© The American Society of Gene & Cell Therapy

review

Managing MicroRNAs with Vector-Encoded
Decoy-Type Inhibitors
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A rapidly growing understanding of the complex circuitry of microRNA (miRNA)-mediated gene regulation is
attracting attention to miRNAs as new drug targets. Targeted miRNA suppression is achieved in a sequence-
specific manner by antisense RNA “decoy” molecules. Such synthetic miRNA inhibitors have reached the clinic
with remarkable pace and may soon appear as new therapeutic modalities in several diseases. Shortcomings,
however, include high production costs, the requirement for repeated administration, and difficulty achiev-
ing tissue-specific delivery. With the many recent landmark achievements in clinical gene therapy, new and
refined vector-encoded miRNA suppression technologies are attractive for many applications, not least as
tools in innumerable daily studies of miRNA biology in laboratories worldwide. Here, we provide an overview
of the strategies that have been used to adapt vector-encoded inhibitors for miRNA suppression and discuss
advantages related to spatiotemporal and long-term miRNA attenuation. With the remarkable new discovery
of miRNA management by naturally occurring circular RNAs, RNA circles generated by trans-splicing mecha-
nisms may prove to be well-suited carriers of decoy-type miRNA inhibitors. The community will aspire to com-
bine circles with high-affinity miRNA decoy methodologies, and such “vectorized” RNA circles may represent

new solid ways to deliver miRNA inhibitors, perhaps even with therapeutic applications.
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INTRODUCTION
With the discovery of abundant expression of microRNAs (miR-
NAs) in several organisms, these small noncoding RNAs cata-
pulted onto the stage of posttranscriptional gene regulation a bit
more than 10 years ago.! Originating from longer primary miRNA
transcripts, approximately 22 nucleotides long double-stranded
miRNAs are formed by successive processing steps, after which
one strand is incorporated into the RNA-induced silencing com-
plex (RISC), which exerts posttranscriptional gene silencing. The
miRNA guides RISC to complementary mRNA target sequences
mainly located in 3’ untranslated regions (3° UTRs). In humans,
the sequence complementarity between mRNA and miRNA is
usually imperfect, but base pairing involving the seed region,
nucleotides 2-7 of the miRNA as counted from the 5’-end, is par-
ticularly important for target recognition and in many cases suf-
ficient to facilitate miRNA-directed gene silencing.? Such partial
mRNA:miRNA complementarity promotes mRNA deadenylation
or translational repression, whereas near-perfect complementar-
ity promotes mRNA cleavage at a position opposite to nucleotides
10-11 of the miRNA.> More than 60% of all human genes are pre-
dicted to be regulated by a total of over 2,000 mature miRNAs
found in humans so far.* Some miRNAs are expressed in virtually
all cell types, whereas others are highly tissue-specific with a dis-
tinct function in a particular cell type or organ.

Given their comprehensive involvement in gene regulation,
it has become widely accepted that miRNAs play a key role in

almost any biological process. Not surprisingly, perturbed miRNA
expression has been functionally linked to numerous diseases,
such as diabetes, rheumatoid arthritis, schizophrenia, coronary
artery disease, and cancer—ijust to list a few. In several cancer
types, oncogenic miRNAs as well as tumor suppressor miRNAs
have been identified. These may serve as powerful diagnostic and
prognostic biomarkers, or as potential therapeutic targets, fur-
ther stressing the urge for crafting effective molecular tools for
manipulating miRNA activity. Hence, the appearance of miRNAs
on the scene was soon followed by methods of manipulating their
function to experimentally validate miRNA target genes and to
study gain- and loss-of-function phenotypes. Overexpression of
natural miRNAs is readily achieved by expression of the genomic
region encoding the primary miRNA transcript, or custom-
designed miRNAs may alternatively serve as RNA interference
effectors, allowing targeting of for example viral RNA genomes.**
The miRNA inhibitors (previously referred to as anti-miRs,
antagomiRs, AMOs [Anti-miRNA antisense inhibitors], sponges,
or decoys) are commonly based on antisense molecules that act
to bind and sequester miRNAs from their natural targets. Two
main approaches for delivery of miRNA inhibitors have been uti-
lized, namely (i) direct cellular delivery of chemically synthesized
inhibitors and (ii) delivery of a vector from which intracellular
transcription of RNA inhibitors occurs. Synthetic miRNA inhibi-
tors have been thoroughly reviewed elsewhere.”® Here, we focus
on vector-encoded inhibitors, and give an overview of current
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suppression and miRNA targeting strategies, including some of
the newcomers on the market, and their use in studying miRNA
biology and as novel therapeutics.

