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Caveat of RNAI in Plants: The Off-Target Effect
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Abstract

RNA interference (RNAi), mediated by short interfering RNAs (siRNAs), is one of the widely used
functional genomics method for suppressing the gene expression in plants. Initially, gene silencing by
RNAI mechanism was believed to be specific requiring sequence homology between siRNA and target
mRNA. However, several recent reports have showed that non-specific effects often referred as off-target
gene silencing can occur during RNAi. This unintended gene silencing can lead to false conclusions
in RNAi experiments that are aimed to study the functional role of a particular target gene in plants.
This especially is a major problem in large-scale RNAi-based screens aiming for gene discovery. Hence,
understanding the oft-target effects is crucial for minimizing such effects to better conclude gene func-
tion analyzed by RNAi. We discuss here potential problems of off-target gene silencing and focus on
possibilities that favor this effect during post-transcriptional gene silencing. Suggestions to overcome the
oft-target effects during RNAI studies are also presented. We believe that information available in present-
day plant science literature about specificity of siRNA actions is inadequate. In-depth systematic studies
to understand their molecular basis are necessary to enable improved design of more specific RNAI vec-
tors. In the meantime, gene function and phenotype results from present-day RNAI studies need to be
interpreted with caution.

Key words: Off-target prediction, plant functional genomics, RNA silencing, siRNA scan,
unintended silencing.

1. Introduction

RNA interference (RNAi) technology has made pan-genomic
functional gene analysis a reality and it is a powerful strategy
for gene discovery and validation (1). RNAi is dominant, so the
gene-silenced phenotypes can be observed in the T1 generation
itself. RNAI often leads to partial knockdown of gene transcripts,
thus providing a range of phenotypes that may differ in sever-
ity. RNAI facilitates the study of essential genes whose complete
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inactivation would lead to lethality or extremely severe pleiotropic
phenotypes. RNAI can be quickly and easily used in a wide range
of genotypes or even species, whereas identification of gene muta-
tions is limited to certain plant species which has the mutant
resources. Expression of RNAI constructs can be controlled in
a tissue-specific or time-dependent manner (2). There are sev-
eral examples where loss of gene function results in improved
plant performance (3-6). Thus, recently RNAi has been effec-
tively used in transgenic crop development for commercial uses
(3,4, 6). One of the characteristics of RNAI is its ability to silence
genes in a sequence-specific manner. However, recent evidences
suggest that small interfering RNA (siRNA; RNAi pathway inter-
mediate) does not always target a specific gene, thus resulting in
non-specific gene silencing (7, 8). Non-specificity can occur when
partial sequence homology allows siRNA to degrade mRNA for
genes that are not the intended silencing targets. Several other
deviations that can possibly occur at different steps during post-
transcriptional gene silencing (PTGS) pathway can also favor such
non-specific effect (7, 9-12). Such non-specific effect of siRNA to
degrade mRNA for genes that are not the intended silencing tar-
gets is referred as off-target silencing.

Recently our group has reported potential possibilities of
off-target silencing effects during post transcriptional gene silenc-
ing (PTGS) in Arabidopsis and Nicotiana benthamiana (8). Off-
target effects have also been widely observed from large-scale
screens in animals (7, 9). RNAI is a rapidly growing field with
considerable interest to the plant science community for poten-
tial genomics research and agriculture applications. Hence, the
potential deleterious oft-target silencing needs to be eliminated.
In this review, we attempt to provide detailed information about
the nature of oft-target silencing and also propose ways to over-
come this effect.

2. RNAi
Mechanism and
dsRNA Delivery
into Plants

Long double-stranded RNA (dsRNA) can be used to silence
the expression of target genes. Upon introduction, the dsR-
NAs enter a cellular pathway that provokes PTGS. The dsR-
NAs get processed into 21-23 nucleotide siRNAs by an RNase
III-like enzyme called Dicer. In plants, Dicer-like 4 (DCL4)
is predominantly involved in this step (13). Then the siRNAs
assemble into endoribonuclease-containing complexes known as
RNA-induced silencing complex (RISC). The siRNA strands sub-
sequently guide the RISCs to complementary mRNA molecules,
where they cleave and destroy the cognate mRNA. Cleavage of
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cognate mRNA takes place near the middle of the region bound
by the siRNA strand. These steps are elaborately reviewed else-
where (1, 14, 15).

