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Introduction

RNA interference (RNAi) is a gene-silencing phenomenon 
caused by small regulatory RNAs, which allow an RNA-
induced silencing complex (RISC) to recognize and regulate 
target genes in a sequence-specific manner [1, 2]. Such direct 
modes of action result in effective gene silencing, as com-
pared with the indirect transcriptional inhibition mediated 
by other antisense RNAs [1]. Small regulatory RNAs can 
be applied by introducing a small interfering RNA (siRNA), 
which is a short, ~21-base-pair duplex RNA that contains a 
perfect sequence match to an intended target transcript and 
leads to silencing of gene expression [1, 3]. Because of the 
ease with which siRNAs silence target genes, they have been 
widely used to study the loss-of-function of various genes 
and have been developed as promising therapeutics for the 
treatment of human diseases [4]. Endogenously, small regu-
latory RNAs are often identified as microRNAs (miRNAs), 
which suppress hundreds of partially complementary target 
mRNAs and thereby regulate various biological functions 
[5]. By sharing the same RNAi effector, small regulatory 
RNAs loaded onto a RISC always perform the functions 
of both siRNAs and miRNAs, thus resulting in unintended 
miRNA-like off-target repression with usage of the siRNA 
[2, 6] (Fig. 1).

In genetic studies, the first identified microRNA 
(miRNA) was a small non-coding RNA, lin-4, which was 
found to have a regulatory function in C. elegans develop-
ment through its mRNA target, lin-14 [7, 8]. miRNAs are 
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abundant in the mammalian genome: currently, more than 
2000 human miRNAs have been discovered, according to the 
miRBase database [9]. To produce miRNAs, primary miR-
NAs (pri-miRNAs) are initially transcribed in the nucleus 
by RNA polymerase II [10] or III [11], where regions with 
~70-nucleotide (nt) stem-loop structures in pri-miRNAs are 
subsequently excised by a microprocessor complex contain-
ing Drosha [12] and DGCR8 [13]. Such stem-loop miRNA 
precursors, called pre-miRNAs, are exported to the cyto-
plasm by exportin-5 [14] and further cleaved by Dicer [15], 
thereby leading to the production of mature miRNAs. Thus, 
RNAi can be triggered by introducing small hairpin RNAs 
(shRNAs), which contain stem-loop structures similar to 
those in pre-miRNAs [5] (Fig. 1). Mature miRNAs are short 
dsRNAs (~21 nt) with typical dinucleotide overhangs at the 
3′ end, as observed in siRNAs, which are characteristics of 
products from the class III RNase family [5] (Fig. 1). Dicer 
also processes long dsRNAs into such siRNA-like structures 
and directly exhibits an antiviral effect by limiting dsRNA 
molecules [16–18]. Such RNAi and dsRNA-driven innate 
immune responses may be beneficial in therapeutic applica-
tions of RNAi for virus restriction [18]. Among the double-
strands of mature miRNAs or siRNAs, only one strand is 

incorporated into Argonaute (Ago), a core effector protein in 
RISC [19], which was initially isolated in an siRNA-associ-
ated complex [20]. Because of asymmetric loading [21, 22], 
the major strand incorporated into Ago is called the “guide 
strand”, whereas the other strand is called the “passenger 
strand” (Fig. 1). The guide strand is also called the “anti-
sense strand,” especially in the case of siRNAs, because it is 
designed to be complementary to the target mRNA (and the 
passenger strand is the “sense strand” from this perspective).

Although they are not completely specific, siRNAs were 
initially reported to have selective gene-silencing capability. 
This conclusion is supported by observations that Ago2 (also 
known as eIF2C2) cleaves only a perfectly paired target tran-
script, specifically in cases in which the nucleotide is paired 
at position 10 from the 5′ end of the guide strand [23–25] 
(Fig. 1). Otherwise, Ago2 loses cleavage activity for unre-
lated control sequences, particularly those containing single 
mismatches in the cleavage sites of the corresponding siR-
NAs [26, 27]. However, even in the case of partial matches, 
which are generally observed in miRNA–target interactions 
in animals (unlike plants, near-perfect matches with targets 
rarely occur in animals), target genes can be repressed with-
out the catalytic activity of Ago by decreasing mRNA stabil-
ity and/or inhibiting translation [28]. miRNA-like repression 
generally has a marginal effect at the individual transcript 
level and is often mistakenly dismissed as being phenotypi-
cally irrelevant [6]. However, given its interrogated effect 
on global gene expression, miRNA-like repression affects 
biological functions, thus potentially leading to deleteri-
ous phenotypes. In fact, alterations in miRNA regulation 
have been reported to be responsible for various diseases, 
such as neurological disorders [29], cardiovascular diseases 
[30], and various types of cancers [31]. Losses of individual 
miRNAs have also been observed to cause various biologi-
cal defects [32]. Notably, all such phenotypic defects are 
ultimately caused by the dysregulation of miRNA targets. 
Thus, understanding miRNA-like interactions is important 
to evaluate phenotypic consequences of miRNA-like repres-
sion and to prevent off-target effects.

Canonical miRNA targets: seed‑pairing rules

In contrast to siRNAs, which generally have a single per-
fectly matched target, miRNAs are partially paired with 
approximately several hundred targets (as estimated by 
previous studies [33–36], with an average of ~600 targets 
for mouse brain miRNAs [35]) or ~1000 targets (e.g., 1254 
targets identified for miR-124 [35]), thus allowing them 
to regulate various biological phenomena [37] (Fig. 1). 
Such incompleteness of sequence matches makes identi-
fying miRNA target sites challenging. Initial studies have 
attempted to predict miRNA target sites by analyzing several 
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Fig. 1   Mechanistic overview of miRNA-like repression in siRNAs. 
Exogenously introduced small RNAs (siRNA or shRNA; indicated 
in red) and endogenously transcribed miRNAs (indicated in gray) are 
represented together with functional processing for RNAi-mediated 
gene silencing. By sharing the same downstream effector protein, 
Ago, siRNAs intrinsically suppress up to ~1000 miRNA-like off-tar-
gets through partial base pairing
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known sites in 3′ untranslated regions (3′UTRs) [38–43]. 
From these analyses, short local stretches (≥6 nt) of continu-
ous base pairing have been found to be significant for target 
recognition. The “seed-pairing rule” has been widely used 
to identify short matches of miRNA target sites, featuring 
as few as 6-nt pairings in the seed regions (positions 2–8) 
of miRNAs [40, 44]. In addition, sequence conservation of 
“A” in the nucleotide opposite to position 1 of the miRNA 
further improves the prediction of miRNA target sites [45]. 
Canonical seed matches are defined as 6-mers, 7-mers, and 
8-mers [44]. Each type of match is further divided into sev-
eral subtypes: 6-mer (positions 2–7), offset 6-mer (posi-
tions 3–8), A1-7-mer (positions 2–7 with “A” at position 1), 
m8–7-mer (positions 2–8), and 8-mer (positions 2–8 with 
“A” at position 1), as illustrated by the examples in Table 1 
(6-mer; miR-1 for Hsp 90aa1 [46], offset 6-mer; lin-4 for 
lin-14 [7, 8], A1-7-mer; miR-375 for Mtpn [47], m8–7-mer; 
let-7 for hbl-1[48], 8-mer; lin-4 for lin-14 [7, 8]). Notably, a 
6-mer match to positions 3–8 is called an “offset 6-mer seed” 
because of its position and modest effect on repression [49].

