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Alternate approaches to repress endogenous
microRNA activity in Arabidopsis thaliana
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MicroRNAs (miRNAs) are an endogenous class of regulatory
small RNA (sRNA). In plants, miRNAs are processed from short
non-protein-coding messenger RNAs (mRNAs) transcribed
from small miRNA genes (MIR genes). Traditionally in the
model plant Arabidopsis thaliana (Arabidopsis), the functional
analysis of a gene product has relied on the identification of
a corresponding T-DNA insertion knockout mutant from a
large, randomly-mutagenized population. However, because
of the small size of MIR genes and presence of multiple, highly
conserved members in most plant miRNA families, it has
been extremely laborious and time consuming to obtain a
corresponding single or multiple, null mutant plant line. Our
recent study published in Molecular Plant' outlines an alternate
method for the functional characterization of miRNA action
in Arabidopsis, termed anti-miRNA technology. Using this
approach we demonstrated that the expression of individual
miRNAs or entire miRNA families, can be readily and efficiently
knocked-down. Our approach is in addition to two previously
reported methodologies that also allow for the targeted
suppression of either individual miRNAs, or all members of a
MIR gene family; these include miRNA target mimicry*® and
transcriptional gene silencing (TGS) of MIR gene promoters.*
All three methodologies rely on endogenous gene regulatory
machinery and in this article we provide an overview of these
technologies and discuss their strengths and weaknesses in
inhibiting the activity of their targeted miRNA(s).

MicroRNAs (miRNAs) are an endogenous class of 20-24 nucle-
otide (nt) small RNA (sRNA) that are key regulators of gene
expression in both plants and animals.>® A mature miRNA is
the final product of a short non-protein-coding precursor mes-
senger RNA (mRNA) transcribed from a miRNA gene (MIR
gene). This precursor transcript, the primary-miRNA (pri-
miRNA), shares several features with other RNA polymerase
[I-transcribed mRNAs; they possess a 5' cap and 3' poly-A tail
and are spliced.” However, these non-protein-coding RNAs are
also unique in that they contain a region of sequence that is
partially self-complementary. This sequence allows the pri-
miRNA to fold back onto itself to form a stem-loop structure
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of imperfectly double-stranded RNA (dsRNA), which in plants
is almost exclusively processed by the RNase III-like endoncu-
lease DICER-LIKE1 (DCL1).*? In specialized nuclear bodies,
termed nuclear dicing or D-bodies, the initial miRNA precursor
transcript processing event is catalyzed by DCLI with the assis-
tance of two other dsRNA-interacting proteins, SERRATE (SE)
and dsRNA-BINDING DOMAINI (DRB1).1"3 This smaller
dsRNA molecule, the precursor-miRNA (pre-miRNA) tran-
script, undergoes a second cleavage step to release the miRNA/
miRNA* duplex from the stem-loop region. The second pro-
cessing step of the Arabidopsis miRNA biogenesis pathway is
also catalyzed by DCLI in nuclear-localized D-bodies, however,
DCLI1 only requires the assistance of DRBI to accurately direct
this dicing event.""” Following methylation of the 3' 2-nt over-
hang of each duplex strand by the sSRNA-specific methyltrans-
ferase HUA ENHANCER1 (HENT1),”' DRBI orientates the
duplex for miRNA* passenger strand degradation.”” Following
nuclear export, a process which for many plant miRNAs requires
the assistance of HASTY (HST)," the miRNA guide strand
is loaded to the RNA-induced silencing complex (RISC). In
Arabidopsis, miRNA-loaded RISC contains ARGONAUTE1
(AGOL) at its catalytic core and the loaded miRNA acts as a
sequence specificity guide to direct cleavage of cognate mRNAs
via the slicer activity of AGO1.”?° The steps involved in the
miRNA biogenesis pathway are illustrated in Figure 1A.

The severe developmental phenotypes displayed by plants
defective in the protein machinery responsible for miRNA bio-
genesis, including the dc/l, drbl and agol mutants, highlights the
importance of miRNA-regulated gene expression for normal plant
development.®P?! In plants, most miRNAs belong to multi-mem-
ber gene families, with individual family members often expressed
both spatially and temporally.**** In Arabidopsis, nearly 200 MIR
genes have been identified and entered into the miRBase Registry
(www.mirbase.org). However, to date, the function of only a
small number of these have been experimentally characterized due
to the lack of an effective approach to inhibit MIR gene expres-
sion. Determining the biological role(s) of a gene has classically
relied on the identification of an individual of interest from a large
randomly-mutagenized population. In the model dicotyledonous
plant species Arabidopsis, loss-of-function T-DNA or transposon
insertional mutant populations have proven to be a remarkably
useful genetic tool for such an approach. Nonetheless, insertions
into either small genes or loci in gene-poor regions of the genome,
such as those encoding miRNA precursor transcripts, have proven
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Figure 1. A) Schematic representation of the use of endogenous gene regulatory protein machinery by the miRNA target mimicry and transcriptional
gene silencing of MIR gene promoter approaches. (A) Following processing in the nucleus of the miRNA precursor transcripts and exportation of the
mature miRNA to the cytoplasm, the transgene-derived miRNA target mimic non-cleavable RNA sequesters the complementary sRNA, blocking the
regulation of its target mRNAs. (B) Expression of a hpRNA trangene targeting a MIR gene promoter results in the production of siRNAs that direct the

