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Abstract

MicroRNAs (miRNAs) that share identical or nearidentical sequences constitute miRNA families and are predicted to act redundantly. Yet recent
evidence suggests that members of the same miRNA family with high sequence similarity might have different roles and that this functional
divergence might be rooted in their precursors’ sequence. Current knock-down strategies such as antisense oligonucleotides (ASOs) or miRNA
sponges cannot distinguish between identical or near identical miRNAs originating from different precursors to allow exploring unique functions of
these miRNAs. We here develop a novel strategy based on short 2’-OMe/LNA-modified oligonucleotides to selectively target specific precursor
molecules and ablate the production of individual members of miRNA families in vitroand in vivo. Leveraging the highly conserved Xenopus miR-
181a family as proof-of-concept, we demonstrate that 2-OMe/LNA-ASOs targeting the apical region of pre-miRNAs achieve precursor-selective
inhibition of mature MiRNA-bp production. Furthermore, we extend the applicability of our approach to the human miR-16 family, illustrating
its universality in targeting precursors generating identical miRNAs. Overall, our strategy enables efficient manipulation of miRNA expression,
offering a powerful tool to dissect the functions of identical or highly similar miRNAs derived from different precursors within miRNA families.
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Introduction velopment (2-6). They are also involved in pathogen-response

MicroRNAs (miRNAs) represent an evolutionarily conserved
class of small non-coding RNAs that function in post-
transcriptional gene silencing by base-pairing to the cognate
messenger RNAs (mRNAs) (1). miRNAs are important regu-
lators of various physiological processes, including animal de-

and viral infection (7-9). miRNA expression levels change un-
der multiple physiological and pathological conditions (10—
12), making them potential biomarkers and druggable tar-
gets (13,14). Therefore, the ability to modulate miRNAs ex-
pression is important for uncovering their physiological roles
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through functional studies as well as for developing innova-
tive therapeutic strategies.

The biogenesis of miRNA is a multistep process typically in-
volving sequential cleavage of miRNA precursor molecules—
pri-miRNA and pre-miRNA—by two RNase III enzymes,
Drosha and Dicer, respectively (15). First, in the nucleus,
primary transcripts of miRNAs (pri-miRNAs) are processed
by Drosha. This cleavage yields ~60-nucleotide (nt) pre-
miRNAs, which are exported into the cytoplasm, where they
are further cut by Dicer endoribonuclease. Dicer cleaves both
arms of the pre-miRNA hairpin to yield ~22 bp-long miRNA-
5p/miRNA-3p duplex. Next, one of the miRNA strands is in-
corporated into an RNA-induced silencing complex (RISC)
where it serves as a guide molecule directing RISC to specific
complementary gene transcripts to ultimately induce silenc-
ing of the target (16). The strand discarded during RISC as-
sembly (a passenger strand, miRNA®) is thought to undergo
rapid degradation, although abundant accumulation of cer-
tain miRNAs* and their incorporation into RISC have been
also reported (17,18).

Experimental evidence shows that target specificity is pri-
marily determined by nucleotides at positions 2—7 of miRNA,
called the ‘seed’ sequence (19), and miRNAs with the same
seed sequence are grouped in a ‘miRNA family’. Because of
the shared seed, members of the same miRNA family are pre-
dicted to act redundantly and regulate a similar set of tran-
scripts (the ‘seed’ hypothesis). However, over the years this
assumption has been challenged by several reports showing
that individual family members can acquire specific functions
(20-29). In particular, miRNAs that have in common their
5’ sequences but differ in their 3’ ends, e.g. members of let-
7 family, have been found to target largely distinct sets of
sites within transcriptome (23-25). This underscores the con-
tribution of the region outside the seed to miRNA function.
Remarkably, for some miRNA families, the functional speci-
ficity of individual miRNAs seems to depend not on their se-
quence per se but on the pri- and/or pre-miRNA apical loop
sequence (26-28). For instance, murine miR-181a-1-5p and
miR-181c-5p differ by only one nucleotide (position 11th of
the mature miRNA sequence) (26), and thus according to
the ‘seed’ hypothesis, they should have similar roles in cells.
However, it was demonstrated that only miR-181a-1-5p and
not miR-181c-5p promotes T cell development when ectopi-
cally expressed in thymic progenitor cells (26). Through mu-
tagenesis and pre-miRNA-181a-1/pre-miRNA-181c¢ regions
swapping experiments, it was further shown that the dif-
ference between miR-181a-1 and miR-181c activities is as-
sociated with pre-miRNA loop sequences and not mature
miRNA sequences (26). The exact mechanism of this phe-
nomenon is not fully understood. A plausible explanation is
that regulatory proteins binding the pri-miRNA /pre-miRNA
apical loop are affecting the generation of the mature miRNA,
similarly to Lin28 binding pre-let-7 loop and inhibiting its
maturation (30-32) or TDP-43 which on the contrary pro-
motes miRNAs biogenesis by binding pri- and pre-miRNA
terminal loop (33). Alternatively, it is possible to hypothesize
an apical loop-dependent mechanism where the loop struc-
ture itself promotes a differential sorting of miRNAs into
RISCs. This latter hypothesis is supported by studies showing
that pre-miRNAs structural features within the hairpin stem
(i.e. internal loop or bulges) are responsible for the selective
sorting of miRNAs to functionally distinct RISC complexes
(34,35).
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The importance of the pre-miRNA sequence for mature
miRNA function is also illustrated by the differential distribu-
tions of precursors encoding identical 5p form. For example,
while both pre-miR-138-1 and pre-miR-138-2 can give rise
to miR-138-5p, in rodent oligodendrocytes this miRNA orig-
inates predominantly from pre-miR-138-1, whereas in neu-
rons — from pre-miR-138-2 (36). In addition, in the African
clawed frog Xenopus laevis, pre-miR-181a-1 is significantly
more abundant than pre-miR-181a-2 in developing axons, yet
both give rise to miR-181a-5p (5). As in Xenopus, human
pre-miR-181a-1 and pre-miR-181a-2 are the sources of identi-
cal miR-181a-5p. They are also co-transcribed with pre-miR-
181b-1 and pre-miR-181b-2 respectively, which give rise to
identical miR-181b-3p. Interestingly, in human natural killer
(NK) cells, the levels of pre-miR-181a-1/b-1 vs pre-miR-181a-
2/b-2 are differentially regulated during NK lineage devel-
opment and in response to various cytokines (37). It cannot
be ruled out that in the abovementioned cases, differential
expression of the pre-miRNAs may serve the regulation of
functionally different miRNAs-3p. Nevertheless, these differ-
ing miRNA-3p forms might still represent also a way to reg-
ulate the selection of corresponding miRNAs-5p, i.e. by im-
pacting their loading in the RISC complex (34,35). Taken to-
gether, these data suggest a pivotal role for precursor iden-
tity and processing in regulating mature miRNA fate. Yet the
functional significance of this intriguing phenomenon remains
unknown.

