, G. J. (2005). Biochemical specialization within Arabidopsis
RNA silencing pathways. Mol Cell 19: 421-428
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AGO4 (ARGONAUTEL), Arabidopsis thaliana protein

AGO4 (ARGONAUTE4), Arabidopsis thaliana protein

AGO4, amember of the ARGONAUTE protein family in Arabidopsis thaliana, has been implicated in
transcriptional silencing pathways and RNA-directed DNA-methylation 12 . In double-stranded-RNA induced
silencing, AGOA4 is required for the maintenance but not the initiation of DNA methylation 2

Literature

lOOOOOOO© Zilberman, D., Cao, X. & Jacobsen, S. E. (2003). ARGONAUTE4 control of locus specific
SIRNA accumulation and DNA and histone methylation. Science 299: 716-719

290909909V O Zilberman, D., Cao, X., Johansen, L. K., Xie, Z., Carrington, J. C. & Jacobsen, S. E. (2004).
Role of ArabIdOpSISARGONAUTE4 in RNA Directed DNA Methylatlon Triggered by Inverted Repeats. Curr Biol
14: 1214-1220
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Chromodomain

Chromodomain

The chromatin organization modifier (chromo) domain binds to methylated histones. Chromodomain proteins
catalyse the transition from euchromatin to heterochromatin.
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DCL1

DCL1, Dicer-likel (Arabidopsis thaliana)

The Arabidopsis enzyme DCL1 is one of the four Dicer-like proteinsin this plant species. It is required for miRNA
accumulation (Figure), where it isinvolved in at least two steps of the miRNA maturation pathway 12 . However,

DCL1isnot involved in SRNA production from double-stranded triggers of post-transcriptional gene silencing 3
The accumulation of DCL1 isitself regulated by a miRNA in afeed-back loop: an increase in DCL 1 abundance

leads to a higher production rate of miRNAs, which in turn reduce the rate of DCL1 production 4. In contrast to its
animal homologues, DCL 1 is located in the nucleus of the cell, suggesting that miRNA maturation in plants occurs

in the nucleus >0 .
Recent biochemical analyses have confirmed that DCL 1 processes double-stranded RNA into 21 nucleotide long

SIRNASs, whereas DCL 3 is the major Dicer activity producing the longer (24-25 nucleotide) SiRNAS /. These two
Dicer-like enzymes reside in different complexes of unknown composition 7. HYL 1, a double-stranded RNA
binding protein, is so far the only identified component of the DCL 1 complex &

Literature

1 99OV V090O Pak, W, Li,J, Song, R, Messing, J. & Chen, X. (2002). CARPEL FACTORY . aDicer
homolog, and HEN1, anovel protein, act in microRNA metabolism in Arabidopsis thaliana. Curr Biol 12: 1434-
1495

29000V OOO Kurihara, Y. & Watanabe, Y. (2004). Arabidopsis micro-RNA biogenesis through Dicer-like 1
protein functions. Proc Natl Acad Sci USA 101: 12753-12758

39OV VOOOO Finnegan, E. J, Margis, R. & Waterhouse, P. M. (2003). Posttranscriptional gene silencing is
not compromised in the Arabidopsis CARPEL FACTORY (DICER-LIKE1) mutant, a homolog of Dicer-1 from
Drosophila. Curr Biol 13: 236-240

1990000000 Xie, Z., Kasschau, K. D. & Carrington, J. C. (2003). Negative Feedback Regulation of Dicer-
Likel in Arabidopsis by mlcroRNA Guided MRNA Degradation. Curr Biol 13: 784-789

5. 90000900 Xie Z., Johansen, L. K., Gustafson, A. M., Kasschau, K. D., Lellis, A. D., Zilberman, D.,
Jacobsen, S. E. et al. (2004). Genetic and Functional Diversification of Small RNA Pathwaysin Plants. PLoS
Biology 2: 642-652

0.OOOOOOOO Papp, |., Mette, F., Aufsatz, W., Daxinger, L., Schauer, S. E., Ray, A., van der Winden, J. et al.
(2003). Evidence for Nuclear Processing of Plant Micro RNA and Short Interfering RNA Precursors. Plant Physiol
132: 1382-1390

7190099V OO Qi, Y., Denli, A. M. & Hannon, G. J. (2005). Biochemical specialization within Arabidopsis
RNA silencing pathways. Mol Cell 19: 421-428