RNAI in plants can be achieved by expressing hairpin RNA
(hpRNA) that folds back to create a dsSRNA. These hpRNAs are
potent inducers of PTGS and give rise to siRNAs derived from
the dsRNA. Transforming plants with dsRNA-expressing vectors
for the selected gene by Agrobacterium-mediated transformation
or particle bombardment, infecting plants with viral vectors that
can express dsRNA (virus-induced gene silencing), infiltrating
Agrobacterinm cultures harboring hpRNAI construct for transient
gene silencing are commonly used methods for gene silencing in
plants (8, 16-18). Most of these methods require vector con-
struction and plant transformation. Direct siRNA delivery into
plants is another method proposed for large-scale RNAI screens as
in animal system. This method has been demonstrated using laser-
induced stress wave in plant cell cultures (19). Apart from these,
artificial microRNA (amiRNA)-based vectors have been recently
shown to be effective for gene silencing (20). These vectors upon
delivery into plant cells provoke the PTGS and are expected to
silence genes of interest.

3. General
Adverse Effects
of Off-target Gene
Silencing

RNAIi has been widely used as a reverse genetics tool for gene
function characterization in plants. Our earlier study (8) com-
putationally predicted that about 50-70% of gene transcripts in
Arabidopsis plants have potential oft-targets when used as silenc-
ing trigger for PTGS and this could obscure experimental results.
Up to 50% of the predicted oft-target genes tested in plants
were actually silenced when tested experimentally (8). Apart from
other studies (9, 11, 20), our group has also demonstrated that
such oft-target silencing lead to difficulties in identitying exact
functional role of target genes by using stable RNAi or VIGS
approaches (8).

Another use of RNAi or VIGS is its application in large-scale
forward genetic screens for gene discovery and functional anal-
yses. Impact of off-target silencing during large-scale screening
in animals has been demonstrated (7, 9). We hypothesize that
potential for off-target silencing also exists in high-throughput
screens in plants (e.g., AGRIKOLA — Arabidopsis genomic RNAI
knockout line analysis, http: //www.agrikola.org/index.php?o=/
agrikola/main or http://www.chromdb.org/) and is not yet
reported simply because of lack of systematic study.

Yet another important application of RNAI is in the area of
crop improvement. Today, researchers are engineering a variety
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of crops to produce siRNAs that will silence essential genes in
insect pests, nematodes, and pathogens, an approach called host-
delivered RNAi (HD-RNAI) (3, 4, 21). Plant genes are known
to share at least partial sequence similarity with animal genes.
Specific domains of certain genes are conserved across different
organisms. If off-targeting can unexpectedly silence genes in plant
or pest, such unintended effects will raise concern not only about
plant phenotypic pleiotropy but also in the organisms and the
subsequent environmental consequences. In theory, vertical gene
flow of an RNAi-mediated pollen lethality phenotype to native
plants could alter fitness and biodiversity (3) and off-target silenc-
ing will only boost such negative effects. Hence this could be a
potential biosafety issue for RNAI transgenic plants developed for
crop improvement. Oftf-target silencing also poses threat to appli-
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cation of RNAI in developing several food crops with improved
nutritional value. Especially, oft-target effects if not controlled can
severely compromise biosafety in RNAi plant food consumers,
namely human and livestock. We discuss below the steps of PTGS
pathway in plants that could potentially contribute to off-target
gene silencing (see Fig. 2.1).