RdDM protein machinery to methylate the promoter region, transcriptionally silencing the expression of the targeted MIR gene.

to be exceedingly difficult to recover.”” Furthermore, stacking of
respective mutations for individual members of multi-gene families
by standard genetic crossing is both laborious and time consum-
ing. For example, production of a null mutant plant line where
the activity of all miRNA family members has been knocked out,
has only been achieved for two relatively small Arabidopsis MR
gene families, namely the miR159,% and miR164,?¢ families. More
recently, three alternate methodologies have been developed to
assist in the functional validation of miRNA action in plants, these
include the (1) miRNA target mimicry, (2) transcriptional gene
silencing (TGS) of MIR gene promoters, and (3) artificial miRNA-
directed silencing of miRNA precursors. Here, the advantages and
disadvantages of each approach will be discussed.

miRNA Target Mimicry
Franco-Zorrilla et al. were the first to report an additional layer

of transcriptional regulation of miRNA action in plants, termed
miRNA target mimicry. In Arabidopsis, miRNA target mimicry
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was originally demonstrated to be based on the co-expression of
the non-protein-coding RNA Induced by phosphate starvationl
(IpsI) with the inorganic phosphate (P)) responsive miRNA,
miR399. The Ips] mRNA contains a 23-nt partially comple-
mentary target site for miR399. The Phosphate2 (Pho2) tran-
script, which encodes an important negative regulator (PHO2)
in the plant’s response to P, starvation, also contains a miR399
target sequence and is negatively regulated by this miRNA.%
The accumulation of miR399 has been shown to increase dra-
matically during the initial stages of P, starvation leading to
accelerated cleavage of Pho2.2** However, miR399 accumu-
lation, and hence Pho2 expression, must promptly return to
approximate wild-type levels if the plant is to avoid P, toxicity.
The authors showed that the rapid attenuation of miR399 activ-
ity, and hence stabilization of Pho2 expression, is achieved by
simultaneous expression of the P-induced, non-protein-coding
transcript Ipsl.* The partially complementary miRNA target
sequence within psI contains a 3-nt mismatched bulge corre-
sponding to positions 11-13 of miR399. Most plant miRNAs
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cleave their mRNA targets between bases 10 and 11 of the
miRNA, suggesting that Ips/ functions as a non-cleavable target
mimic of miR399, leading to the sequestration of this miRNA
and arrest of its activity. Based on these initial observations, the
authors? went on to demonstrate that in planta the activity of
two other endogenous miRNAs, namely miR156 and miR319,
could also be sequestered by constitutively overexpressing modi-
fied versions of the IpsI transcript in which the miR399 bulged
target sequence was substituted with those corresponding to the
targeted miRNAs.

Detlef Weigel’s research group® subsequently applied the
miRNA target mimicry approach to a large scale, modifying the
endogenous miR399 23-ntbulged targetsite of Ips! to expressarti-
ficial miRNA target mimics for the 73 Arabidopsis MR gene fami-
lies registered in either the miRBase (www.mirbase.org) or ASRP
(asrp.cgrb.oregonstate.edu) datasets at the beginning of 2007.
This approach required the generation of 75 individual plant
expression vectors as some miRNA families produce non-over-
lapping mature sSRNAs, or the mismatched bulge sequence had to
be modified to ensure that the vector would still produce a mod-
ified Ipsl transcript containing a non-cleavable miRNA target
site. Under the control of the Cauliflower mosaic virus (CaMV)
35S promoter (35Sp), the progeny plants of 15 of the 75 miRNA
target mimics used to transform Arabidopsis expressed an aerial
tissue developmental phenotype. All 15 phenotype-expressing
plant lines, targeting 14 MIR gene families, were transformed
with mimic vectors targeting the activity of highly abundant
and widely conserved miRNA families. The authors went on to
show that the developmental phenotypes expressed by this series
of target mimics closely replicated those previously reported for
plant lines either expressing miRNA-resistant targets or harbor-
ing MIR gene T-DNA knockout insertions. Furthermore, sSRNA
northern blotting and quantitative reverse transcriptase PCR
(qRT-PCR) analyses revealed that the accumulation of the tar-
geted miRNA is reduced and that miRNA target gene expres-
sion is conversely elevated to levels similar to those detected in
plant lines deficient in the activity of the miRNA biogenesis
machinery proteins DCL1, DRBI and SE.