In combination with sequence conservation, which has 
been observed in 3′UTRs [50], seed-pairing rules enable 
canonical target sites of miRNAs to be determined [40], and 
their prediction is further improved by characterizing other 
features such as the secondary structure [51] and neighbor-
ing context information [52]. The seed sites of miRNAs 
have been validated in many biological studies (Table 1) 
and have been verified to be functional in miRNA-regulated 
gene expression [44]. In addition to individually validated 
target sites, global transcriptome analyses using microarray 
methods have further confirmed that seed matches are over-
represented in repressed transcripts, depending on miRNA 
expression [33, 52]. Comparative global analyses of miRNA 
overexpression or knockdown have shown that seed sites are 
widespread in miRNA targets [33, 34, 36]. Such unbiased 
and genome-wide profiling not only validates the “seed-
pairing rule” of miRNA–target interactions but also pro-
vides evidence that even the marginal repression of most 
targets may be functional [37]. In support, genetic studies 
of a single mutation in the miR-96 seed region have shown 
that alteration of seed pairing leads to the recognition and 
suppression of different sets of target transcripts, thus caus-
ing progressive hearing loss [53, 54].

Noncanonical miRNA targets: widespread 
seed‑like motifs

Although the seed-pairing rules have been informative 
in identifying miRNA targets, their prevalent use has led 
to the unintentional bias of studying only canonical seed 
sites. In fact, perfect seed matches have been continu-
ously observed to be neither sufficient nor necessary for all 

functional miRNA target sites. For example, a genetic study 
in C. elegans has verified that lsy-6 miRNA also recognizes 
noncanonical sites by tolerating imperfect seed matches that 
form wobble (G:U) pairs with the target mRNA, cog-1 [55]. 
Such “seed-like motifs” have also been shown to contain 
mismatches and bulges (Table 1), which play critical roles 
in miRNA-mediated biological functions [37]. Furthermore, 
Nanog, Oct4, and Sox2, which are well-known key regula-
tors in induced pluripotent stem cells, have been reported to 
be regulated by seed-like matches with a wobble (miR-296 
for Nanog; Table 1) or bulge for cognate miRNAs (miR-134, 
miR-296, and miR-470) [56]. In some cases, these elements 
have been found to be atypically located in their coding 
sequences (CDSs) [56]. Additionally, seed-like motifs are 
frequently observed to be accompanied by 3′ complementary 
pairing (3′ compensatory site), which have been determined 
to be functional in genetic studies of C. elegans (let-7 for 
lin-41; Table 1) [57] and Drosophila melanogaster [58]. 
However, in mammals, such 3′ compensatory sites are rarely 
observed (less than ~5%) and generally exert modest effects 
on repression [49, 52]. Exceptionally, a case with near-per-
fect pairing has been found to effectively induce the cleav-
age of target mRNA, wherein a wobble in the seed match is 
compensated by consecutive supplementary pairings in other 
regions (e.g., miR-196 for Hoxb8; Table 1) [59]. Moreover, 
a few “centered sites”, which comprise ~11 nts of contigu-
ous base-pairing in the central part of the guide strand of 
miRNAs, have also been found to induce the cleavage of 
target transcripts, wherein neither perfect seed matches nor 
3′ compensatory pairing has been observed (e.g., miR-21 
for Gstm; Table 1) [60]. However, such noncanonical sites 
of miRNAs are not fully appreciated because of their low 
occurrence in mammalian target transcripts.

Recent advances in genome-wide methods have revealed 
that a substantial number of miRNA-dependent transcripts 
contain sequence elements that deviate from seed matches. 
Initially, microarray analysis of miR-24 has identified 
numerous putative target genes that have major functions in 
the proliferation of leukemia cells, wherein the targets have 
no seed matches but contain mismatched seed-like motifs 
named “seedless” recognition elements (e.g., miR-24 for 
E2f2; Table 1) [61]. Moreover, applying seed-pairing rules 
to microarray or proteomics results generally yields high 
false-negatives (~50–70%) in miRNA target identification 
[34, 36, 62], which can be interpreted to suggest the wide-
spread distribution of noncanonical sites [37]. The preva-
lent binding of miRNAs with noncanonical sites has been 
elucidated by the mapping of global miRNA–target inter-
actions through the application of crosslinking and immu-
noprecipitation (CLIP) methods [63] with high-throughput 
sequencing (HITS-CLIP, also called CLIP-Seq) [64] to Ago 
(Ago HITS-CLIP) [35]. The Ago HITS-CLIP results have 
revealed a noncanonical seed-like motif called a “nucleation 
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Table 1   Types of miRNA target sites

Sites Type Subtype Base pairings  (target : miRNA)
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6-mer
seed

6-mer
(2-7)

Hsp 90aa1 3’ UTR [46]

miR-1 (rat)

Offset 6-mer
(3-8)

lin-14 3’ UTR [7,8]

lin-4 (C.elegans)

7-mer
seed

A1
(A, 2-7)

Mtpn 3’ UTR [47]

miR-375 (Mouse)

m8
hbl-1 3’ UTR [48]

let-7 (C.elegans)

8-mer
seed

8-mer
(A, 2-8)

lin-14 3’ UTR [7,8]

lin-4 (C.elegans)

N
on
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no
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ca

l s
ite

s

Seed-like
motifs

Wobble
Nanog CDS [56]

miR-296 (Mouse)