EXPRESS YOUR miRNA INHIBITOR—WHY BOTHER?
Synthetic miRNA inhibitors are suitable for many experimen-
tal applications, allowing easy accessible in vitro studies of the
immediate effect of suppressing miRNAs. In vivo miRNA inhi-
bition has been obtained as well using synthetic miRNA inhibi-
tors, and such inhibitors are slowly reaching drug status.” So,
why should we bother about “vectorizing” miRNA inhibitors
after all? Though powerful, the effect of synthetic RNA is tran-
sient due to degradation and loss of the inhibitors over time, and
repeated administration is required to obtain a sustained effect.”
Moreover, issues concerning high production costs, reduced
delivery to some cell types, and lack of tissue-specific delivery
further reduce the applicability of synthetic inhibitors for some
uses. Vector-encoded inhibitors possess several advantageous
features conferred by the great repertoire of different vectors
available to date. Nonviral vectors, such as naked plasmid DNA
and DNA minicircles," can be engineered with tissue-specific
or drug-inducible promoters, thus providing spatiotemporal
expression of the miRNA inhibitor. However, such carriers still
share some of the disadvantages of synthetic inhibitors includ-
ing poor uptake in certain cell types and tissues as well as clear-
ance over time. Viral vectors, in contrast, are very efficient gene
vectors capable of transducing a wide array of cell types, and
the tropism of the virus may be modulated by pseudotyping
the virus for directed delivery of a miRNA inhibitor cassette to
a specific tissue. Different serotypes of adeno-associated virus-
derived vectors allow potent transduction of many tissues, and
this high-titer vector type promises to be an optimal carrier of
inhibitor-encoding gene cassettes.'? By the use of retro- or lenti-
viral vectors, sustained inhibitor expression is readily achieved,"
but nonviral integration technologies such as integrases, trans-
posons, and recombinases also offer chromosomal insertion and
thus stable inhibitor expression. With the development of tools
for site-directed genetic engineering, based on the DNA-cleaving
activity of zinc-finger nucleases, TALE nucleases, or CRISPR-Cas
systems, methods of stably introducing miRNA inhibitors into
specified “safe harbors” of the genome may be employed. For
both viral and nonviral vectors, it is straightforward to include
a reporter gene to monitor inhibitor expression. For example, a
fluorescent or luminescent marker can be included for tracking
cells expressing the inhibitor by fluorescence-activated cell sort-
ing or in vivo bioimaging of tissues and animals.'>'®

Numerous miRNA knockout mouse models have been cre-
ated and are available from libraries of miRNA knockout mice or
mouse embryonic stem cells.’*! Park et al. reported the genera-
tion of 162 miRNA targeting vectors, 64 targeted embryonic stem
cell lines, and 46 germline-transmitted miRNA knockout mice,
which were compatible with germline- or tissue-specific Cre
recombinase-transgenic mice to generate conditional knockouts.
For some miRNAs, the creation of knockout mice is not straight-
forward because some miRNAs originate from two distinct loci
in the genome. Furthermore, some miRNAs have seed family
members that share mRNA targets,”” so complete abrogation of
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miRNA activity in a particular cellular pathway would be a labori-
ous process. Additionally, many miRNAs are located in an intron
of a gene in which knockout of the miRNA sequence might add
confounding effects to gene expression. Vector-encoded miRNA
inhibitors offer an alternative approach for knocking down a spe-
cific miRNA or families of miRNAs in transgenic animals, and
spatially and temporally regulated promoters may be employed
to study physiological miRNA function at distinct time points
in specific tissues during development.'®*® Several studies have
shown stable miRNA inhibition in transgenic organisms includ-
ing plants,* flies,'>* and mice."”* Stable miRNA inhibition has
been obtained in the complete human hematopoietic system by
transplanting bone marrow-ablated mice with human hema-
topoietic stem/progenitor cells genetically engineered with a
Sponge targeting miR-223."* Importantly, the obtained pheno-
type matched that obtained in miR-223 knockout mice. In cases
where no direct validation can be made by comparison to the
knockout phenotype, miRNA inhibition phenotypes may be
experimentally supported by a reciprocal phenotype when over-
expressing the miRNA.* However, since inhibition efficiency is
highly dependent on the cellular concentration of the miRNA
and the inhibitor, transgenic animals expressing miRNA inhibi-
tors may not always faithfully replicate the null phenotype pro-
duced by a knockout.