The main advantage offered by the miRNA target mimicry
approach is that a single non-cleavable target site, and hence a
single plant expression vector, can be used to reduce the accumu-
lation of all MIR gene family members. Expressing the Ips! non-
protein-coding transcript under the control of the constitutive
35Sp further ensures that its spatial and temporal expressional
pattern should be overlapping to most (if not all) family mem-
bers, leading to their repression. However, this also presents a
major limitation of the miRNA target mimicry technology. The
high level of sequence conservation between the mature sSRNAs
of individual family members does not allow for the targeting of a
single family member. Accordingly, the miRNA target mimicry
approach would not allow for differentiation of the effect of sup-
pressing the expression of individual M/R gene family members
that are often distinct. For example, knocking out the expres-
sion of a single miR164 family member, specifically miR164c,
resulted in the expression of a floral phenotype.?” Whereas, dis-
rupting the expression of the remaining two miR164 family

www.landesbioscience.com

members (miR164a and miR164b) produced a vegetative phe-
notype.?**® Such a shortcoming could be minimized by substi-
tuting the existing 35S promoter of the target mimicry vector
with those of the MIR gene family members under study. This
may allow for the determination of function of individual fam-
ily members that are expressed spatially and/or temporally in
wild-type plants. Thorough molecular and phenotypic analyses
of miRNA target mimicry transformant lines is also required,
as these plant lines expressed more subtle developmental phe-
notypes than those expressing either miRNA-resistant targets
or harboring miRNA loss-of-function mutations. The miRNA
target mimicry approach is outlined in Figure 1A.

Transcriptional Gene Silencing
of MIR Gene Promoters

HairpinRNA (hpRNA)-directed RNA silencing readily inhibits
the expression of protein-coding loci in plants® and the asso-
ciation between RNA silencing and DNA methylation has long
been established.*>** It was subsequently shown that targeting
a promoter region with a hpRNA vector inhibited gene expres-
sion via DNA methylation of the targeted promoter in a process
termed transcriptional gene silencing (TGS).*% In Arabidopsis,
regions of genomic DNA housing specific classes of DNA
repeat are transcriptionally silenced via the endogenous protein
machinery of the RNA-directed DNA methylation (RdADM)
pathway. The repeat sequences or the aberrant RNA molecules
from these repeats, serve as templates for RNA transcription by
either of the recently identified plant-specific DNA-dependent
RNA polymerases, termed PollV and PolV respectively.?s4
These aberrant molecules of RNA are recognized by RNA-
DEPENDENT RNA POLYMERASE2 (RDR2) for the pro-
duction of dsRNA.* The dsRNA is then processed by the
nuclear-localized DCL3 to produce the specific class of siRNAs,
termed repeat-associated siRNAs (rasiRNAs). Unlike the other
classes of endogenous sSRNA, rasiRNAs are loaded to an AGO4/
AGOG6/AGOY-catalyzed effector complex that directs either de
novo or maintenance methylation of the cytosine residues within
these sequences (Fig. 1B).**

In their study, Vaistij etal. designed two hpRNA plant expres-
sion vectors to transcriptionally silence the expression of endoge-
nous miRNAs, miR163 and miR171a via RADM. Each hpRNA
targeted a region of sequence that incorporated the transcription
start sites of MIR163 and MIRI71A. The authors targeted regions
upstream of the miRNA and miRNA* sequences for TGS on the
rationale that the chance of suppressing MIR gene expression
via RADM would be maximized, whilst at the same time avoid-
ing the possibility of inducing co-silencing of the targeted tran-
script (the pri-miRNA or pre-miRNA) via a post-transcriptional
gene silencing mechanism. The accumulation of both miRNAs
targeted by the two respective hpRNA vectors was determined
to be significantly reduced by sRNA-specific northern blotting.
Furthermore, Southern blotting using methylation-sensitive
restriction endonucleases and Bisulfite sequencing revealed that
the transcription of both MIR genes was indeed suppressed
by RdDM and that dense cytosine methylation spanned the
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Figure 2. Off-target silencing directed by amiRNAs designed to silence the expression of all miR159 and miR164 family members. (A) the anti-159