8.Q9OOOOOO Hiraguri, A, Itoh, R., Kondo, N., Nomura, Y., Aizawa, D., Murai, Y., Koiwa, H. et al. (2005).
Specific interactions between Dicer-like proteins and HY L 1/DRB-family dsRNA-binding proteins in Arabidopsis
thaliana. Plant Mol Biol 57: 173-188
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AGO1 (ARGONAUTEDL), Arabidopsis thaliana protein

DCL 2, Dicer-like2 (Arabidopsis thaliana)

According to arecent biochemical study, DCL2 does not contribute significantly to SsSRNA production when anon-
vira double-stranded RNA is used as atrigger for RNA silencing . In contrast, DCL2 has been reported to be
associated with SRNA production from at least some plant viruses 2.

Literature

lOOOOOOO© Q. Y., Denli, A. M. & Hannon, G. J. (2005). Biochemical specialization within Arabidopsis
RNA silencing pathways. Mol Cell 19: 421-428

290090090V O Xie Z, Johansen, L. K., Gustafson, A. M., Kasschau, K. D., Léllis, A. D., Zilberman, D.,
Jacobsen, S. E. et al. (2004). Genetic and Functlonal Dlversflcatlon of Small RNA Pathwaysm Plants. PLoS
Biology 2: 642-652
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DCL3
DCL 3, Dicer-like3 (Arabidopsis)

DCL3, one of the four Dicer enzymesin Arabidopsis, is required for the biosynthesis of endogenous SRNAs . A
recent biochemical analysisin Arabidopsis has shown that DCL3 is responsible for producing the longer size-class

(24-25 nucleotides) of SRNAs 2, which are known to be required for systemic silencing and RNA-directed DNA
methylation 34 .

Literature

lOOOOOOOO Xie Z., Johansen, L. K., Gustafson, A. M., Kasschau, K. D., Léllis, A. D., Zilberman, D.,
Jacobsen, S. E. et al. (2004). Genetic and Functional Diversification of Small RNA Pathwaysin Plants. PLoS
Biology 2: 642-652

290009090006 Qi, Y., Denli, A. M. & Hannon, G. J. (2005). Biochemical specialization within Arabidopsis
RNA silencing pathways. Mol Cell 19: 421-428

3 QOO0O0OOOO Hamilton, A. J, Voinnet, O., Chappell, L. & Baulcombe, D. C. (2002). Two classes of short
interfering RNA in RNA silencing. EMBO J 21: 4671-4679

4 9OOOO 9O Baulcombe, D. (2004). RNA silencing in plants. Nature 431: 356-363
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DCL4

DCL4, Dicer-like4 (Arabidopsis thaliana)

In addition to miRNAS, plants have been shown to encode other regulatory small RNAS, called trans-acting (ta)-

siRNAs. The Arabidopsis enzyme DCL 4, amember of the Dicer family, processes double-stranded precursor RNAs
into ta-siRNAs 12 . DCL4 forms a complex which includes at least one more double-stranded RNA binding protein
3

In arecent study, DCL4 was also identified as the Dicer activity that produces ssRNAs from long doubl e-stranded
transgene RNA, commonly used to trigger silencing in transgenic plants. Furthermore, this study demonstrated that
21 nucleotide long SIRNASs produced by DCL4 are the signal that enables cell-to-cell movement of RNA silencing

inplants?.

Literature

lOOOOOOOO Xie Z., Allen, E., Wilken, A. & Carrington, J. C. (2005). DICER-LIKE 4 functionsin trans-
acting small interfering RNA biogenesis and vegetative phase change in Arabidopsis thaliana. Proc Natl Acad Sci

USA 102: 12984-12989

2900990V OO Yoshikawa, M., Peragine, A., Park, M. Y. & Poethig, R. S. (2005). A pathway for the
biogenesis of trans-acting SRNAs in Arabidopsis. Genes Dev 19: 2164-2175

3. Q9O0O0OOOO Hiraguri, A, Itoh, R., Kondo, N., Nomura, Y., Aizawa, D., Murai, Y., Koiwa, H. et al. (2005).
Specific interactions between Dicer-like proteins and HY L 1/DRB-family dsRNA-binding proteins in Arabidopsis
thaliana. Plant Mol Biol 57: 173-188

4. 9OO©O©O©OOO Dunoyer, P, Himber, C. & Voinnet, O. (2005). DICER-LIKE 4 isrequired for RNA
interference and produces the 21-nucleotide small interfering RNA component of the plant cell-to-cell silencing
signal. Nature Genetics Published online ahead of print 6 November 2005
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DDM1

DDM 1 (Arabidopsis thaliana)

The Arabidopsis protein DDM1 is a chromatin remodelling enzyme that is required for both DNA and histone
methylation. 12 .