Bulge, 3' 
compensatory

lin-41 3’ UTR [57]

let-7 (C.elegans)

Mismatch
(seedless 
elements)

E2f2 3’ UTR [61]

miR-24 (Human)

Nucleation
bulge

Mink1 3’ UTR [65]

miR-124 (Human)

Near-perfect site
Hoxb8 3’ UTR [59]

miR-196 (Human)

Centered site
Gstm 3’ UTR [60]

miR-21 (Human)

Other noncanonical 
type

Mapre1 3’ UTR [68]

miR-92a (Human)

Representative examples of each type are indicated for canonical seed sites and noncanonical sites including their subtypes. Majorly interacting 
regions between the miRNA and target are highlighted in gray. Solid lines indicate Watson–Crick base pairing and dots indicate G: U wobble 
pairs
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bulge” in the Ago–miR-124 complex (miR-124 for Mink1; 
Table 1) [65]. The nucleation bulge site forms a bulge in the 
target mRNA between position 5 and 6 of the correspond-
ing miRNA, wherein a nucleotide in the bulge is competent 
to pair with a nucleotide in the pivot position (position 6), 
thereby enabling it to be predicted by sequence analysis [65, 
66].

In addition, various seed-like motifs have also been 
revealed by investigating the differences in Ago association, 
depending on miR-155 expression [67]. Furthermore, seed-
like motifs have been directly verified by analysis of chime-
ras [68–70] that are produced by the ligation process in Ago 
HITS-CLIP experiments and thus harbor binding sites in 
conjunction with miRNA sequences. In chimera reads, there 
are some cases in which miRNAs have limited contacts with 
their targets through seed-like motifs but do have sequence 
complementarity to the middle of the miRNA sequences or 
toward the 3′ end instead (e.g., miR-92 for Mapre1; Table 1) 
[68]. This finding indicates that more than 15% of miRNA 
targeting may operate at the 3′ end of miRNAs [68], an 
abundance sufficient to potentially contribute to Ago target 
specificity [70] and off-target effects.

Widespread miRNA‑like off‑target effects

RNAi-mediated gene silencing has been widely applied to 
various biological studies, including functional genomics 
and therapeutic target screening [71]. However, increas-
ing data indicate that the initial assumption regarding the 
specificity of RNAi is relative, but that on-target activity 
is stronger than off-target repression. The issue of “off-
target effects” is intrinsically inevitable because both exog-
enous siRNAs (including all types of RNAs that eventu-
ally produce siRNAs) and endogenous miRNAs share the 
same downstream effector, Ago, which cannot discriminate 
between the two types of small RNAs [6, 72] (Fig. 1). siR-
NAs can function as miRNAs by utilizing the target rec-
ognition mechanisms of miRNAs, thus possibly leading to 
unexpected outcomes, off-target effects. Particularly, when 
long double-stranded RNA (dsRNA) is used, the effects of 
unintended gene silencing become more severe. In Dros-
ophila RNAi screens, off-target hits exhibit prevailing short 
stretches of complementary sequences (of up to 16 nts) to 
those of siRNAs and promiscuous tandem tri-nucleotide 
repeats [73]. Furthermore, there are some cases in which 
phenotypes from siRNA [74–79], dsRNA [73, 80, 81], or 
shRNA screenings [78] differ for the same gene. Moreover, 
RNAi-mediated knockdown has been reported to fail to reca-
pitulate the phenotype of mouse gene knockouts because of 
the off-target effects associated with endogenous miRNA 
dysregulation [82].

The introduction of synthetic siRNAs or overexpression 
of shRNAs can compete with endogenous miRNAs for lim-
ited amounts of RISC, thus leading to saturation of the RNAi 
machinery required for the proper endogenous function of 
RNAi [6]. This saturation often results in cytotoxicity or 
global perturbation of gene expression as part of the off-
target effects, for which the derepression of miRNA targets 
is caused by inhibiting endogenous miRNA activities [83]. 
Additionally, short synthetic siRNAs may potentially acti-
vate the mammalian innate immune system, thus inducing 
inflammatory cytokines (interferons, TNFα, IL-6 and others) 
[84]. Pattern-recognition receptors called Toll-like recep-
tors (TLRs), such as TLR3, TLR7 and TLR8, are known 
to be responsible for the siRNA-mediated innate immune 
responses, but the extent of the immunological effects varies 
with selective expression of TLRs, cell types, oligonucleo-
tide sequences, siRNA structures, and delivery vehicles [6, 
84].

In addition to RNA-induced immune responses and/or 
cytotoxicity, sequence-specific miRNA-like repression is a 
major cause of off-target effects [6, 74]. Although initial 
attempts to examine global transcripts supported the effec-
tiveness of siRNA [85, 86], microarray profiling using mul-
tiple siRNA sequences subsequently revealed that a large 
number of off-target transcripts are downregulated depend-
ing on specific siRNA sequences, regardless of the target 
gene [74]. The miRNA-like off-target repression is seed-
centric and is mediated primarily by canonical seed sites 
[76–79, 87, 88], as well as marginally through non-canonical 
seed-like motifs that tolerate a few mismatches [74–76, 78, 
87]. Furthermore, miRNA-like off-target repression is medi-
ated by long matches with noncanonical sites, which can 
be dictated by as few as 11 contiguous pairings [74] that 
allow a few mismatches or a G:U wobble [75, 87]. These 
noncanonical sites are similar to the centered site [60] or 
the near-perfect site observed in miRNA targets [37, 59].

As observed in miRNA target sites, the efficiency of off-
target repression has been reported to be dependent on the 
types and lengths of seed matches preferentially located in 
the 3′UTRs [77]. In addition, several features, such as the 
number of binding sites in a transcript, neighboring con-
text information including GC content and sequence con-
servation, have been suggested to affect miRNA-like off-
target repression [52, 87]. miRNA-like off-target effects 
often cause more dramatic changes in expected phenotypes 
than on-target repression in siRNA screens, particularly 
when large libraries are assessed by using only a single-
assay readout, yielding approximately 30% false-positive 
results [72, 76, 87]. A critical caveat lies in the possibility 
that miRNA-like off-target effects may confound the proper 
interpretation of experimental outcomes. As a direct conse-
quence of off-target repression, siRNAs frequently induce 
unwanted toxic phenotypes [77] or cell growth inhibition 
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[78], independently of on-target silencing effects. In con-
trast to the evolutionarily conserved phenotypes observed in 
miRNAs, the off-target effects of siRNAs are generally spe-
cies-specific; therapeutically potent siRNAs against APOB 
[89] and PCSK9 [90] have been shown to repress different 
off-target transcripts and consequently to cause different off-
target phenotypes between humans and mice.