amiRNA is the reverse complement of the consensus sequence of the three Arabidopsis miR159 family members. This SRNA was determined to also
direct mRNA cleavage-mediated silencing against two other non-targeted Arabidopsis transcripts. (B) The anti-164abc amiRNA was designed to
silence the expression of all three miR164 family members. 5' RACE analyses revealed that this exogenous sRNA also directed silencing against three
additional Arabidopsis encoded genes. (C) Quantitative RT-PCR analysis (qRT-PCR) of the expression of anti-159 (light grey columns) and anti-164abc
(dark grey columns) off-target transcripts in anti-159 and anti-164abc plants respectively. The expression of all five off-targets was normalized to the
Arabidopsis gene FORMATE DEHYDROGENASE (FDH; AT5G14780), and the error bars represent the standard error of the mean (SEM) between three

biological replicates.

transcription start site of both genes. In addition to detecting
reduced miRNA accumulation, the authors* went on to demon-
strate that target transcript expression was also deregulated in
hpRNA transformant lines (termed 163-IR and 171-IR plants
respectively). In 163-IR plants, QRT-PCR analysis revealed that
the expression of both predicted miR163 targets (4166690 and
Atlg66700) was upregulated compared to their relative expres-
sion in wild-type. High molecular weight northern blotting
using radiolabelled transcripts spanning the miR171 target site
showed that for the three targets assayed, including A22¢45160,
At3¢60630 and Ar4¢00150, full-length transcripts were more
abundant in 171-IR plants. Although miRNA accumulation
and target transcript expression was demonstrated to be down
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and upregulated respectively, no readily discernible phenotypic
alterations were observed for the majority of plants expressing
either hpRNA plant expression vector. However, the authors® do
state that the biological roles for miR163 and miR171a target
genes remain to be determined and concluded that under stan-
dard growth conditions, subtle tissue or organ-specific morpho-
logical changes may have been overlooked.

The main advantage offered by this approach is that the
expression of individual MIR genes can be suppressed. This is
extremely advantageous for large multi-member miRNA fami-
lies, allowing for the establishment of functional redundancy
amongst family members and their regulated targets. The use
of a miRNA target gene promoter to drive the expression of the
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hpRNA vector could also potentially allow for such distinctions,
that is: which miRNA family member is responsible for regu-
lating the expression of a target transcript. However, such an
approach may only prove advantageous once the expressional
domains of individual MIR gene family members are determined
to not overlap. The authors suggest that a chimeric hpRNA
vector could be developed to simultaneously knockdown the
expression of multiple miRNA family members. However,
Vaistij et al.* did not demonstrate the effectiveness of such an
approach in planta. Silencing different members of a gene family
is possible if they share a high level of sequence homology. MIR
genes are individual transcriptional units under the control of
their own promoter, often displaying both spatial and temporal
expression. Therefore, identifying a conserved sequence within
the promoter regions of MIR gene family members is unlikely.
Alternatively, a chimeric approach which stitches together target
sequences from each family member will result in the generation
of a highly diverse pool of siRNA species which may, in turn,
dilute the efficacy of silencing of each targeted sequence. The
production of a diverse siRNA population also increases the
likelihood of generating a sSRNA with complementarity to tran-
scripts other than those targeted, which could induce off-target
silencing and misinterpretation of the silencing response.

Artificial miRNA-Directed Anti-miRNA Technology

In plants, artificial miRNA (amiRNA) silencing vectors have
been successfully used to inhibit the expression of either intro-
duced or endogenous genes.”** The structural features of
the endogenous miRNA precursor transcript on which an
amiRNA plant expression vector is based are maintained while
the miRNA/miRNA* duplex is replaced with amiRNA and
amiRNA* sequences. Such a design ensures that the modified
precursor transcripts are still recognized and processed by the
protein machinery of the miRNA biogenesis pathway to produce
a single specific 21-nt silencing signal. Using this technology we
demonstrated that amiRNAs also readily direct RNA silencing
against the precursor molecules transcribed from MIR genes.!
Targeting the mature miRNA sequence with an amiRNA sup-
pressed the activity of all MIR gene family members due to
the high level of mature miRNA sequence identity between
individual family members. Furthermore, we demonstrated
that the anti-miRNA approach can also direct RNA silencing
against an individual MIR gene family member by designing an
amiRNA to target the unconserved stem-loop region of the pre-
cursor transcript. In addition to detecting significantly reduced
accumulation of both targeted miRNAs, miRNA target gene
expression was determined to be deregulated, and both series
of anti-miRNA plant expression lines displayed developmental
phenotypes similar to those previously reported for plant lines
where either MIR gene expression is knocked out or a miRNA-
resistant target is expressed.