4. Steps in PTGS
and Their Relation
to Off-target
Activity

4.1. RNAi Vector,
Silencing Trigger,
and dsRNA

To develop genetically stable RNAI plants, binary vectors (called
hpRNAI vectors) with gene fragments cloned in invert orienta-
tion separated by a short intron are widely used (8, 18, 22).
The gene fragment used for producing dsRNA to silence the
intended target mRNA is called as the “trigger.” Trigger sequence
in RNAIi vector plays important role in deciding specificity of
gene silencing. Normally 250-350-bp fragment of gene is opti-
mum as a trigger for hpRNAI vectors, while smaller lengths are
also used in other methods, namely direct siRNA delivery and
amiRNA vectors (8, 17-20, 22). First, length of dsRNA corre-
lates with both silencing efficiency (23) and oft-target silencing
(11). While long hairpins are more likely to generate a diverse set
of optimally effective siRNAs, they also have an increased poten-
tial to produce siRNAs with off-target effects (24). Essentially
the chance of off-target increase with greater length of the ini-
tial dsRNA sequence has been demonstrated (11, 20). Second,
number of dsRNA also has correlation with oftf-target silencing.
Higher dsRNA than required threshold is known to favor oft-
target effects (7, 22, 25). Sometimes RNA-dependent RNA poly-
merase (RDR)-mediated amplification using small RNA or piece
of dsRNA produces secondary dsRNA (26, 27). This can consid-
erably influence the dsRNA number in cell. Apart from this, in
the genetically stable RNAi plants, position of RNAi construct
integration in the plant genome and copy number are factors
deciding extent of'its transcript expression (28, 29), thereby influ-
encing the number of dsRNA production. To a certain extent,
copy number and position of RNAI vector are influenced by the
method used for plant transformation for delivering RNAi vec-
tors. Third, use of strong promoters in RNAi vectors to drive
hpRNA production could favor a completely different type of off-
target effect owing to the inhibition of natural miRNA or siRNA
regulation through saturation of the pathways with exogenous
or transgene siRNAs (30). Fourth and most important aspect
influencing off-target silencing is the nature of trigger sequence
used in RNAI vector. Off-target silencing is mainly influenced by
trigger sequence homology with mRNA. We have shown that
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4.2. Dicer Cleavage
and siRNA
Production

4.3. siRNA
Characteristics and
Transitive Silencing

21-nucleotide stretch of 100% identity between the silencing
trigger sequence and endogenous target gene sequences is not
absolutely required to provoke gene silencing (8, 31). Computa-
tional tools also predicted the influence of trigger sequence used
in hpRNAi or miRNA vector construction or siRNA design in
off-target gene silencing. Apart from these, the silencing trigger
sequence in hpRNA vector selected from the 3" UTR region of
a gene is known to favor off-target gene silencing compared to a
trigger from the 5’ region (11).

In RNAi Arabidopsis plants, dsRNA is predominantly processed
by DCI4 to produce specific siRNA. However, other dicers,
namely DCL2 and DCL3, can also be involved at this step and
produce less specific siRNA, leading to unpredictable gene silenc-
ing (30). DCL action eventually decides length of siRNA, its
diversity, and quantity (10). The dsRNA length and overhang
teatures also influence dicer cleavage. For example, to efficiently
process a short dsRNA, certain features like short overhanging
3’ nucleotides on the dsRNA are beneficial and increase speci-
ficity. Further, excess unprocessed short dsRNAs can bind to
mRNA without cleaving the molecule, preventing translation of
the mRNA to protein. Such short dsRNAs can also bind to DNA,
inhibiting the transcription of DNA to mRNA (24). The molec-
ular mechanism behind these two actions is not yet completely
understood and not reported in plants.