Although the siRNA sequences used for functional 
screening or therapeutic applications have been designed 
considering the potent sequence homology for an intended 
target compared with other transcripts, they frequently show 
significant off-target effects. For example, the development 
of therapeutic siRNAs for age-related macular edema (AGN-
745; Allergan, Bevasiranib; Opko Health Inc.) was discon-
tinued because their effect on the suppression of neovascu-
larization was not caused by on-target silencing of VEGFA 
A mRNA, but instead resulted from sequence-independent 
off-target effects that triggered TLR3-mediated immune 
responses [91]. Moreover, PCS-A2 (Alnylam Pharmaceuti-
cals) [92], an siRNA targeting PCSK9 for treating hypercho-
lesterolemia, has been found to show miRNA-like off-target 
effects, causing hepatocellular cell death and/or cell cycle 
arrest [90]. Recently, a trial of ALN-AAT (Alnylam Pharma-
ceuticals), an siRNA targeting alpha-1 antitrypsin (AAT) for 
treating AAT deficiency, was halted, and the sequence was 
replaced with a different nucleotide sequence, presumably 
because the original sequence was causing microRNA-like 
off-target effects [93]. More seriously, the recently discon-
tinued revusiran (Alnylam Pharmaceuticals), an siRNA tar-
geting transthyretin for the treatment of amyloidosis with 
cardiomyopathy, led to the death of 19 patients in a phase 
3 trial, a result suspected to be caused by miRNA-like off-
target repression [93]. miRNA-like off-target effects in clini-
cal applications can lead to detrimental side effects; hence, 
ensuring specificity is essential.

General guidelines for evaluating off‑target effects

To estimate off-target effects, appropriate controls have been 
proposed for use in parallel with siRNAs [94]. So-called 
“unspecific” or “scrambled” sequences are used to evalu-
ate the extent of off-target effects and toxicity caused by 
RNA delivery and/or innate immune responses. However, 
such unrelated controls are unable to consider miRNA-like 
target repression by carrying different seed sequences. To 
reflect sequence-specific features, siRNAs lacking on-target 
activity through mismatch mutation of the bases at positions 
9–11 can be alternatively used as a control [95] (Table 2). 
Another method to determine the specificity of siRNAs is to 
confirm consistent outcomes generated by multiple siRNAs 
or shRNAs (at least two independent sequences for the same 
gene) [94, 96]. Failure to observe analogous phenomena may 

indicate sequence-specific off-target effects. Rescue experi-
ments can also provide proof of specificity and can be used 
to assess whether the observed phenotype is compensated by 
expressing the target gene as either cDNA, in cases in which 
an on-target site is in the 3′UTR, or a functional orthologue 
that is not silenced because of sequence differences across 
species [94, 96].

With the increasing demand for high-throughput screen-
ing using RNAi libraries, general guidelines for avoiding 
false-positive hits have been developed. For instance, the 
selection of hits has been achieved by using optimal nor-
malization methods with a verified threshold [97] and sta-
tistical support to minimize the variation among screens [98, 
99]. However, these applications still have the drawbacks of 
low validation rates and reproducibility among independ-
ent screens, possibly because of residual off-target effects. 
Notably, the frequency of complementary sites to the seed 
region of the siRNA across the 3′UTRs has been found to 
correlate with the number of off-targets [79]. This propen-
sity has been used to analyze and reject off-target effects in 
RNAi screens by applying bioinformatics approaches [71], 
which have also been integrated into the statistical model 
to select true positive hits (gespeR) [99]. In addition, RNAi 
screening produces numerous positive and negative hits with 
siRNA sequences, and these observations have been uti-
lized to develop interrogative computational tools to define 
putative off-targets. On the basis of this approach, common 
seed analysis (CSA) [100] and genome-wide enrichment of 
seed sequence matches (GESS) [101] methods have been 
developed and used to deconvolute prominent off-target 
transcripts in primary screening data. However, analysis of 
these screening hits on the basis of biological pathways has 
indicated that the majority of the off-target hits are involved 
in similar biological processes related to the function of the 
on-target gene. The Haystack method, which focuses on the 
analysis of phenotypically related pathways, was developed 
to identify statistically significant off-targets in functional 
clusters relevant to a target gene [102]. Nevertheless, all 
the methods used to identify off-target hits only rely on 
canonical seed matches, thus limiting the complexity of 
the miRNA-like off-targets and excluding the possibility of 
false-positives from noncanonical interactions.

In addition, introduction of the RNA itself can trigger 
non-specific immune responses activating cellular sensors of 
foreign RNA (TLRs) and inducing cytokines [84]. Non-spe-
cific immunological effects occur regardless of the sequence, 
but the extent of immune responses varies depending on the 
cell lines, tissues, model organisms and RNAs of specific 
types and structures [6, 84]. Manually curated databases 
such as “RNAimmuno” have gathered the published data 
for immunological side effects and can be used to evalu-
ate the potential risk of specific RNAi triggers provoking 
immunological off-target effects [103].
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Global analysis of miRNA‑like off‑targets

Given that miRNAs recognize both canonical and nonca-
nonical sites [37], miRNA-like off-targets have predomi-
nant seed matches and seed-like motifs that contain various 
mismatches, including bulges. Such a promiscuous mode of 
miRNA-like target recognition makes it difficult to evaluate 
and identify off-targets, thus ultimately requiring unbiased 
genome-wide methods to address this issue by detecting 
changes in global gene expression and miRNA-like target 
interactions.