Although the anti-miRNA technology efficiently directs
RNA silencing against both individual members and entire M/R
gene families, we favor the use of this approach to inhibit the
activity of a single family member via targeting the stem-loop
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region of the precursor transcript to avoid off-target silencing.
The pre-miRNA stem-loop sequence between the miRNA and
miRNA* varies widely both in length and sequence composi-
tion, even within MIR gene families. This allows for the design
of amiRNA sRNA that will only direct cleavage of the targeted
transcript. If additional MIR gene family members are to also
be targeted for amiRNA-directed RNA silencing, multiple
amiRNA pri-miRNA transcripts can be consecutively cloned
into the same silencing vector. For example, Niu et al. demon-
strated that Arabidopsis plants expressing a dimeric vector har-
boring two unique amiRNA pre-amiRNA stem-loop sequences
that generated two specific amiRNA sRNAs against the silenc-
ing suppressor proteins, P69 and HC-Pro, were resistant to
Turnip yellow mosaic virus and Turnip mosaic virus infection
respectively.

Furthermore, we were able to simultaneously silence the
expression of two transiently expressed reporter proteins (GFP
and GUS) by co-expressing a dimeric version of the pBlueGreen
amiRNA plant expression vector” in Nicotiana benthamiana
leaves (unpublished data). Taken together, these results suggest
that a multimeric amiRNA silencing vector would readily direct
silencing against multiple MR gene family members.

The major drawback of the anti-miRNA approach when
used to interfere with the accumulation of an entire miRNA
family is that there is no flexibility in choosing an amiRNA
sequence that will avoid potential off-target silencing effects.
The 21-nt anti-miRNA is designed to be the reverse comple-
ment of the mature miRNA consensus sequence. Most plant
miRNAs belong to multi-member gene families originating
from unique loci located throughout the genome. While the
precursor sequences of individual MIR gene family members dif-
fer significantly in both their length and sequence composition,
the mature miRNA sequences are not only tightly conserved
between family members, but also between species. Therefore,
there is little, if any, flexibility in the design of an amiRNA that
will efficiently direct RNA silencing against all M/R gene fam-
ily members. Figure 2 shows that the two sRNAs used in our
study' to inhibit the action of all miR159 and miR164 fam-
ily members respectively, namely the anti-159 and anti-164abc
amiRNAs, also directed cleavage of additional non-targeted
transcripts. Off-target silencing could not be avoided with the
expression of either of these anti-miRNAs, as only the single
21-nt shared target sequence (the mature miRNA sequence),
was available for amiRNA design. This result also illustrates
that a high level of caution should be applied when interpreting
the phenotype expressed by a sSRNA-directed (either amiRNA or
hpRNA-derived siRNA) MIR gene knockdown plant line due to
off-target silencing. However, the anti-miRNA plant lines gener-
ated in our study expressed developmental phenotypes similar to
those previously reported for modified plant lines where either
miRNA accumulation or action is altered.?**%°

Approaches to Inhibit miRNA Activity in Animals

Plant miRNAs show a very high level of sequence complemen-
tarity to the small number of closely related genes that they
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regulate. Furthermore, plant miRNA target sites are predomi-
nantly located within the coding region of the regulated gene.
The high level of miRNA/target mRNA identity, in combi-
nation with the position of the target sequence, results in the
expression of most plant miRNA target genes being regulated
via RISC-mediated mRNA cleavage.””® As in plants, animal
miRNAs have been implicated in regulating diverse biological
processes including cellular differentiation, proliferation and
death. Deregulation of their expression has also been linked
with the onset of certain cancers and other diseases.”* The key
difference however, is that animal miRNAs share a low level
of sequence identity with their target transcripts (termed the
“seed region”) and unlike plants, the partially complementary
target sites of animal miRNAs are located in the 3' untrans-
lated region (UTRs) of the target gene(s). The low level of
miRNA/target mRNA sequence similarity, in addition to tar-
get site position, has led to the prediction that animal miRNAs
negatively regulate the expression of almost 30% of genome-
encoded genes, via translational repression-based mechanisms.>*
Bioinformatic-based predictions suggest that each animal
miRNA can potentially regulate the expression of hundreds of
genes, but as in plant system, confirmation of each prediction
requires experimental validation. Creating genetic knockouts for
each miRNA seed family member, which are encoded at mul-
tiple distant genomic loci is extremely difficult. Additionally
in animals, some miRNA precursors are transcribed in clusters
and the proximity of each precursor molecule within the clus-
ter may make it extremely troublesome to obtain a clean single
deletion without affecting the processing of the other cluster
members. Two alternate approaches have therefore been widely
adopted to validate miRNA action in animals, these include; (1)
target mRNA sponges; and (2) chemically modified antisense
oligonucleotides.