SUPPRESSING miRNA ACTIVITY BY DECOY-TYPE
INHIBITORS

RNA molecules carrying target sequences for the desired miRNA
constitute the most widely employed type of miRNA inhibi-
tor. The basic strategy is to provide a surplus of miRNA recog-
nition sites exposed in a structural RNA context that optimizes
affinity and specificity for the mature miRNA. By attracting the
miRNA-loaded silencing complex, inhibitors should serve to
reduce miRNA binding to the natural mRNA target (see Figure
la for schematic representation). For vector-encoded inhibi-
tors, expressed RNAs containing miRNA recognition sites range
from short and simple antisense transcripts without additional
sequences to structured scaffolds encompassing multiple miRNA
binding sites (Figure 1b). Depending on the specific application,
both RNA Pol ITI- and RNA Pol II-transcribed decoy-type inhibi-
tors (the latter possibly fused to a protein-coding sequence) would
be applicable for suppressing miRNA function.

Scherr et al. developed a lentiviral vector encoding small tran-
scripts, which they designated “antagomirs” and which contained
only a single antisense sequence with perfect complementarity
to the miRNA followed by a small 3’ extension.”® The use of an
RNA Pol III promoter enabled transcription of small well-defined
RNAs that were neither capped nor polyadenylated, but contained
only a short stretch of uridines added to the 3’ end (Figure 1b, (i)).
Careé and co-workers employed an adenoviral vector to express
tandemly arranged perfect miRNA target sequences, which they
termed “miRNA decoys”” The miRNA decoys were expressed as
RNA Pol II transcripts, and the target sites were placed in the 3’
UTR of the eGFP gene allowing monitoring of miRNA targeting.
Soon after, an endogenous miRNA inhibitor was discovered in
plants in which a noncoding RNA was found to suppress miR-
399 activity through a single target site.’* Notably, this target

1479



miRNA Attenuation by Vector-Encoded Inhibitors

a

miRH% genes
RNA Pol Il or Il l %
Vector-

inhibitor cassette

miRNA-regul atea gene

l RNA Pol Il

Natural
mRNA target

Pri-miRNA l RNA Pol Il or Il

l

o
Pre-miRNA
] miRNA
inhibitor
L

_—— — | ——

Cytoplasm
mRNA destabilization/

translational
repression
| - -
0

Pre-miRNA i _k‘
) 4

.

Q..

Anans

J

High-affinity
l miRNA binding

— Reduced
miRNA Mature mRNA targeting
duplex miRNA

© The American Society of Gene & Cell Therapy

@) (it b

O

AntagomiR Tough decoy

Bulged sponge

(iv)

RNA Pol lI-transcribed
Bulged Sponge

v)

RNA Pol Il-transcribed
Tough Decoy

RNA Pol lI-transcribed clustered Tough Decoy

Figure 1 A schematic view of the anti-miR function of vector-encoded miRNA inhibitors. (a) Overview of miRNA biogenesis, miRNA regulation
of protein-coding mRNAs, and miRNA inhibition by vector-encoded inhibitors. Long primary miRNA transcripts are transcribed from the genome and
sequentially processed and transported to the cytoplasm, where they exert the posttranscriptional repression of target genes via the RNA-induced
silencing complex (RISC). A miRNA inhibitor carrying miRNA binding sites (here represented by a Tough Decoy-type inhibitor) is intracellularly
produced and interferes with natural miRNA regulation by attracting miRNAs by the exposure of high-affinity miRNA binding sites. (b) Schematic
representation of commonly used inhibitor designs. (i) An antagomir consisting of a single miRNA binding site (shown in blue) followed by a short
stretch of uridines originating from the RNA Pol Ill termination signal. (ii) An RNA Pol lll-transcribed Tough Decoy consists of a ~60-bp long hairpin-
shaped RNA carrying an internal loop exposing two miRNA binding sites each with a central bulge for prevention of fast endonucleolytic turnover of
the transcript upon miRNA binding. The stretch of terminal uridines from the RNA Pol Il termination signal provides the necessary 3’ overhang for
Exportin-5 recognition (iii) An RNA Pol lll-transcribed Bulged Sponge design is generally expressed as a nonstructured RNA harboring 4-12 consecu-
tive miRNA binding sites (eight are shown) with central bulges. (iv and v) RNA Pol Il-transcribed variants of the Bulged Sponge and Tough Decoy
resemble the Pol lll-transcribed inhibitors, but are capped and polyadenylated and may be fused to a protein-coding sequence (shown in green). (vi)

The Pol ll-transcribed clustered Tough Decoy carrying three consecutive Tough Decoys with a total of six miRNA binding sites.