Gene expression analysis: miRNA‑like target 
repression

Systematic approaches to detect RNAi-mediated gene silenc-
ing began with microarray technologies [85]. The initial use 
of microarrays was to confirm the cleavage of an on-target 
mRNA to validate the specificity of the siRNA and to iden-
tify targets of an overexpressed plant miRNA, exhibiting 
near-perfect matches [85, 86]. However, microarray profil-
ing has also indicated some downregulated transcripts other 
than the intended siRNA target, wherein partial sequence 
matches have predominantly been observed as miRNAs [74]. 
Microarray profiling has been widely adopted for analyzing 
miRNA targets, showing repression of miRNA-dependent 
target transcripts, among which 3′UTRs most commonly 
contain seed matches [33]. The microarray analyses have 
also indicated a tissue-specific shift in transcript profiles 
similar to that observed in tissues wherein corresponding 
miRNAs are preferentially expressed (e.g., miR-124 in 
brain, and miR-1 in muscle) [33]. Moreover, microarray 
profiling together with bioinformatics analysis has helped 
to define the characteristics of miRNA-mediated repression 
[33, 52, 104]. In particular, by comparing the distribution 
of cumulative fractions according to miRNA-dependent fold 
changes in gene expression, microarray profiles have suc-
cessfully illustrated the efficiency of canonical seed sites 
(6-mer, offset 6-mer, 7-mer-A1, 7-mer-m8, and 8-mer) and 
their combinatorial effects on miRNA mediated repression, 
in conjunction with neighboring context information [52, 
105]. Microarray analyses have also helped to identify non-
canonical miRNA target sites such as centered sites [60] 
and seedless elements [61]. In addition, for siRNAs, meta-
analyses of compiled microarray profiles have revealed that 
non-canonical nucleation bulge sites as well as seed sites are 
also widespread in off-targets [90].

Although microarrays provide valuable information, the 
coverage of detection is restricted by the number of probes 
and gene annotations [106]. Moreover, a fundamental limi-
tation of microarrays is the high background-to-signal ratio 
arising from the nature of nucleic acid hybridization, whose 

strength varies depending on the base composition. Nev-
ertheless, certain limitations have recently been overcome 
through the adoption of RNA-Seq analysis [107], which was 
developed to take advantage of the power of high-throughput 
sequencing methods. Because of the comprehensive and 
unbiased signature obtained from whole-transcriptome shot-
gun sequencing, RNA-Seq provides unprecedented accu-
racy and reproducibility for measuring transcript profiles. 
RNA-Seq can detect a broad spectrum of gene expression 
and deduce splice variation, alternative poly-adenylation, 
and RNA editing. Given that miRNAs can recognize target 
sites in alternative exons [108], alternative 3′UTRs [109], 
and non-coding RNAs [110], RNA-Seq analysis expands 
the repertoire for detecting miRNA-like regulation in whole 
transcriptomes. In combination with gene ontology analyses, 
assessing the enrichment of functional terms and annotations 
can be used to illustrate the biological functions of miRNA-
like targets [33]. Although it is not used as frequently for 
siRNAs than miRNAs, the increasing use of RNA-Seq is 
expected to resolve the biological consequences of miRNA-
like off-target effects. In fact, RNA-Seq analyses have suc-
cessfully revealed the deleterious side effects caused by the 
administration of therapeutic siRNAs against PCSK9 [90].

Because miRNAs also regulate the translation of target 
genes, monitoring protein levels has become required to elu-
cidate miRNA-like off-target effects. In fact, the expression 
pattern of miRNA regulation is not necessarily correlated 
with the integrity of the transcripts [28]. To measure changes 
in protein abundance, stable isotope labeling of amino acids 
in cell culture (SILAC) has been performed by utilizing 
mass spectrometry, wherein nonradioactive isotopes (13C or 
15N) are used to discriminate mass spectrometry results from 
different miRNA expression profiles [111]. Although only 
12 putative miR-1 targets were initially identified because of 
the limited coverage of detection (only ~500 proteins), the 
results monitored in miR-1 versus control transfected HeLa 
cells have been found to correlate with those obtained from 
the microarray profiling and computational prediction of 
seed sites [112]. With the increased efficiency of labeling in 
SILAC, more comprehensive proteomics results (~5000 pro-
teins) have been achieved for miR-124, miR-1, miR-181 and 
miR-223 [34]. Most proteins that show marginal changes in 
expression (~1.5 to 2-fold) predominantly contain seed sites 
in the 3′UTRs [34]. Similar results have also been obtained 
by pulsed SILAC, a modified version of the technique for 
detecting only newly produced proteins depending on miR-1, 
miR-155, miR-30a, and let-7b expression [36]. SILAC helps 
to identify miRNA targets in which translation is directly 
repressed, as demonstrated for miR-29a [113], miR-34a 
[114], miR-373 [115], miR-143 [116], and miR-21 [117].

Quantitative proteomics has limited potency, owing to 
the restricted coverage of mass spectrometry, which is less 
than that of microarray or RNA-Seq analysis. Alternative 
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strategies, which measure translation rates instead of protein 
levels, have been used to detect actively translated mRNAs 
in polyribosomes. By combining the purification of polyri-
bosome with microarray analysis, polysome profiling ena-
bles the monitoring of the translational states of mRNAs, 
depending on the miRNA expression [118]. More compre-
hensively, sequencing-based methods have been developed 
to quantify ribosomal footprints, mRNA regions that are 
protected from nuclease treatment, which correlate with the 
translational efficiency [119]. Ribosomal profiling (Ribo-
Seq) provides unprecedented coverage (~90%) of transcripts 
undergoing translation (translatome) [120] and has been 
applied to study miRNA-regulated translation [121, 122]. 
In parallel with transcriptome profiling, Ribo-Seq analyses 
have revealed properties of miRNA-mediated gene silenc-
ing in which mRNA decay is the dominant mechanism 
underlying substantial repression [121, 122], but transla-
tional repression is also effective during the time of miRNA 
induction [121]. For siRNAs, the same characteristics are 
expected to be observed for miRNA-like off-target repres-
sion. Ribo-Seq analyses are helpful to evaluate miRNA-like 
off-target repression, especially in cases in which off-targets 
are regulated only via translational repression. Although the 
effects of siRNAs at the global protein level have not yet 
been determined, both quantitative proteomics and transla-
tomics approaches can potentially be used to detect siRNA 
off-targets at the level of translation.