Target mRNA sponges contain miRNA target sites in either
non-protein-coding transcripts or in the 3' UTR of a reporter
gene. Their expression in animal cells is driven to high levels by
strong promoters such as the Polll CMV promoter or the PolIll
U6 promoter.” The use of lentiviral and retroviral vectors has
enabled transient expression of the target mRNA sponge over
long periods in both dividing and non-dividing cells for the con-
tinuous repression of miRNA activity in vitro.*>® Stably intro-
duced target mRNA sponge transgenes have also been shown
to inhibit miRNA target gene regulation, but to a lower level
than those expressed transiently (presumably due to the lower
number of stably integrated transgene copies compared to the
high number of plasmid vectors delivered via transfection).’s*°
Animal miRNAs repress translation of transcripts that are com-
plementary to the seed region of the sSRNA (miRNA positions
2-8), however, more effective miRNA target sponges contain
recognition sites with higher levels of identity along the entire
length of the sSRNA, but with a bulged mis-pairing opposite
miRNA positions 9-12, preventing RNA interference-mediated
cleavage (Fig. 3).” The enhanced inhibition of miRNA func-
tion offered by such a design is presumed to result from a more
stable interaction of the mRNA to the bound RISC-complexed
miRNA. Analogous to the non-cleavable interaction between
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miRNAs and target mimics in plants, the mechanistic related-
ness of these two approaches for repressing miRNA function
was further demonstrated by Todesco et al.> and Ebert et al.®
respectively. Todesco et al.® showed that by introducing mimic-
like miRNA target sites in the 3' UTR of a protein-coding
gene, the activity of the targeted miRNA was sequestered, tar-
get transcript levels remained constant and protein levels trans-
lated from the cis-linked mRNA were reduced. Furthermore,
and as shown in plants harboring miRNA target mimicry vec-
tors, Ebert et al.”” demonstrated that the levels of the targeted
miRNA were reduced in mammalian cell lines expressing tar-
get mRNA sponges.®" Collectively, these observations suggest
that the mechanism of miRNA repression directed by these
approaches is highly similar in plants and animals, and that in
both instances, non-cleavable miRNA/target mRNA interac-
tions appears to stimulate the degradation of the sSRNA via an
unknown mechanism.

The major advantage of this approach is that a single target
mRNA sponge can inhibit the expression of an entire miRNA
seed family. Sponge transcripts are designed to contain multiple
miRNA target sites (usually 4 to 10 sites), and when expressed
at high levels this molecule can inhibit the activity of all fam-
ily members sharing a common seed sequence.” Furthermore,
the addition of a reporter gene coding sequence into the same
expression vector allows for fluorescence-based sorting of
sponge-expressing cells. Positive selection of these cells will
allow for identification of subtle changes to miRNA-regulated
gene expression, when miRNA action is deregulated in only
a small subset of cells, which would be otherwise masked in a
large, non-selected population. Alternatively, the expression of
a target mRNA sponge vector can be driven by an inducible
promoter to permit tissue-specific expression. Using such an
approach, Loya et al. accurately reproduce phenotypes for pre-
viously characterized loss-of-function miRNA mutants, but at
lower levels of penetrance. More recently, evidence has emerged
that non-protein-coding RNAs transcribed from pseudogenes
may act as natural target mRNA sponges for miRNAs regulating
the expression of closely related genes through the shared target
sites contained in their 3' UTRs.* However, how such lowly
abundant transcripts could effectively modulate the expression
of these closely-related and highly abundant protein-coding
sequences via miRNA sequestration remains to be determined.

In animals, chemically-modified antisense oligonucleotides
(ASOs) have been widely used in vitro and in vivo to target
mRNAs for RISC-mediated silencing to evaluate gene func-
tion. Owing to their similar size, miRNAs have also been effec-
tively targeted for activity attenuation by ASOs.%%¢ ASOs act
as competitive inhibitors to the action of the targeted miRNA,
presumably by annealing to the mature miRNA following
RISC-catalyzed degradation of the miRNA* passenger strand,
sequestering the guide strand to block its interaction with
complementary mRNA targets (Fig. 3). ASOs are typically
used to transiently inhibit miRNA action in transfected cells.
Such an approach leads to a corresponding transient derepres-
sion of miRNA target genes for the validation of miRNA func-
tion. However, in order to be effective, ASOs require chemical
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Figure 3. Repressing miRNA activity in animal cells. Following the processing of the pri-miRNA and pre-miRNA transcript in the nucleus and cyto-
plasm, catalyzed by the RNase llI-like endonucleases Drosha and Dicer respectively, the mature miRNA is unwounded from the miRNA* passenger
strand and loaded to RISC. In the cytoplasm the action of the RISC-loaded miRNA on its targets is blocked and/or suppressed by the transient delivery

of either a synthetic antisense oligonucleotide (ASO or miRNA mask) or mRNA target sponge transgene.