contained a central mismatch opposite to position 10-11 of the
miRNA. When this bulge was mutated to create perfect comple-
mentarity to the miRNA, the authors observed a decrease in
miRNA inhibition potency. This signified that an internal bulge
opposite to position 10-11 of the miRNA prevented fast endonu-
cleolytic turnover of the inhibitor thereby prolonging the inter-
action between the miRNA and the inhibitor. This concept was
further strengthened by Ebert et al. who showed superior potency
of target sites harboring internal mismatches rather than perfect
target sites.* They also showed that these inhibitors, which were
termed “Sponges,” were efficacious when expressed both as short
RNAs from RNA Pol III promoters (Figure 1b, (iii)) or fused to
the 3> UTR of a reporter gene (GFP) expressed from an RNA Pol
IT promoter (Figure 1b, (iv)).

As one would expect, an increase of the number of miRNA tar-
get sites has on several occasions been found to enhance miRNA
suppression efficiency. However, at a certain threshold, reportedly
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somewhere between six and twelve target sites, there is only a mar-
ginal increase in potency, although the effect of additional target sites
may be more pronounced in the event of a low inhibitor concentra-
tion."** This apparent saturation could be caused by a threshold
ratio between the number of bound miRNAs and the degradation
rate of the inhibitor and may very well depend on the expression
levels of both miRNA and inhibitor. In addition, one should bear
in mind that increasing the number of target sites also elevates the
risk of recombination during cloning and during transduction of
lentiviral vectors. Lentiviral vectors are particularly prone to genetic
rearrangements promoted by direct repeat sequences,” and rear-
rangements have been observed in lentiviral vectors encoding
sponge inhibitors.*® Another approach to maximize the potency of
miRNA inhibitors is to render the target sites more accessible for
the miRNA. Otaegi et al. envisioned that the previously employed
short spacer regions of 6-8 nucleotides between the tandemly
arranged target sites would restrict RISC-binding at adjacent target
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sites.” This was based on previous findings by Chi and co-work-
ers who used high-throughput sequencing of RISC-crosslinked
mRNA to show that RISC spans 45-62 nucleotides of the mRNA,*
indicating that spacer lengths shorter than 10 nucleotides could
potentially cause the binding of a single RISC to sterically block the
adjacent target sites. However, in a comparative study using 6-, 29-,
or 42-nucleotide spacers the authors showed that the 6-nucleotide
spacer actually generated a more robust inhibition of the miRNA.
This is in line with another report showing that two juxtaposed tar-
get sites both contribute to miRNA-mediated repression.** In accor-
dance, it could be speculated that the use of short spacers reduces
the risk of forming alternative RNA secondary structures that do
not support miRNA recognition.