Literature

lOOOOOOOO Jeddeloh, J A, Bender, J. & Richards, E. J. (1998). The DNA methylation locus DDM1 is
required for maintenance of gene silencing in Arabidopsis. Genes Dev 12: 1714-1725

29000000 Cendrel, ALV, Lippman, Z., Yordan, C., Colot, V. & Martienssen, R. (2002). Dependence of
Heterochromatic Histone H3 Methylation Patterns on the Arabidopsis Gene DDM1. Science 297: 1871-1873
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Drosophila

Drosophila melanogaster

The fruitfly Drosophila melanogaster is an important and well-studied model organism for genetics and molecular
biology.
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EGSL and EGS2
egsl and egs2

Mutations in these two genes enhance RNA silencing in Arabidopsis. The proteins encoded by these two genes are
therefore expected to be negative regulators of RNA silencing but, despite being the earliest RNA silencing

mutations described in plants, their exact nature has not been resolved yet 1 . Another negative regulator of RNA
silencing, rgs-CaM, has been identified in tobacco 2

Literature
lOOOOOOOO Dehio, C. & Schell, J. (1994). Identification of plant genetic loci involved in

posttranscriptional mechanism for meiotically reversible transgene silencing. Proc Natl Acad Sci USA 91 5538-
5542

299 OO0V Anandadakshmi, R., Marathe, R., Ge, X., Herr Jr., J. M., Mau, C., Malory, A., Pruss, G. et al.

(2000). A Calmodulin-Related Protein That Suppresses Posttranscriptional Gene Silencing in Plants. Science 290:
142-144
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Heterochromatinisation

Heter ochromatinisation

The process of increasing the @packing density<€p of chromatin, which reduces the transcriptional activity of the
affected region of DNA, is called heterochromatinisation.
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Homology

Homology

In molecular biology, sequences of nucleobasesin DNA/RNA and sequences of amino acids in proteins are often
compared to one another to fathom their relationship and functional similarity. Two sequences that have common
ancestry or are functionally similar are €phomologous€y to each other. This does not imply that the sequences
themselves are identical and, in fact, the proportion of identical nucleobases or amino acids in homologous
genes/proteins can be very low.

DNA seguences encode the amino acid sequences of proteins in @triplets€p, i.e. three consecutive nucleobases
encode one aminoacid. The genetic code is somewhat redundant, because most aminoacids can be encoded by more
than one triplet. As aresult, some mutations change the DNA sequence without altering the aminoacid sequence of
the protein product because the changed triplet still encodes the same aminoacid. In addition, different amino acids
are often functionally similar to each other so that a mutation can change an amino acid without changing the
structure and thus the function of the domain it residesin. Molecular biologists therefore examine the similarity of
proteins, or domains of proteins, to find out whether or not they are homologues of each other. If they are, the genes
encoding them are homol ogues although their actual nucleobase sequences can be very different from each other.
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HYL1

HYL1

The ArabidopsisHYL1 (HY PONASTIC LEAVES]) protein isinvolved in miRNA production but not in post-
transcriptional transgene silencing L2 Neither HYL1 nor HEN1 are absolutely required for miRNA biosynthesis

but if both are missing the plant is infertile, suggesting a synergistic effect of these two proteins1 . HYL1 is

homol ogous to the Drosophila melanogaster protein R2D2, which probes the ends of the double-stranded small
RNA. This process determines which of the two strands of the small RNA isto be incorporated into the silencing

effector complex RISC 123 . The non-incorporated strand is discarded and degraded.
Like R2D2, HY L1 has a double-stranded RNA binding domain and it has been shown recently to form complexes

with the Dicer enzyme DCL1 . However, some important differences make it seem unlikely that HYL 1 has
exactly the same role in plants as R2D2 in animals 2 .