modifications to not only improve their affinity for hybridiza-
tion to their sSRNA target, but to make the delivered molecule
resistant to nuclease degradation, or to inhibit RNaseH or other
protein-based responses initiated by animal cells to remove the
introduced synthetic nucleic acid.®® Chemical modification is
also required to delay plasma clearance and to promote ASO
uptake to specific cells or tissues, in cultured cells and whole
organisms respectively.®’ Towards this end, the addition of con-
jugating agents to the ASO or co-delivery of the modified ASO
with a transfection re-agent, may also be required to improve the
distribution and hence effectiveness of these miRNA-inhibiting
agents.”

Inhibition of miRNA action with ASOs may result in seques-
tration of the miRNA, degradation of the targeted miRNA, or
in some cases both, making measurement of the degree of ASO-
directed miRNA inhibition at the sRNA level challenging and/
or misleading. Therefore, reporter genes containing in their 3'
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UTR perfectly complementary recognition sequences for the
targeted miRNA are often used to evaluate the effectiveness
of ASO-mediated miRNA inhibition.”” However, to date, the
stable integration of an ASO-generating transgene has not been
reported. This limits the ASO approach to animal cell cultures
requiring repeat administrations of high doses of the modified
ASO and their associated transfecting agents, which may prove
toxic. The major advantage offered by the ASO approach is that
it can be used for the targeted repression of a single miRNA
seed family member. As in plants, many animal miRNAs are
members of seed families and these related sSRNAs are pre-
dicted to regulate similar target mRNAs. Seed family members
share a common seed sequence between positions 2 to 8 of the
mature miRNA, but each family member may have one or more
nucleotide differences in the remainder of its sequence. Taking
advantage of these sequence differences, ASOs can be designed
to specifically target a single seed family member for repression.
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Figure 4. Proposed alternate pathways for amiRNA-mediated silencing of nuclear-localized transcripts. (A) Following processing by the endog-

enous miRNA biogenesis machinery proteins the amiRNA sRNA is loaded to AGO1-catalyzed RISC in the cytoplasm. The absence of a target mRNA
could promote the import of the sSRNA back into the nucleus, either on its own or complexed to AGO1, to direct mRNA-cleavage based silencing of
cognate mRNAs, miRNA precursor transcripts. (B) Many of the miRNA biogenesis machinery proteins have been shown to be localized to the plant
cell nucleus. The processed mature amiRNA sRNA could then be directly loaded to nuclear AGO1, to mediate silencing of complementary miRNA

precursor transcripts.

For example, using locked nucleic acid ASOs (LNA-ASOs)
complementary to miR-125b, Naguibneva et al. demonstrated
that the action of the targeted miRNA was inhibited, but the
activity of an unrelated miRNA, namely miR-181 remained
unchanged in transfected mouse cells. Conversely, the authors
went on to show that a miR-181-specific LNA-ASO repressed
the activity of miR-181, while miR-125b stayed at wild-type lev-
els. However, when four mismatch mutations were introduced
into either LNA-ASO their specific inhibitory activities were
abolished. The use of chemistry-matched negative controls in
such assays is therefore also highly recommended to ensure that
the observed phenotypic affects are a direct result of the intro-
duced ASO.”® A modification to the established ASO approach,
termed miRNA-masking, has also proven effective in disrupt-
ing miRNA-regulated gene expression in animals. As outlined
for ASOs, a miRNA-masking oligonucleotide is designed
to be a perfect complement to its target. However, instead of
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targeting the endogenous miRNA directly, the miRNA-mask is
designed to interact with the miRNA binding sequences of the
target mRNA. The miRNA-mask does not disrupt the activ-
ity of the miRNA itself, but binds to and protects the target
mRNA from recognition by miRNA-loaded RISC (Fig. 3)./>"?
MiRNA-masks therefore allow for target gene-specific valida-
tion of miRNA function.