Haraguchi and co-workers elaborated on the sponge design
and used a rationally designed scaffold called a Tough Decoy
(often referred to as a “TuD”) to expose two miRNA target
sites.”® The Tough Decoy is an ~60-bp long hairpin-shaped
RNA with an internal loop exposing two miRNA binding sites
(Figure 1a,b, (ii)). It was originally designed to be expressed
as a short RNA by an RNA Pol III promoter and designed to
be actively exported from the nucleus to the cytoplasm via the
Exportin-5 pathway like miRNAs. This was facilitated by includ-
ing the structural requirements, i.e. an 18-bp stem region with
a short 3’ overhang, for Exportin-5 recognition. In the Tough
Decoy hairpin, the two miRNA binding sites have a central
bulge to bypass Ago2-mediated cleavage, and RISC-mediated
destabilization of the inhibitor is believed to be impaired by the
double-stranded structure, which should also confer resistance
to cellular RNases. Studies addressing targeting of miR-21
and miR-122/let-7 found that the Tough Decoy inhibitors
were more potent than Sponge inhibitors containing four and
seven target sites, respectively.'>* In our recent work, we com-
pared the anti-miRNA capacity of Tough Decoy hairpins and
Sponge inhibitors containing eight target sites. In comparisons
of five unrelated miRNAs, one miRNA was found to be inhib-
ited most efficiently by the Tough Decoy, one most efficiently
by the Sponge, and the remaining three equally well by the two
decoy-type inhibitors.*® Collectively, these studies indicated that
Tough Decoy inhibitors carrying only two target sites are just as
potent and for some miRNAs more potent than Sponge inhibi-
tors carrying several target sites. Another important aspect of
the comparison between the two types of inhibitors is whether
inhibitor-encoding vector RNA—as relevant for lentiviral deliv-
ery strategies—is targeted by highly expressed endogenous miR-
NAs during vector production (and/or transduction) leading to
reduced inhibitor transfer capacity. Interestingly, this effect was
more pronounced for Sponge inhibitors than for Tough Decoy
inhibitors, most probably indicating that vector RNA carrying
a higher number of miRNA target sites was more vulnerable to
degradation or less efficiently incorporated in virus particles.
This effect could suspectedly be avoided by inserting the inhibi-
tor cassette in the opposite direction thereby excluding target
sites from virally packaged, positive-sensed vector RNA strands.
Recently, Mullokandov et al. generated a library of lentiviral
vectors encoding RNA Pol III-transcribed Tough Decoys target-
ing 291 different conserved miRNAs."” Such vectors were uti-
lized in a pooled manner for loss-of-function studies and have
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been made available to other researchers. Our studies showed
that Tough Decoy inhibitors could also be embedded into the 3
UTR of an actively translated gene expressed from an RNA Pol
IT promoter (Figure 1b, (v)).*® When comparing Tough Decoy
inhibitors expressed from the H1 promoter (RNA Pol III) and
from the PGK promoter (RNA Pol II) embedded in the 3> UTR
of eGFP, we generally observed comparable inhibitory poten-
cies, but such efficiencies would obviously depend on the choice
of promoter. This RNA Pol II strategy was further improved by
arranging several Tough Decoys in tandem (“clustered Tough
Decoy”) (Figure 1b, (vi)).**** The level of miRNA-mediated
repression of an eGFP transcript carrying eight miRNA target
sites did not differ between RNAs carrying the miRNA target
sequences in the clustered Tough Decoy and Sponge configu-
rations. However, when the same transcripts were assessed for
their ability to inhibit miRNA function, inhibition by the clus-
tered Tough Decoy was markedly higher relative to the Sponge,
indicating that the miRNA inhibition potential was not directly
proportional to the extent of miRNA-mediated repression of the
inhibitor transcript.®® It is remarkable that the exact same tar-
get sites are targeted equally in the two sequence contexts, but
that the Tough Decoy configuration supports increased miRNA
inhibition. Perhaps the secondary structure of the Tough Decoy
provides unique features that favor prolonged miRNA bind-
ing and enhance the overall anti-miRNA properties. One may
speculate that the hairpin partially stalls miRNA-recruited exo-
nucleases, thereby increasing the half-life of the inhibitor after
miRNA binding. However, this notion is not supported by cur-
rent experimental evidence, and future endeavors to optimize
miRNA inhibitors should address such mechanistic differences
between Tough Decoy and Sponge inhibitors. Notably, for cer-
tain miRNAs the Tough Decoy secondary structure can also
pose a problem. Hence, using synthetic Tough Decoys based
on two fully 2’-O-methylated RNAs, it was found that mutual
affinity and binding between the two miRNA binding sites could
impair miRNA binding and thus inhibition potency.>> Obviously,
such intramolecular interactions may also exist in Sponge-type
inhibitors, but this has not been investigated and, unlike the
Tough Decoy configuration, the binding sites in sponges are
not structurally aligned for annealing. Adverse effects caused
by structural collapse of the inhibitor will clearly depend on the
sequence of the targeted miRNA and could potentially be allevi-
ated by introduction of mutations in the binding sites, although
this will come at the expense of decreasing miRNA affinity.*®

MECHANISMS OF miRNA INHIBITION: ELUCIDATING
THE FATE OF INHIBITOR-CAPTURED miRNAs

The fate of miRNAs that are attracted to intracellularly expressed
antisense RNA molecules is somewhat controversial. Some studies
have not been able to show a decrease in miRNA levels following
miRNA inhibition.'**!¥ Ebert et al. quantified the targeted miRNA
by Northern Blot analyses and found that part of the miRNA pool
migrated with the inhibitor, but they did not observe any notice-
able difference in total miRNA abundance. Along the same lines,
miRNA inhibition with Tough Decoy and Sponge inhibitors has
been reported not to reduce levels of miRNAs, as quantified by
miRNA qRT-PCR.">"® In contrast, we observed a 54-83% reduction
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in miRNA levels following inhibition with vector-encoded Sponge
or Tough Decoy inhibitors carrying bulged target sites.*® Haraguchi
et al. could also detect decreased miRNA levels upon miRNA inhi-
bition with Tough Decoy inhibitors as detected by qRT-PCR, but
Northern blotting performed at elevated temperatures to avoid
duplex formation between the miRNA and the Tough Decoy failed
to confirm such a decrease.”® Xie et al. employed Tough Decoy
inhibitors and showed lowered miRNA levels both by qRT-PCR
and Northern Blotting, though qRT-PCR showed a much higher
reduction than Northern Blotting, but Northern Blotting was not
performed at elevated temperatures.'? Interestingly, high-through-
put sequencing of miRNAs documented reduced levels of miRNAs
with extensive complementarity to the binding sites in the inhibi-
tor. This was caused by 3’ to 5" exonucleolytic trimming, which is
in line with previous reports showing miRNA trimming upon nor-
mal regulation of endogenous mRNA targets, but only for miRNAs
with extensive complementarity to the target.’**” Collectively these
studies suggest that miRNA inhibition by decoy-type inhibitors
may be caused by both sequestration and degradation and that care
should be taken when evaluating miRNA inhibition by miRNA
quantification. Indeed, Scherr et al. have shown that antisense
transcripts render miRNAs unavailable for cDNA synthesis and
Northern Blot probing,* and, hence, quantification of the targeted
miRNA may not accurately reflect the level of miRNA inhibition.