siRNAs are the ultimate determinants of specificity of silencing.
First and foremost, difficulty in maintaining targeted gene silenc-
ing is the limited sequence specificity of siRNAs. As few as 14
nucleotides (or even less) of sequence complementarity between
siRNA and mRNA can lead to the inhibition of gene expression
(8,9, 11, 31, 32). Limited sequence specificity can potentially
tavor chances of siRNA sharing homology with off-target mRNA
(30). A second specificity problem can occur via “transitive silenc-
ing,” whereby RNAI against a gene-specific sequence spreads into
neighboring sequences (26). In this process, the primary siRNAs
bind to complementary transcripts and generate new dsRINAs via
a 5’ to 3’ extension carried out by RDR. These newly synthesized
dsRNAs can be processed into less specific secondary siRNAs,
leading to silencing of any complementary mRNA. This process
is called transitive RNAi and can affect the specificity of silenc-
ing. Transitive RNAi has been documented in many studies as a
cause of non-specific silencing (23, 26, 27, 33). Further, this pro-
cess can essentially amplify siRNAs, leading to off-target silencing.
Such silencing effects can in some cases be transmitted from cell
to cell and even over long distances throughout the plant, lead-
ing to a potential loss in control over the intended silencing sig-
nal (26, 30). An already non-specific source of siRNA or dsRNA
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under these circumstances can further increase oft-target eftects
and complicate understanding of target gene function from such
an RNAI study. Hence, it is important to titrate the level of
siRNA to lowest effective level to considerably reduce off-target
silencing (7).

Apart from influencing PTGS, the oft-target effects at siRNA
level can also occur by other mechanisms. Excessive siRNA may
function as miRNA and suppress translation without affecting
transcript levels (12). Further, any siRNAs with only partial
homology match with target mRNA can only loosely bind, lead-
ing to hindrance for ribosome access. This can also lead to pre-
vention of protein synthesis by inhibiting translation without
RNA silencing (34). Two other types of off-target effects include
siRNA cross-hybridizing with undesired mRNA causing degrada-
tion and the binding of siRNA to protein (like transcription fac-
tors or other transcriptional regulatory enzymes) as an aptamer
affecting transcription (34).

In addition, silencing potency of a perfectly matched siRNA
is largely determined by the thermodynamic property of its pri-
mary sequence (20, 35, 36). Physical and chemical properties
of siRNA are important to maintain specificity in gene silenc-
ing. GC content and stability of siRNA also play role in silenc-
ing and off-target activity (10). Off-target transcript silencing
is widespread and mediated largely by limited target sequence
complementarity to the seed region of the siRNA guide strand
(32, 36, 37). A distinct hexamer sequence of the siRNA guide
strand decides the pairing with complementary sequences in
the off-targeted mRNA. This hexamer region between 2 and
7 nucleotides is called seed region. The siRNAs that has seed
regions with high complement frequency with off-target mRNA
can increase chances of off-target silencing. Modifications within
siRNA seed region have been shown to reduce both the num-
ber of off-target transcripts (by 66%) and the magnitude of
their regulation, without significantly affecting silencing of the
intended targets (32). Seed region influence on oft-target silenc-
ing is not widely reported in plants but has the potential to occur.
When this phenomenon was investigated in more detail in mam-
malian cells, a strong correlation between oft-targets and short
stretches of complementarity to the siRNA in the 3" UTRs of
the affected transcripts was found (37). Certain position-specific,
sequence-independent chemical modifications in siRNA has also
been shown to reduce off-target effects in animals (32).

Generally, the antisense siRNA (guide strand) directs RISC
to complementary mRNA, while the second (sense) strand is
degraded. Oft-target effects can be caused by insertion of the
sense siRNA strand into the RISC complex instead of the anti-
sense strand (7, 9, 35). During RNAI the active RISC complex
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4.5. Target Gene
mRNA
Characteristics and
Sequence Homology
Required for
Silencing

with siRNA samples target sites in mRNA non-specifically until
the correct one is found. Once the correct target RNA is found,
conformational changes occur that enhance RISC catalytic effi-
ciency, leading to slicer activity (32, 35). However, binding of
imperfectly matched targets can contribute to other forms of off-
target effects, namely inhibition of translation (no slicing). Mod-
ifications to siRNAs that weaken or disrupt RISC-mRNA inter-
action in the seed region have been shown to reduce off-target
silencing in human (32). Within the short sequence of siRNA,
six base pairs (seed) play an important role in the binding of tar-
get mRNA to RISC. Studies by Jackson and colleagues have also
shown that this seed region of siRNA shows the highest correla-
tion with oft-target effects (32).