Global miRNA‑like target interactions

Although global gene expression analyses are used to 
evaluate miRNA-like gene repression, miRNA-dependent 
changes in gene expression may result from both direct 
and indirect effects, thus necessitating the development 
of a method to detect direct binding between miRNAs 
and targets [37]. Initially, RNA immunoprecipitation 
(RIP) approaches were developed to biochemically isolate 
RNAs associated with a specific RNA-binding protein by 
using cognate antibodies [123–126]. For the RISC com-
plex, the RIP method has been applied to Ago to purify 
target mRNAs bound by the Ago–miRNA complex, and 
then the target mRNAs were profiled using microarray 
(RIP-Chip) [123–126]. RIP-Chip has identified some 
miRNA targets, which show enrichment of seed sites, 
but also contain many false-positives, thus raising con-
cern about nonspecific Ago–RNA interactions via in vitro 
rearrangements [127, 128]. To overcome this issue, the 
CLIP method [63] was developed by applying ultravio-
let (UV) irradiation to covalently crosslink RNA–pro-
tein complexes in living cells. This procedure allows for 
extremely stringent conditions for purification of only 
the intended RNA–protein complexes, thus minimizing 

background noise including nonspecific and indirect pro-
tein–RNA interactions. Combined with high-throughput 
sequencing (HITS-CLIP, also called CLIP-Seq) [64] and 
applied to Ago (Ago HITS-CLIP), the CLIP method has 
precisely mapped transcriptome-wide miRNA target sites 
in mouse brain (~93% specificity for seed matches) [35]. 
For improved resolution, Ago HITS-CLIP results can be 
analyzed for crosslinking-induced mutation sites (CIMS), 
for which a deletion occurs at the cross-linked site (~8 
to 20%) [129]. Analogously, the photoactivatable-ribonu-
cleoside-enhanced crosslinking and immunoprecipitation 
(PAR-CLIP) method utilizes a uracil (U) analog, 4-thi-
oluridine, to improve the efficiency of UV crosslinking 
and detects subsequent T/C mutation as cross-linked sites 
[130]. Moreover, the individual nucleotide resolution of 
UV crosslinking and immunoprecipitation (iCLIP) method 
examines truncated cDNAs that indicate the position of the 
protein–RNA crosslink sites [131]. CLIP-based methods 
have been widely used for Ago to map miRNA target sites 
in cultured cells [67, 128, 130, 132–136], tissues [65, 137, 
138], and even whole organisms (C. elegans) [69, 139].

With increased specificity and resolution, Ago HITS-
CLIP enables defining of canonical seed sites as well as 
non-canonical seed-like motifs that have been initially elu-
cidated as “nucleation bulges” (≥15% of the total sites) in 
mouse brain [65]. Moreover, differential Ago HITS-CLIP, 
devised to accurately identify miR-155 interaction sites 
using miR-155-deficient T-cells, has also identified seed-
like motifs comprising ~20% of Ago–miR-155 binding sites 
[67]. To further provide direct evidence of miRNA target 
binding, chimeric reads of such interactions between bind-
ing sites and miRNA sequences have been investigated in 
the Ago HITS-CLIP results, although they are rarely gener-
ated [69]. Cross-linking, ligation and sequencing of hybrids 
(CLASH) [68], modified PAR-CLIP [69], and covalent liga-
tion of endogenous Argonaute-bound RNAs (CLEAR-CLIP) 
[70] are such methods based on chimeric reads, of which 
number has been intentionally increased by treating puri-
fied Ago–RNA complexes with RNA ligase. These meth-
ods have enabled the discovery of widespread non-canonical 
binding sites consisting mostly of seed-like motifs (~30 to 
60%). To understand the functionality of the identified tar-
gets sites, Ago CLIP data have been analyzed together with 
gene expression profiles, and significant miRNA-dependent 
repression mediated mainly by canonical seed sites and mar-
ginally by seed-like motifs has been observed [65, 67–70]. 
This strategy has also been utilized to examine the efficacy 
of chemical modifications in preventing off-target effects and 
functional miRNA-like target interactions [90]. Neverthe-
less, Ago CLIP-based methods have been frequently used 
for miRNA studies and not for identifying siRNA off-target 
sites; however, these methods are expected to be widely 
adopted to evaluate miRNA-like off-target interactions.
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Control of miRNA‑like off‑target repression

General strategies

Although miRNA-like interactions are inevitable, several 
strategies have been suggested to minimize the off-target 
effects. Generally, siRNA or shRNA sequences are designed 
to exhibit little sequence similarity to other mRNAs (e.g., 
<11-bp stretch of continuous matches) except their intended 
on-targets and, particularly, to avoid seed sequences that are 
frequently observed in 3′UTRs [94, 96]. This criterion can 
be easily met by using BLAST searches [140] or other suf-
fix array-based searches (RIsearch2) [141] to detect poten-
tial off-targets of given siRNA sequences. In addition to 
sequence similarity, other related features of off-target sites 
such as GC content and thermodynamic stability in seed 
regions (positions 2–8) are considered to determine the 
siRNA sequence [142, 143]. miRNA-like off-target repres-
sion is concentration dependent, thus suggesting that mini-
mizing the concentration of siRNAs is critical to improving 
the target specificity [94, 96]. Thus, it is recommended that 
siRNA treatment could be titrated down to the level that 
maintains sufficient on-target activity [86, 144, 145]. Alter-
natively, pooling of multiple independent siRNAs for the 
same gene can be used to lower the concentration of each 
siRNA sequence while preserving on-target activity [146, 
147]. However, the pooling approach raises concerns about 
expanding the number of off-targets with marginal repres-
sion, which would presumably result in promiscuous off-
target gene regulatory effects. Moreover, introduction of the 
RNA itself can trigger non-specific immune responses, and 
thus known stimulatory sequence motifs for innate immune 
responses (e.g., GU-rich) are generally excluded [84, 148]. 
Of note, miRNA-like off-target repression can be triggered 
by the passenger strand, whose sequence should be designed 
with caution [6]. Although its use has been limited, repeat-
targeting siRNAs can be designed to form self-duplexes, in 
which the sequence of the guide strand can also represent the 
passenger strand [149]. This strategy has been applied for 
targeting CAG repeats and selectively inhibiting mutant hun-
tingtin expression without the concern of passenger strand 
off-targeting [149].