Concluding Remarks

In Arabidopsis, the miRNA target mimicry approach efficiently
and effectively knocks down the activity of all members of a
MIR gene family.?® Todesco et al.? elegantly demonstrated that
plant lines transformed with mimicry vectors targeting highly
expressed and widely conserved MIR gene families expressed
developmental phenotypes similar to plant lines where either
miRNA accumulation was reduced, or a miRNA-resistant target
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transgene was expressed. The modified, constitutively-expressed
Ipsl non-protein-coding RNA is presumed to be present in
the cytoplasm of most plant cells, annealing to and sequester-
ing the activity of all members of the targeted MIR gene fam-
ily. Curiously, miRNA accumulation was reportedly reduced
in both the plant and animal system following the expression
of either a stably-transformed miRNA target mimic vector or
transiently-expressed target mRNA sponge plasmid respec-
tively.>*>%° The authors***% suggest that the observed reduction
is due to destabilization of the bound sRNA following inter-
action with its non-cleavable target mRNA. However, RISC-
complexed sRNAs stably bound to a non-cleavable mRNA may
not be detected under the standard northern blotting denatur-
ing conditions. We have recently demonstrated that the strong
positive strand bias of siRNAs accumulating from dsRNA
viral intermediates can be negated through the addition of in
vitro-transcribed negative strand-specific transcripts to the
extracted RNA samples.” The addition of these spiked antisense
high molecular weight transcripts resulted in the equivalent
accumulation of siRNA species of both polarities, indicat-
ing that much of the negative strand-specific sSRNAs are usu-
ally bound to the high-molecular-weight positive-strand viral
RNAs during gel electrophoresis, preventing their detection.
Thus, the observed reductions to sSRNA levels reported in either
miRNA target mimicry plant lines or target mRNA sponge
expressing animal cells may result from failure to detect such
tightly bound, complexed sRNAs.

Hairpin-RNA-mediated TGS of a MIR gene promoter? and
the amiRNA-directed silencing of miRNA precursor transcripts'
are suited for the targeted repression of a single MIR gene fam-
ily member. The RADM mechanism responsible for promoter
silencing has been well characterized in plants, involving several
key silencing machinery components, including PollV, PolV,
DCL3, RDR2 and AGO4.*4" Although amiRNA-mediated
silencing of mRNAs has been well documented in plants, the
amiRNA-directed cleavage of miRNA precursors was surprising
as these transcripts are located in the nucleus and sSRNA-medi-
ated RNA cleavage was thought to occur in the cytoplasm. Is a
nucleus-localized silencing pathway responsible for the repres-
sion of MIR gene activity directed by an anti-miRNA amiRNA?
Figure 4 displays two alternate pathways by which the anti-
miRNA amiRNA could direct mRNA cleavage-based silencing
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of miRNA precursor transcripts in plant cells. Figure 4A depicts
the characterized miRNA biogenesis pathway of Arabidopsis,
that is; in the nucleus the amiRNA contained in an endogenous
precursor transcript backbone is recognized and subsequently
processed by DCLI with the assistance of SE and DRBI. The
amiRNA duplex strands are then methylated by HEN1 and
transported to the cytoplasm by HST. In the cytoplasm, the
amiRNA guide strand is unwound from the amiRNA* pas-
senger strand and loaded onto AGOl-catalysed RISC. In the
absence of a target mRNA, the amiRNA-loaded RISC, or the
mature amiRNA alone, could be imported back into the nucleus
to direct RNA cleavage. Mammalian studies are consistent with
this scenario; sSRNA-loaded RISC in the cytoplasm consists of a
large AGO-based complex, whereas in the nucleus, RISC con-
sists of little more than AGO and its loaded sSRNA.”>7” Figure
4B illustrates a proposed pathway for miRNA-directed expres-
sional regulation of nuclear-localized transcripts. Recent stud-
ies have localized the miRNA biogenesis machinery proteins
DCLI1, DRBI and SE to the nucleus specialized D-bodies.'®!" In
addition, HEN1 and AGO1 also show some localization to the
nucleus and to D-bodies." In plants, the Slicer activity of AGOL1
specifically co-elutes with a small protein complex,” to sug-
gest that miRNA-loaded RISC may consist of little more than
AGOIL and its loaded sSRNA. Our molecular analyses strongly
suggest that miRNA precursor transcripts, namely the pri-
miRNA are the target of amiRNA-directed anti-miRNA silenc-
ing technology.! The nuclear-localization of a large complement
of the protein machinery responsible for miRNA biogenesis in
Arabidopsis further suggests that miRNA-directed RNA silenc-
ing is also a prevalent regulatory mechanism of gene expression
in the plant cell nucleus.

In summary, the miRNA target mimicry approach represses
the activity of all miRNA family members. Transcriptional gene
silencing of a MIR gene promoter directs silencing against the
individual family member targeted, whereas the anti-miRNA
approach can be adopted to inhibit the expression of an indi-
vidual family member or a whole MIR gene family. Although
the specific mechanism of each approach remains to be fully
characterized, these three alternate approaches are capable of
complementing or enhancing the traditional insertion knock-
out mutant approach for the experimental validation of miRNA
function in plants.
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