Apart from siRNA-mRNA homology requirements, off-target
silencing also depends on characteristics of target mRNA. This
includes sequence context surrounding complementary regions,
position of the complementary region in mRNA, and copy num-
ber of the complementary region (10). Studies suggest that each
target sequence possesses an inherent degree of susceptibility
to dsRNA-mediated degradation (28). Highly expressed genes
are more amenable for unregulated silencing (28) as the fre-
quency of activated RISC accessing their mRNA will be high.
Yet another aspect that compromises the siRNA-mRNA speci-
ficity is nucleotide base pair mismatch, although plants can tol-
erate small number of mismatches compared to animals (10, 11,
24, 31). According to Warthmann and colleagues (20), any tran-
script other than the specified target, which matches the 21-mer
with five mismatches, is considered an off-target (20). The effi-
ciency of oft-targeting due to mismatch depends on the length
of mismatching nucleotides and their position on siRNA (11).
Although only few of above-described steps in PTGS can be con-
trolled by researchers to increase specificity of silencing during
RNAI, future research can potentially facilitate control of other
steps.

5. Confirming
the Specificity

of Target Gene
Silencing in RNAI
Experiments

Present RNAI studies in plants are likely to have unintended gene
silencing effect (3, 8, 20). Hence ascertaining the specificity of
silencing at the end of each RNAi experiment before interpreting
results is important. Following are some useful tips: (a) Confirm
reduction of target mRNA and its protein expression (without
affecting related gene expression); (b) confirm specificity of the
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observed phenotype; (¢) perform gene expression profiling (e.g.,
microarray) to assay the expression pattern of non-target genes.
Jackson and colleagues (7) have shown that expression profiling in
conjunction with gene silencing by RNAi will provide an effective
means to identify and characterize specific target gene function.
(d) Rescue the RNAI effect by expressing an siRNA-resistant copy
of target gene. Since most codons in the mRNA of the target gene
can be altered at the third nucleotide position without changing
the encoded amino acid, the RNAi-resistant copy of native mRNA
can be designed to escape silencing (38). This should complement
RNAi-induced effects and revert back to wild-type like plant. (e)
Confirm that the same phenotype or change in specific metabolic
process is produced when other regions of same gene are used as
silencing trigger. (f) Examine multiple independent RNAI plants
to check for a reproducible phenotype. (g) Compare the results
with plant transformed with RNAi vector harboring non-plant
gene (e.g., GFP). Monitor changes due to plant immune response
(while using VIGS). (h) When silencing a gene family member,
make sure that other family members are not silenced and vice-
versa.

While performing these confirmatory experiments to ascer-
tain the specificity of gene silencing, certain inherent limitations
described below need to be kept in mind. (i) Certain genes are
known to be induced upon perception of RNA silencing. Tran-
script reduction is not always directly correlated with phenotype
or protein reduction. (ii) Silencing of certain genes may not show
a visible phenotype. (iii) The full extent of the contribution of off-
target gene regulation to phenotypic induction is not known. (iv)
Similar to miRNAs, the effect of siRNAs on off-target protein reg-
ulation might be even greater than the effect on off-target tran-
script silencing. (v) Small changes in the expression levels of some
proteins, such as transcription factors, might translate to large
effects on phenotype. Until proteomic and metabolomic analyses
of siRNA experiments are performed, we will not know the full
consequences of siRNA off-target activity. (iv) Many endogenous
genes are regulated by natural RNAi pathways, so perturbations
in these processes can lead to pleiotropic eftects (30).

6. Remedy
for Off-target
Silencing

(a) Choose highly specific trigger sequence for RNAi vector.
This can be done by considering several siRNA characteristics
apart from sequence similarity alone. Minimize homology of trig-
ger sequence in RNAI construct to non-target mRNA. If off-
targets are predicted using computational approach, select the
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trigger sequence which can avoid perfect siRNA stretches of less
than 11 bp for predicted off-target gene. This should prevent
off-target eftects while maintaining adequate complementarity for
target gene sequence. Computational off-target prediction tools
are described in Section 7. (b) Wherever possible, use RNAI vec-
tors with tissue-specific and inducible promoters to minimize oft-
target silencing. Although silencing might spread to other tis-
sues, the benefit of specific promoters to increase specificity of
gene silencing has been demonstrated (2, 39). (¢) Maintain low-
est effective number of dsRNA and siRNA. This may be achieved
by having appropriate promoters for RNAi plant generation and
by analyzing single-copy homozygous transgenic plants. (d) Ana-
lyze many independent biological replicates and account for pos-
sible variations. (e) Since structurally different, RNAi-resistant,
mRNA-producing construct that has same function with native
gene can be artificially synthesized, certain oft-target gene effects
can be complemented by stable transgene development with
RNAi-resistant, off-target gene construct. This method can
be applied in commercially important RNAi transgenic plants
to nullify off-target effect that occurred due to one or two
genes.