Empirical chemical modifications

The use of proper siRNA sequences, concentrations, 
controls, and pooling strategies can circumvent off-tar-
get activities, but these are indirect and passive ways to 
overcome off-target effects. As a direct method, chemi-
cal modifications have been used for siRNAs, altering the 
properties of the nucleotide backbones and bases [6, 72]. 
Thus, siRNA may preferentially lose miRNA-like target 
recognition and also exhibit enhanced stability, cellular 

delivery, and tissue distribution [145, 150–153]. The most 
conventional 2′-O-methyl modification at position 2 from 
the 5′ end of the guide strand (2′-OMe) has been empiri-
cally found to alleviate off-target repression and subse-
quent adverse cellular effects (e.g., growth inhibition) 
[145] (Fig. 2a). The 2′-OMe is generally used in com-
bination with an impaired passenger strand that shows 
no activity in both on- and off-target repression by intro-
ducing the 2′-O-methyl modification at positions 1 and 2 
[145]. The 2′-OMe has been found to decrease ~80% of 
putative off-target transcripts, exerting an ~66% average 
decrease in off-target repression [145]. Structurally, the 
nucleotides at positions 1 and 2 of the siRNA or miRNA 
directly contact the Ago protein. In detail, the 5′ end of 
the guide strand (position 1) is buried in a deep pocket at 
the interface of the MID–PIWI domains of Ago, and the 
2′-OH at nucleotide position 2 has been implicated in the 
formation of a hydrogen bond with the asparagine residue 
of Ago [90, 145, 154] (Fig. 2a). Therefore, the 2′-OMe at 
these positions may introduce steric constraints and affect 
Ago-siRNA interactions, thus leading to structural changes 
and subsequent seed pairing instability for miRNA-like 
target recognition (Fig. 2a).

Another chemical modification that is frequently applied 
to nucleotide backbones of siRNAs is locked nucleic acid 
(LNA), which links the 2′ oxygen to the 4′ carbon [152, 
155]. Such an unusual bond confers resistance to nuclease 
and structural rigidity, thus enabling thermodynamically 
stable base-pairing. Generally, LNA modifications of siR-
NAs improve on-target functionality by enhancing RNA 
stability and/or strand selectivity over the passenger strand 
[152, 156]. Intriguingly, despite the increased stability of 
base pairing, LNA modification of the seed region has been 
empirically found to attenuate cellular toxicity mediated 
by miRNA-like off-target repression, which is compara-
ble to that mitigated by 2′-OMe [155]. This result prob-
ably reflects the absence of the 2′-OH group in LNA and 
its inability to participate in a hydrogen bond with Ago, as 
in the case of 2′-OMe. In contrast to LNA, the unlocked 
nucleic acid (UNA) modification, which cleaves a covalent 
bond between the 2′ carbon and 3′ carbon of the nucleotide 
backbone, is used to increase metabolic stability and is often 
used in siRNA applications in combination with LNA [157]. 
Empirically, the UNA modification at position 7 has been 
found to abrogate miRNA-like repression while preserving 
the on-target potency of siRNAs [158] (Fig. 2b). The allevia-
tion of miRNA-like activity may be explained by weakened 
base-pairing of UNA in the seed region caused by the flex-
ible open structure in the nucleotide backbone. In line with 
the notion that base-pairing of DNA-RNA heteroduplex is 
weaker than that of the RNA duplex, DNA substitution in 
the seed region of siRNA has been introduced, thus limiting 
miRNA-like repression [159].
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Individually or in combination, LNA and UNA have 
been applied to siRNAs for in vivo use and found to exert 
higher on-target activity along with lower off-target tox-
icity [156, 157]. However, LNA administration with two 
trinucleotide motifs (TCC and TGC) has been reported to 
induce liver toxicity in vivo, revealing a critical limita-
tion to its in vivo application [160]. Notably, chemical 
modifications applied to 2′-OH (e.g., 2′-OMe, LNA, and 
DNA) can block RNA-induced innate immune responses 
[6]. However, any chemical modification that can solve the 
issue of off-target effects, should be carefully examined for 
the potential introduction of another issue such as in vivo 
toxicity. Moreover, all of these above-listed chemical 
modifications have limited potency to decrease miRNA-
like off-target repression, exhibiting generally marginal 
and varied effects. This is possibly because such modifi-
cations are introduced in the nucleotide backbone rather 

than in the bases, which directly participate in pairing with 
off-target transcripts.

Mechanism‑ and structure‑guided chemical 
modifications

Limited potency of the empirical chemical modifications has 
been attempted to be overcome by rationally designed new 
strategies. For this, it is particularly important to precisely 
understand how Ago–miRNA recognizes target mRNAs. 
Initially, it was postulated that short consecutive matches 
defined as seed sites might serve as a “nucleus” initiating 
miRNA–target recognition [161, 162]. In agreement with 
this concept, seed-to-target binding shows higher affin-
ity in a tethered complex with a PIWI/MID domain pro-
tein like Ago than does the short RNA in isolation (up to 
~300-fold enhancement) [163]. Similarly, by considering 

Fig. 2   Structural modes of 
chemical modifications that 
prevent miRNA-like off-target 
repression. Together with vari-
ous chemical modifications of 
siRNAs, schematic diagrams 
of siRNA regions structured 
by Ago (a gray oval shape) are 
represented as anchor, seed, 
central, 3′ supplementary, and 
tail regions [175]. a 2′-OMe 
at position 2 is indicated in a 
structural model of the Ago–
siRNA complex (derived from 
4F3T[165] by using PyMOL). 
2′-OMe is highlighted by a 
dotted circle. b UNA at position 
7. c 1-ER triazole I at posi-
tion 1 is indicated in a known 
Ago complex structure [174] 
(highlighted by a dotted circle). 
d Abasic pivot substitution. 
Surface model of dSpacer at 
position 6 is displayed in an 
Ago complex [90]
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the thermodynamic stability of four-nucleotide pairings 
in the seed region, the performance of predicting miRNA 
target sites has been improved, especially when the second-
ary structure of target sites was also considered [51, 164]. 
More precisely, a stepwise process comprising nucleation, 
propagation and cleavage of perfectly matched siRNA–target 
duplexes has been proposed by structural studies of human 
Ago–miRNA [165, 166] and Ago–siRNA–target complexes 
[167]. Here, the miRNA sequences of the seed region in 
the Ago complex have been found to be geometrically pre-
arranged. Intriguingly, the seed region is structurally dis-
rupted (Fig. 2d)—the miRNA between positions 6 and 7 is 
interrupted by isoleucine (I365) in an alpha-helical struc-
ture of Ago protein, configuring only positions 2–6 into a 
hybridization-susceptible helical structure [165, 166]. The 
exposed bases at positions 2–6 have been suggested to play 
a role in the initial hybridization, subsequently propagating 
additional base pairs up to position 8 by overcoming the kink 
at positions 6–7 [167].