Literature

lOOOOOOO© Vazquez, F., Gastiolli, V., Crete, P. & Vaucheret, H. (2004). The Nuclear dsRNA Binding
Protein HYL1 is Required for MicroRNA Accumulation and Plant Devel opment, but not Posttranscriptional

Transgene Silencing. Curr Biol 14: 346-351

290000006 Han, M.-H., Goud, S, Song, L. & Fedoroff, N. (2004). The Arabidopsis double-stranded
RNA-binding protein HY L 1 plays arole in microRNA-mediated gene regulation. Proc Natl Acad Sci USA 101

1093-1098

3900000V O© Ly C. & Fedoroff, N. (2000). A mutation in the Arabidopsis HY L 1 gene encoding a dsRNA
binding protein affects responses to abscisic acid, auxin, and cytokinin. Plant Cell 12: 2351-2366

4L 9QOOOOOOO Hiraguri, A, Itoh, R., Kondo, N., Nomura, Y., Aizawa, D., Mural, Y., Koiwa, H. et al. (2005).
Specific interactions between Dicer-like proteins and HY L /DRB-family dsRNA-binding proteinsin Arabidopsis
thaliana. Plant Mol Biol 57: 173-188
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Genomic imprinting
Genomic imprinting

Sexually reproducing organisms inherit two copies of each gene € one from each of the two parents. In some cases,
only one of the two copiesis active, while the other one isinactivated by DNA methylation. This phenomenon was

first reported in insects in the late 1950s but is now known to occur in mammals and flowering plants as well 1:23 .
Having two copies of a gene should protect the organism from detrimental mutations in one of the copies, because
the mutation can be compensated by the second, intact, copy of the gene. From this point of view it seems counter-
productive to inactivate the €backup€ copy by genomic imprinting.

The most widely accepted theory to explain genomic imprinting implies a €pbattle of the sexes€y: females,
especially female mammals, invest alot into the pre-natal development of the embryo and it is beneficial for them
to strike a balance between this investment and their own physical fitness to ensure multiple births and thus more
offspring. The male parent, in contrast, would profit from forcing the female mate to invest more into the embryo to
give his offspring a better chance of survival. Thus, the maternally inherited half of the genome reduces embryo
growth while the paternal half promotes it. As aresult of this €parental gene conflict€p, many genes that are
implicated in the growth and development of the mammalian foetus or placenta are subject to imprinting.

In mice, approximately 80 imprinted genes have been identified so far and a similar number is expected in humans
(http://www.mgu.har.mrc.ac.uk/research/imprinting/).

Literature

loOOOOOO©O McDondd, J. F., Matzke, M. A. & Matzke, A. J. (2005). Host defenses to transposable
elements and the evolution of genomic imprinting. Cytogenet Genome Res 110: 242-249

2990009 OO Kohler, C. & Grossniklaus, U. (2005). Seed development and genomic imprinting in plants.
Prog Mol Subcell Biol 38: 237-262

3. 9OOOOOOO Autran, D., Huanca-Mamani, W. & Vielle-Calzada, J. P. (2005). Genomic imprinting in
plants: the epigenetic version of an Oedipus complex. Curr Opin Plant Biol 8: 19-25
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Methyltransferase

M ethyltransfer ases

A methyltransferase is an enzyme that adds methyl groups to its substrate (see methylation). Cytosine
methyltransferases methylate cytosine residuesin DNA molecules. In plants, there are three distinct classes of
cytosine methyltransferases known as MET, CMT and DRM. MET1, a member of the MET class, isthe major

enzyme responsible for the maintenance of CG methylation in plants 1. CMT3, aCMT class methyltransferase, isa
major enzyme for the non-CG methylation maintenance. CMT3 and DRM methyltransferases are responsible for

establishing new DNA-methylation patterns 2 .

Literature

lOOOOOOOO Jones, L., Ratcliff, F. & Baulcombe, D. C. (2001). RNA-directed transcriptional gene silencing
in plants can be inherited independently of the RNA trigger and requires Met1 for maintenance. Curr Biol 11: 747-

757
2.©9©O0O©O©O©O©© Bender, J. (2004). DNA Methylation and Epigenetics. Annu Rev Plant¢ Biol 55: 41-68
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Nuclease

Nuclease, RNase, DNase

An enzyme that degrades nucleic acidsis called a nuclease. An RNase degrades RNA and a DNase degrades DNA.
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Primer
Primer

DNA or RNA polymerases synthesise DNA/RNA that is complementary in sequence to a pre-existing template
strand of DNA/RNA. A primer is a short fragment of DNA or RNA that binds to the template strand. The
polymerase then extends the 3€p end of the primer until it reaches the end of the template strand or is stopped by

other means. Many, but not all, polymerases require such a primer and some can perform both primed and unprimed
reactions® .