TOWARD SIMULTANEOUS SUPPRESSION OF
MULTIPLE miRNAs BY A SINGLE INHIBITOR

To maximize miRNA affinity, decoy-type inhibitors are designed
to allow complete base pairing with a specific miRNA. However,
miRNAs from the same miRNA family are also inhibited through
seed sequence recognition, although with an efficacy that expect-
edly depends on the overall complementarity between the target
sites and the miRNA.'** This could pose a problem in studies
of the unique contribution of a single miRNA to a given pheno-
type. However, it enables studies of whole miRNA families for
which a functional phenotype is only revealed by simultaneous
targeting of the whole family. Xie et al. employed high through-
put sequencing of small RNA libraries to look for off-target
effects imposed by Tough Decoys inhibitors targeting miR-122
and let-7."> No overall change in the abundance of miRNAs other
than the targeted miRNAs was observed. However, because this
approach only measures miRNA abundance, it fails to identify
miRNAs that are in fact inhibited but not degraded upon target-
ing by the inhibitor. Since off-target effects may occur through
limited complementarity and nonseed recognition of the inhibi-
tor, the unintentionally targeted miRNAs are not subject to trim-
ming and will not be identified by high throughput sequencing.
Thus, off-target effects of miRNA inhibitors should be carefully
assessed using a functional screening assay, such as the recently
described “Sensor-seq” high-throughput assay that involves a
miRNA sensor library to simultaneously monitor the activity of
hundreds of miRNAs." In addition, a comparison between dif-
ferent inhibitor designs regarding their propensity to off-target
effects has yet to be performed. Finally, it is also imperative to
assess unintended miRNA perturbations caused by the vector
alone and by additional sequences present in the RNA Pol II
inhibitor transcripts.
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For studies analyzing the synergistic effects of two unre-
lated miRNAs, we have developed a “dual-targeting Tough
Decoy” carrying two different target sites (Figure 2, left).
Using this approach, we achieved potent inhibition of the two
miRNAs comparable to that obtained with Tough Decoys tar-
geting a single miRNA.** Since the activity is comparable for
dual-targeting and standard Tough Decoy inhibitors one may
wonder whether the Tough Decoy hairpin structure allows
simultaneous miRNA binding at the two opposing target sites.
In accordance, it is not currently known whether concomi-
tant suppression of two unrelated miRNAs by dual-targeting
Tough Decoys is achieved through binding of both miRNAs,
or just one miRNA, to a single inhibitor molecule. If the Tough
Decoy inhibitor binds only one miRNA, one of the two tar-
get sites of the Tough Decoy hairpin could be converted to a
custom-designed sequence that minimizes base pairing with
the target site to ensure optimal exposure. By combining the
dual-targeting Tough Decoy with the clustered Tough Decoy
approach, simultaneous inhibition of six unrelated miRNAs
was achieved by three clustered dual-targeting Tough Decoys
placed in the 3° UTR of eGFP (schematic representation shown
in Figure 2, right). Expression of a multiplexed inhibitor from
a single expression cassette ensures synchronized inhibition of
several miRNAs, which may not easily be accomplished with a
split design based on expression of six different inhibitors. A
multiplexed design could have experimental and therapeutic
potential for coordinated and parallel suppression of distinct
miRNAs, as well as an entire miRNA family.