Consistent with this structural implication, base pairing at 
positions 2–6 is termed “transitional nucleation”, as identi-
fied in the Ago HITS-CLIP analysis, to explain the nuclea-
tion bulge sites as the pattern of noncanonical recognition 
[65]. In this model, transient 5-nt nucleation (at positions 
2–6) is postulated to confer thermodynamic stability and 
determine the state leading to conformational alterations, 
wherein the originally matched pivot nucleotide (position 6) 
bulges out and propagates annealing towards the 3′ end of 
the miRNA. Recent single-molecule analyses have provided 
further evidence that Ago2 initially scans target sites by base 
pairing at positions 2–4 [168] and subsequently mediates 
rapid and stable binding to the seed region of a miRNA [169, 
170], thus serving as a proofreading procedure for target rec-
ognition [171]. The transitional nucleation model serves as a 
general mechanism underlying miRNA-like target recogni-
tion [37, 65]. Importantly, base pairing in the pivot position 
(position 6) has been suggested to play a decisive role in 
initiating the formation of a functional miRNA–target com-
plex [37, 65].

On the basis of the mechanism- and structure-guided 
strategies to destabilize transitional nucleation, a base in the 
pivot of the siRNA is intentionally impaired by substitution 
with abasic spacers, thus achieving complete elimination 
of seed-mediated miRNA-like repression [72, 90] (Fig. 2d). 
Specifically, dSpacer (6pi) substitution, which contains nei-
ther a base nor 2′-OH (abasic deoxynucleotide), leads to 
a complete inability to induce seed-mediated miRNA-like 
repression (0%, even at the highest applicable concentra-
tion; 150 nM siRNA) [90]. The elimination of miRNA-like 
off-target repression has been further validated at the whole-
transcriptome level by using RNA-Seq and Ago HITS-CLIP 
analyses. Moreover, the incorporation of 6pi into miR-
124 abolishes the biological function of inducing neurite 

outgrowth, whereas other conventional modifications, such 
as use of 2′-OMe and UNA, have demonstrated limited 
potency. siRNA with 6pi (siRNA-6pi) also maintains near-
perfect on-target activity (~80 to 100%) without altering the 
slicing activity of Ago2; intact on-target activity (100%) has 
been observed throughout the concentration ranges routinely 
used for siRNA experiments (10–75 nM). Superior preserva-
tion of on-target activity appears to be caused by decrease 
steric hindrance, by which 6pi probably provides adequate 
space to be beneficial for moving the kink outward and wid-
ening the central cleft, as envisioned in a ternary human 
Ago2–miRNA–target structure (Fig. 2d). In support, supe-
rior conservation of on-target activity has been observed by 
using the smallest spacer, C3, which is connected by only 
three carbons. The abasic pivot substitution is functional 
in vivo, as validated by its application to therapeutic PCSK9 
siRNAs; it efficiently lowers plasma cholesterol in mice and 
abolishes potentially deleterious off-target phenotypes such 
as cell death and cell cycle arrest in liver.

To investigate the effects of chemical modifications on 
the Ago–siRNA structure, the structure of Ago has been 
examined in the presence of a chemically modified siRNA 
[172]. Interestingly, the structure of Ago is not changed even 
though the siRNA is intensively modified with 2′-OMe, 
2′-O-(2-methoxyethyl) (2′-OMOE), 2′-fluoro (2′-F) and 
(E)-5′-vinylphosphate (5′-VP). By contrast, the configura-
tion of the modified siRNA in the 3′ half of the seed region 
(at positions 5–6) is shifted and becomes disordered (at posi-
tions 7–8), probably because it requires plasticity to optimize 
contacts with Ago or the target transcripts. Such increased 
flexibility of the modified siRNA can explain the tolerance 
of Ago exerting conserved siRNA activity. Alternatively, 
computational screening based on Ago structures have 
revealed a functional nucleotide analog bearing a triazolyl 
modification (1-ER triazole I) at the 5′ end of the siRNA 
[173] (Fig. 2c). Structurally, 1-ER triazole I shows a deep 
anchorage into the central binding cleft of human Ago2, 
unlike a natural nucleotide, thus illustrating the possibility 
that it may modulate base pairing between the siRNA and 
its corresponding targets [174] (Fig. 2c). Furthermore, 1-ER 
triazole I attenuates the affinity and repression of seed-medi-
ated off-targeting, but does not affect on-target interaction 
and activity. Considering the structural properties of 1-ER 
triazole I, any form of chemical modification that enhances 
the penetration of the 5′ end is expected to be effective, thus 
increasing the specificity of siRNAs.

Conclusion

By sharing the same RNAi effectors such as Ago, RNAi-
mediated gene silencing is intrinsically concurrent with 
miRNA-like off-target repression. Although miRNA-like 
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off-target repression has been demonstrated to be deleterious 
and phenotypically relevant, it has often been overlooked 
because of difficulties in evaluation and control [6]. In addi-
tion to miRNA-like off-target repression, specific solutions 
to evaluate and mitigate other types of off-target effects have 
been proposed (Table 2). Several indirect methods, including 
empirical chemical modifications, have been developed to 
circumvent the issues of off-target effects, but such conven-
tional methods have limited potency. Nevertheless, recent 
advances in genome-wide methodologies for profiling global 
gene expression and miRNA target sites have enabled com-
prehensive analyses of miRNA-like interactions and repres-
sion. Together with increasing knowledge of Ago complex 
structures, the characteristics of miRNA-like off-target rec-
ognition have begun to be elucidated [37].

Such valuable information provides a rational basis for 
the design of chemical modifications of siRNAs [72] that 
can effectively eliminate miRNA-like off-target repres-
sion [90, 174]. For RNAi-mediated gene silencing, proper 
evaluation and control of miRNA-like off-target repression 
are crucial to avoid the misinterpretation of gene silencing 
results or to prevent adverse effects in clinical applications. 
However, there are still unknown rules and structural infor-
mation, particularly for noncanonical modes of miRNA-like 
target recognition [37, 72], which frequently occur in siRNA 
off-targets with potentially detrimental effects. Therefore, 
future studies are required to address the remaining ques-
tions and yield further insights regarding new strategies to 
completely harness the target specificity of RNAi. Moreover, 
the potential of siRNAs to saturate the endogenous RNAi 
machinery and to stimulate innate immune responses should 
also be considered. More work is required to understand the 
underlying mechanisms and to develop solutions for these 
issues.
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