Literature

lOOOOOOOO Makeyev, E. V. & Bamford, D. H. (2002). Cellular RNA-dependent RNA polymerase
involved in posttranscriptional gene silencing has two distinct activity modes. Mol Cell 10: 1417-1427
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R2D2

R2D2

In the fruitfly Drosophila melanogaster, this protein probes the double-stranded siRNA to find the €pstronger€y end,
thus determining which of the two strands is incorporated into RISC to guide target cleavage 1 .

Literature

lOOOOOOOO Tomai, Y., Matrange, C., Haley, B., Martinez, N. & Zamore, P. D. (2004). A Protein Sensor
for SRNA Asymmetry. Science 306: 1377-1380
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RDR1

RNA-dependent RNA-polymerase 1 (RDR1), Arabidopsis thaliana

RDR1 isone of six RNA-dependent RNA-polymerases encoded by the A. thaliana genome. RDR1 has been shown
to participate in silencing pathways that target viruses in several plant species 123 . The production of RDR1 is
induced by salicylic acid, aknown signal molecule involved in plant defence pathways 4° .

Literature

lOOOOOOOO Xie Z., Fan, B, Chen, C. H. & Chen, Z. (2001). An important role of an inducible RNA-
dependent RNA polymeraseln plant ant|V| ral defense. Proc Natl Acad Sci USA 98: 6516-6521

29900009000 YU D, Fan B, MacFarlane, S. A. & Chen, Z. (2003). Analysis of the involvement of an
inducible Arabidopsis RNA-dependent RNA polymerase in antiviral defense. Mol Plant Microbe Interact 16: 206-
216

30000V OOO Yang, S J, Carter, S. A, Cole, A. B., Cheng, N. H. & Nelson, R. S. (2004). A natural variant
of ahost RNA-dependent RNA polymerase is associated with increased susceptibility to viruses by Nicotiana
benthamiana. Proc Natl Acad Sci USA 101: 6297-6302
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RDR2

RNA-dependent RNA-polymerase 2 (RDR2), Arabidopsis thaliana

RDR2 is one of six RNA-dependent RNA-polymerases encoded by the A. thaliana genome. It cooperates with the

DNA-dependent RNA-polymerase 4€p to produce endogenous siRNAs 12 . Some genomic regions are believed to
attract DNA-dependent RNA-polymerase 4 which produces transcripts that are subsequently converted to the

double-stranded form by RDR2 2 . However, RDR2 seems to be required even in cases were the original transcript

could form a double-stranded structure on itsown 1 .

The same pathway producing endogenous ssIRNASs may also be responsible for the trigger-independent maintenance
of transgene silencing by attracting DNA-dependent RNA-polymerase 4 to the methylated integration site of the
transgene in the plant genome. The transcripts provided by this enzyme are processed into SsSRNAs by RDR2 and a
Dicer enzyme. These sIRNAs direct the methylation of the transgene which enforces transcription by DNA-
dependent RNA-polymerase 4. The result is a self-sustaining feed-back loop that maintains the silenced state of the

transgene 3 .

Literature
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Jacobsen, S. E. et al. (2004). Genetic and Functional Diversification of Small RNA Pathwaysin Plants. PLoS
Biology 2: 642-652
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5888

Introduction ¢ Applications ¢ Risk assessment * Glossary ¢ Images ¢ Survey

https://camtool s.cam.ac.uk/access/content/group/72e676a7-375f-43bc-9f a8-559842514 1 db/baul combe/gl ossary/rdr2.htm[01/02/2016 15:07:26]



RDR6

RNA-dependent RNA-polymerase 6 (RDR6), Arabidopsis thaliana

RDRS6, also known as SDE1 and SGS2, is one of six RNA -dependent RNA-polymerases encoded by the A. thaliana
genome. This enzyme was one of the first to be identified as a component of the RNA silencing machinery in plants
by screening mutant plants deficient in RNA silencing 12 . Without RDR6, RNA silencing can still be triggered by
double-stranded but not single-stranded RNA, showing that this enzyme is responsible for converting single-
stranded RNA into the double-stranded form by synthesising a complementary strand. It is not clear how RDR6
recognises single-stranded RNA but missing end structures have been shown to be one possibility to mark out an
RNA as @aberrant€ and thus as atarget of RNA silencing 2.