— miRNA genes
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Figure 2 Simultaneous managing of unrelated miRNAs by multitar-
geting inhibitors. The figure illustrates suppression of two out of a total
of six endogenously expressed miRNAs by dual-targeting Tough Decoy
inhibitors (left) and synchronized suppression of all six miRNAs by clus-
tered dual-targeting Tough Decoy hairpins (right). As indicated by the
Tough Decoy molecules bound by “yellow” and “green” miRNAs (left),
it is yet unclear whether single Tough Decoy molecules are bound by
two miRNAs or whether miRNAs interact with Tough Decoy inhibitors
ina 1:1 ratio.
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Figure 3 Natural circular RNA sponges inspire next-generation miRNA inhibitors. (a) Current vector-encoded miRNA inhibition technologies rely
on linear RNA decoys, such as the Bulged Sponge or Tough Decoy designs. (b) Naturally occurring circular RNA sponges contain numerous miRNA
seed matches thereby avoiding endonucleolytic cleavage upon miRNA recognition. Furthermore, high stability is conferred by the circular structure
which evades miRNA-promoted decay by exonucleolytic degradation. (c) Circular RNA sponges may be optimized with high-affinity hairpins (such
as those in the Tough Decoy) to further increase suppression of miRNA activity.

SUPPRESSION OF miRNA BY NONDECOY-TYPE
INHIBITORS

In addition to decoy-type inhibitors that bind and sequester
the miRNA from their natural targets, several other approaches
have been utilized for miRNA attenuation. Two studies have
successfully employed an RNA interference approach by which
short hairpin RNAs were expressed to target either mature
miRNA or pre-miRNA for degradation.’®* In our hands, how-
ever, short hairpin RNAs designed to target mature miR-16
and miR-203 were not functional.*® Concerns have previously
been raised about the applicability of an RNA interference
approach to target miRNAs due to the anticipated limited
accessibility of the miRNA imposed by the hairpin structure
or protection by RISC,” and it has been shown that short hair-
pin RNA-loaded RISC is unable to unfold and target structured
RNA.*

One perhaps undesired feature of the decoy-type inhibitors is
that they repress the broad function of a miRNA; this means that
the miRNA-suppressive effect is relieved on all mRNA targets.
An approach for abolishing the interaction between a miRNA
and a specific mRNA, without interfering with the action of the
miRNA on its remaining pool of mRNA targets, has been explored
by the use of a target mask.*"*> However, successful masking of
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the miRNA target site has only been achieved using chemically
modified ~25-nucleotide long oligonucleotides, whereas vector-
encoded RNA masks do not seem functional.’® This may be due
to differences in RNA binding affinities between synthetic and
transcribed RNA masks. It remains to be tested, however, if target
site masking may be achieved using longer intracellularly tran-
scribed RNAs.

NATURAL RNA SPONGES SHAPE FUTURE miRNA
INHIBITION STRATEGIES

The basis of miRNA biology is founded on miRNAs being the
active regulators of protein-coding mRNAs. However, a hypoth-
esis has also been provided for the reciprocal notion, that a
miRNA-targeted RNA is capable of titrating miRNAs, thereby
reducing the number of free miRNA molecules that are avail-
able to repress other mRNA targets.* Hence, a 3> UTR subject
to miRNA regulation may not only regulate protein synthesis
in cis, but may also work in a complex trans-regulatory net-
work to regulate protein synthesis of mRNAs sharing the same
miRNA target sites (reviewed in ref. 44). This type of regulation
may involve pseudogenes that are able to regulate their parent
protein-coding gene by competing for miRNAs. Similar mecha-
nisms involve noncoding RNAs in plants and humans as well as
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in viruses. Such competing endogenous RNAs (ceRNAs) may
sequester miRNAs and potentially derepress expression from
the authentic miRNA target mRNAs. The potency of ceRNAs
is likely to depend on the concentration of both the particu-
lar miRNA and the targeted mRNA, but may be affected also
by the affinity of miRNA-loaded RISC for the miRNA binding
site. Based on studies of the functional properties of miRNA
binding to and dissociation from its target sequence, Wee and
coworkers suggested that ceRNAs, even with highly comple-
mentary miRNA binding sites, may have limited effect on
abundant miRNAs, whereas the function of intermediate and
low abundance miRNAs is more likely to be affected by high-
affinity sponges.* It is proposed that such sponges may there-
fore only be functionally relevant to a smaller subset of miRNAs
that meet certain criteria related to abundance and target affin-
ity. Furthermore, quantifications of the number of miRNA and
mRNA target molecules indicate that a miRNA is not irrevers-
ibly sequestered with its target, lending support to the notion
that a substantial number of sponge molecules may be required
to suppress miRNA activity.”” Hence, considerations related to
each specific miRNA and the abundance of miRNA as well as
target mRNA may have importance in relation to the design and
use of decoy-inhibitors. It should be noted that a considerable
number of potentially ceRNA-targeted cellular miRNAs may in
fact be too scarcely expressed to have a biologically meaningful
effect.’>* In addition, some ceRNA-targeted miRNAs may have
insignificant regulatory potential due to weak seed-pairing sta-
bility and/or high target site abundance.* While still a matter of
debate, further investigation of endogenous miRNA sponges is
needed to characterize their functional importance in regulat-
ing miRNA activity.