Apart from these, some of following aspects could be consid-
ered when the adequate information and technology will become
available in the future to control oft-target silencing. (f) Mini-
mize secondary siRNA production and transitive gene silencing.
(g) Titrate the dsRNA and siRNA population to optimum num-
bers. (h) Minimize incorporation of the siRNA sense strand into
RISC.

7. Predicting
Off-target Gene
Silencing Using
Computational
Methods

Computational prediction tools basically use sequence similarity
to identify effective trigger sequence in RNAi vector. They are less
expensive to implement and permit the extension of real param-
eters into wider ranges for fully observing the trends and effects
upon RNAI specificity (11). BLAST has been the most commonly
used tool to study homology between sequences. This can be uti-
lized to search for sequences similar to the proposed siRNA in the
desired organism. However, because of the short length of siR-
NAs, using BLAST requires attention to details and potentially
relevant alignments can be easily missed. Hence, siRNA design
rules were devised to check for sequence similarity with other
genes, as well as to prevent the use of sequences that repeat or
contain common binding sites, and look at the eftect of the posi-
tioning of the siRNA on the target sequence. These design rules
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are usually incorporated into algorithms to search for siRNAs that
have matches for all gene sequences in addition to the targeted
gene (8, 11).

Our group has developed a publicly available Web-based com-
putational tool called siRNA Scan (http://bioinfo2.noble.org/
RNAiScan.htm) to identify potential off-targets during PTGS in
plants (8). The input parameters of the tool for analysis of siR-
NAs and off-targets can be adjusted by users. This siRNA scan
tool is useful to design better constructs for PT'GS by minimizing
oft-target gene silencing in plants. This tool includes the option
of searching potential oft-targets with complete sequence iden-
tity or reverse complementary identity of 18-29 nt to the trig-
ger sequence, as well as allowing a few mismatches to the poten-
tial siRNAs. For designing amiRNA, a program called WMD?2
(http://wmd2.weigelworld.org) is being used (20). Thermody-
namics of the trigger sequence interaction with target mRNA can
be analyzed using the program RNAup (36). Given the small
degree of similarity implicated in off-target gene regulation, it
may be difficult to select an siRNA sequence that will be abso-
lutely specific for the target of interest merely based on sequence
homology and few other above-described siRNA characteristics.
Hence, better methods should be researched. New methods for
creating RNAI vectors without non-specific effects need to look at
interactions in the siRNA:RISC complex and how modifications
of the siRNA can affect RISC. The computational tools will have
full-fledged application once the nucleotide sequence information
for vast majority of crop species becomes available.

8. Future
Perspectives

Plants adopt silencing strategy via miRNA pathway to control
genes involved in organelle development and response against
environmental stress through miRNA (13, 24, 35). The endoge-
nous native expression of miRNAs in animals and plants does not
create adverse effects but perform the specifically programmed
role of these miRNAs in gene regulation. How does miRNAs
maintain specificity in silencing? What are the mechanisms that
regulate these naturally produced small RNAs? Future plant sci-
ence research should be aimed to fully understand these ques-
tions. This could potentially reveal many ways to manipulate
RNAI pathway to minimize oft-target silencing. Further, a greater
understanding of overall RNAi mechanisms specific to plants will
allow for more possibilities in reducing off-target effects. Once
the specificity of the siRNA is guaranteed, the objectives to use
RNAI in studying gene function and other uses can be comfort-
ably widened.
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