RDRG6 is also required for the reception, but not the production, of the long-range RNA systemic silencing signal
(see Figure), while having no effect on the short-range signal 4 . It has been suggested that RDR6 isinvolved in
antiviral defence because it enables systemic signalling that can inhibit viral spread by targeting the virusin the
early stages of itsinfection cycle®

Recently, RDR6 has a so been implied in the biosynthesis of trans-acting endogenous siRNAs, which have arole in
developmental regulation © .
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between mMRNA turnover and RNA interference in Arabidopsis. Science 306: 1046-1048

4 9OOOOOOO Himber, C., Dunoyer, P., Moissiard, G., Ritzenthaler, C. & Voinnet, O. (2003). Transitivity-
dependent and -independent cell-to-cell movement of RNA silencing. EMBO J 22: 4523-4533

50000000 Schwach, F., Vaidtij, F. E., Jones, L. & Baulcombe, D. (2005). An RNA-dependent RNA-

polymerase prevents meristem invasion by Potato virus X and is required for the activity but not the production of a
systemic silencing signal. Plant Physiol 138: 1842-1852

0.OOOOOOOO Peragine A., Yoshikawa, M., Wu, G., Albrecht, H. L. & Poething, R. S. (2004). SGS3 and
SGS2/SDE1/RDRG are required for juvenile development and the production of trans-acting SRNAsin
Arabidopsis. Genes Dev 18: 2368-2379

[ntroduction « Applications  Risk assessment » Glossary ¢ Images * Survey

https://camtool s.cam.ac.uk/access/content/group/72e676a7-375f-43bc-9f a8-559842514 1 db/baul combe/gl ossary/rdr6.htm[ 01/02/2016 15:07:27]



Reporter genes

Reporter genes

The products of reporter genes are easily visible or can be visualised indirectly by simple assays. Frequently used
examples are the GUS gene (visualised by a blue dye) and the GFP gene. The latter, which has been used
extensively in RNA silencing studies, is visualised by its distinct green fluorescence under UV light (in contrast to
the red auto-fluorescence of green plant tissues. Thisis a non-disruptive method that can be used to follow the
development of gene expression or silencing on a plant without killing it.
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rgs-CaM

rgs-CaM

Rgs-CaM is acalmodulin-related protein that has been identified as plant-encoded suppressor of post-transcriptional

gene silencing. This protein interacts with a virus-encoded silencing suppressor 1 . Its exact rolein the silencing
machinery is still unknown.

Literature

1999V 90HH9 Anandaakshmi, R., Marathe, R., Ge, X., Herr Jr., J. M., Mau, C., Mallory, A., Pruss, G. et al.
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ribozyme
Ribozymes
While most chemical reactionsin aliving cell are catalysed by proteins, RNA can sometimes have enzymatic
activity aswell. Such RNA enzymes are called ribozymes. Their activity, like the enzymatic activity of proteins, is
defined by their three-dimensional structure, which is a consequence of the interactions between nucleobases within

the RNA strand. Ribozymes often cleave themselves or other RNAs and can be engineered to target specific
messenger RNAs for destruction. This method is now largely replaced by RNA silencing techniques.

Introduction ¢ Applications ¢ Risk assessment ¢ Glossary ¢ Images ¢ Survey

https://camtool s.cam.ac.uk/access/content/group/ 72e676a7-375f-43bc-9f a8-559842514 1 db/baul combe/gl ossary/ribozyme.htm[01/02/2016 15:07:28]



SDE1

SDE1

See RDR6
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SGS3
SGS3

A protein of unknown function that is required for post-transcriptional gene silencing and antiviral defence®. Itis
also involved in the biosynthesis of trans-acting SRNA 23 . There are no homologues of this protein in animals 1
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Size classes