Only recently, circular RNAs (circRNAs) have emerged as a
new, highly prevalent, and conserved class of RNAs, which are
derived from head-to-tail splicing of exons.*”** Many of these
circRNAs contain putative miRNA target sites and may there-
fore function as ceRNAs.*”** One such human circRNA, circular
RNA sponge for miR-7 (ciRS-7; also referred to as CDR1as), was
found to harbor approximately 70 seed matches to miR-7 and to
serve as a potent miR-7 decoy.*”*® CiRS-7 is highly expressed in
specific regions of the brain and is suggested to play a key role in
regulating miR-7 activity in neurons. Similarly, sex-determing
region Y (Sry) circRNA that is produced mainly in the testes
serves as a sponge for miR-138. None of the miR-7 target sites
contained in ciRS-7 displayed sufficient complementarity to
miR-7 to promote cleavage, and ciRS-7 was therefore insensi-
tive to miRNA-mediated activation of exonucleolytic degrada-
tion. Hence, due to its high stability conferred by the circular
structure combined with imperfect miRNA target sites, ciRS-7
appears as an evolutionarily optimized inhibitor of miRNA
activity.

With the discovery of naturally occurring circular RNA
sponges and their involvement in miRNA management, the focus
on circular RNAs and their role as miRNA inhibitors will inten-
sify. Circles may prove to be well-suited carriers of decoy-type
miRNA-inhibitors, and the community will aspire to combine
circles with high-affinity miRNA inhibitors. Hansen and co-work-
ers established an expression cassette for production of circRNA
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and demonstrated potent circRNA production in cells transfected
with ciRS-7-encoding plasmid DNA.* As an alternative to linear
sponges (Figure 3a), such “vectorized” RNA circles may represent
new solid ways to deliver stable and persistent miRNA inhibitors
(Figure 3b), perhaps even with therapeutic applications. It seems
likely that an adaptation to a circularized design would render
vector-encoded Sponge or Tough Decoy inhibitors more potent,
but this remains to be tested. At this stage, we can only speculate
that a new generation of intracellularly expressed inhibitors that
combine the stability of circRNA with the high affinity of clustered
Tough Decoy hairpins (Figure 3¢) may suppress miRNA activity
to an unprecedented level.

A FUTURE PERSPECTIVE

Inhibition of miRNAs by synthetic RNA molecules is already
widely used to study miRNA biology in vitro, but like other small
RNA-based drugs (e.g. siRNAs) such molecules face multiple
delivery challenges such as lack of targeted delivery. In Hepatitis
C virus (HCV) infection, miR-122 serves as an important host
factor for virus replication and therefore represents a potential
therapeutic target.®® miR-122 binds two adjacent target sites in
the 5° UTR of the HCV genome where it acts in a noncanoni-
cal manner to facilitate positive regulation of viral replication
through a so far unknown mechanism.* The first clinical trials
treating HCV with synthetic miRNA inhibitors based on Locked
Nucleic Acid chemistry with a phosphorothioate backbone are
already in phase 2a.® Two key features favor a therapeutic strat-
egy targeting miR-122 in liver using these inhibitors. First, small
oligonucleotides with a phosphorothioate backbone have been
shown to accumulate in the liver eliminating the need for a tis-
sue-specific delivery technology. Secondly, miR-122 is almost
exclusively expressed in the liver, which minimizes the risk of
side effects in irrelevant tissues. Preliminary efficacy and safety
data from the clinical trials suggest that synthetic miR-122 inhib-
itors for the treatment of HCV may become the first-in-line anti-
miRNA therapeutic and pave the way for increased focus and
investments in miRNA-directed therapy.’ Since adeno-associated
virus vectors can readily be targeted to the liver, an analogous
approach employing vector-encoded miR-122 inhibitors may
serve as a long-term and more cost-effective treatment for HCV.
Potent inhibition of HCV replication has already been achieved
in vitro by transducing cells with adenoviral vectors encoding
Tough Decoy inhibitors targeting miR-122."® As methods of
miRNA suppression are optimized—for example by inspiration
from naturally occurring miRNA sponges—and the complex-
ity of miRNA biology (not least the endogenous managing of
miRNA activity) is further unraveled, vector-encoded miRNA
inhibitors should soon move much closer to clinical applicability.
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