Size classes of SRNAS

Originally thought be of uniform length, plant ssRNAs were later found to occur in distinct size classes, with 21-22

and 24-25 nucleotide sIRNAs being the two major fractions 1:2 . These are often referred to as short and long
siRNAs respectively. The short SRNASs are associated with local silencing and the short-range signal, whereas

systemic signalling and RNA-directed DNA methylation are both associated with the long size class 1:2 . In
Arabidopsis, DCL1 has been identified as a Dicer activity that produces short SRNASs, while DCL 3 produces the

long size class 4

Literature
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Transcriptome

Transcriptome

The sum of al transcripts (RNA) derived from the genome (DNA) in aliving cell isreferred to as its transcriptome.
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Uridylation
Uridylation

In the absence of HEN1, miRNAs and SiRNAs are not methylated 12 . Uridylation, i.e. addition of uridine
nucleotides, of these unmethylated small RNAs s believed to induce their degradation 2 .

Literature
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Viroid
Viroids
Viroids are plant pathogens that are similar to viruses. They consist of single-stranded RNA that, unlike viral RNA,
is not coated with proteins. Instead, it is highly structured, which may confer some resistance against RNA

degrading enzymes. Viroid RNA, in contrast to viruses, does not encode any proteins and, consequently, the viroid
relies completely on host proteins for replication and movement through the plant.
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In the nucleus, genes are transcribed by RNA-polymerases. The transcripts are processed further to yield the mature
messenger RNA which is characterised by structures at both ends (5' cap and 3' poly(A) tail). After export to the
cytoplasm, the trandation machinery assembles on the messenger RNA and ribosomes scan the sequence, trandating

it into chains of aminoacids that eventually form the mature protein.
Gene silencing can interfere with this process at different stages. Transcriptional silencing affects the genomic DNA

itself by introducing methylation and changes to the chromatin structure, which render the affected region inactive. In

contrast, Post-transcriptional silencing affects the messenger RNA, either by destroying it or by blocking translation.
All types of gene silencing are sequence specific, thus only genes and messenger RNAs with sufficient sequence

similarity to the original trigger are affected.
Most applications of RNA silencing in GM plants employ post-transcriptional mechanisms.
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Small interfering (s))RNAs are double-stranded RNA molecules, 20-25 nucleotides in length, with two unpaired bases
at the 3" ends of each strand. They are the mediators of sequence specificity in RNA silencing.
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This series of images shows how single-stranded RNASs can trigger RNA silencing.

A single-stranded RNA (left) can be recognised by an RNA-dependent RNA polymerase, e.g. if it exhibits aberrant
features such as missing end structures. The polymerase then synthesises the second (complementary) strand .

Some RNAs are designed to form double-strands (right) because one part is complementary to the other (see here for
details). The nucleobases are shown here as coloured flags where yellow can pair with red and blue with green (see
next slide).
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Thisillustration gives an overview of the micro (mi)RNA silencing pathway

MicroRNASs regulate the expression of genes by silencing messenger RNAs. The miRNA geneis transcribed (1) into a precursor that foldsinto a
characteristic structure with partially double-stranded regions (2). In plants, the miRNA precursor is then trimmed by a Dicer enzyme and,
presumably, other enzymes (3). The shorter precursor is transported from the nucleus to the cytoplasm (4) where it is processed by Dicer to yield
the mature miRNA (5).

Only one strand of the miRNA is selectively incorporated into the silencing effector complex RISC while the other strand is degraded (6). Once
programmed with amiRNA, RISC can interact with messenger RNAs in three different ways:

o animperfectly matched miRNA can bind to its target but does not induce its destruction. The bound miRNA blocks the trandation of the
messenger RNA into protein (7). Thisis the default mode of action for most animal miRNAs but it israre in plants

o aperfectly matched miRNA or amiRNA with asmall number of mismatches (usually not more than 3 in plants) induces target cleavage and
destruction (8).

o apoorly matched miRNA has no affect on the messenger RNA (9).

A more detailed step by step explanation can be found here
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This series of images shows how micro (mi)RNASs are produced and how they induce silencing in plants.

Next > | Last >>

MicroRNAs are endogenous small RNAs, i.e. they are derived from the plant's own genome. The miRNA biogenesis
pathway starts in the nucleus of the cell with the transcription of the gene that encodes the miRNA precursor. Thisis
an RNA that, in contrast to messenger RNAS, does not code for a protein. Instead, the precursor RNA foldsinto a
characteristic structure by intramolecular base-pairing. This structure contains double-stranded regions where most

nucleobases establish a basepair.
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