Unfortunately, no critical insight has been gained beyond
these initial studies because to date there were no tools to
study the function of identical or near-identical miRNAs stem-
ming from different precursors. The most common approach
to investigate miRNA functions involves the loss-of-function
(LOF) methods, including: (i) genetic knockout of a specific
miRNA; (ii) miRNA sponges (38); (iii) antisense oligonu-
cleotide inhibitors (ASOs) (39-41). Of these methods, ge-
netic knockout and miRNA sponges are not suitable to tease
apart precursors generating identical or near-identical miR-
NAs. Knockout models in which only specific miRNA genes
are disrupted are challenging to generate without perturba-
tion of other genes within a miRNA cluster. miRNA sponges,
which are exogenously introduced transcripts that contain
multiple binding sites complementary to the seed region of
a miRNA of interest (42), are commonly designed to inhibit
the activity of an entire family of miRNAs sharing a com-
mon seed. Thus, they are not a good choice for the LOF stud-
ies of precursors carrying identical or near identical miRNA
sequences (43). The third method, ASOs, gives a unique op-
portunity to target specific pre-miRNA regions. ASOs can be
also delivered to specific cells at the organismal level, e.g. by
microinjection or electroporation (44), opening the possibil-
ity to study cell- or tissue-specific roles of miRNA. We pre-
viously used morpholino (MO) ASOs in the Xenopus laevis
RGC axon model to target miRNA precursors, yet we de-
signed them to indiscriminately block both pre-miR-181a-1
and pre-miR-181a-2 processing (5) exploiting their ability to
be broad inhibitors. Overall, no ASO strategy has been hith-
erto specifically devised to address the question of precursor
contribution to miRNA function.

We, therefore, sought to design a new ASO-based strategy
to target miRNA precursors. We optimized ASO targeting ef-
ficiency affinity, specificity, and stability by shortening ASO
length to 13-nt and integrating 2'-O, 4’-C-methylene bridge
(LNA) (40) and 2’-O-methyl (2’-OMe) modifications (39). As
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a proof-of-principle, we tested our strategy, both 2 vitro and
in vivo, by targeting precursors of miR-181a-5p in X. laevis,
one of the most widely-used non-mammalian systems to study
fundamental biological processes in vivo (45-47), including
miRNAs biogenesis and functions (5,48-51). miR-181a-5p
is a member of the highly conserved vertebrate miR-181a
family (52) and it originates from two precursors, pre-miR-
181a-1 and pre-miR-181a-2 which differ in the size and se-
quence of their apical loops and give rise to distinct miRNAs-
3p (miR-181a-1-3p and miR-181a-2-3p, respectively). miR-
181a-5p is the second most abundant miRNA in retinal gan-
glion cells (RGC) axons of X. laevis (48), and has an impor-
tant role in RGC axon development, and in the formation of
a fully functional visual system (5). Although miR-181a-1-3p
and miR-181a-2-3p are also abundant in RGC axons (i.e. the
30™ and the 9™ most abundant axonal miRNAs respectively)
[47], it remains unclear whether they have a function in these
processes.

We demonstrate here that 13-nt 2’-OMe/LNA ASOs in
Xenopus model achieve the efficient inhibition of miR-181a-
Sp production in a precursor selective manner, discriminat-
ing between the two highly similar pre-miR-181a-1 and pre-
miR-181a-2. This strategy does not reduce the production of
miRNAs from the opposite pre-miRNA arm (i.e. miRs-181a-
1-3p and miRs-181a-2-3p). In addition, we show that these
short ASOs can be used iz vivo without any cytotoxic effect
and with higher precursor- and arm-selectivity than longer
24-25-nt MOs.

We further demonstrate the universality of our approach
using human miR-16 family and precursor molecules, pre-
miR-16-1 and pre-miR-16-2. In the human genome, miR-16
(also known as miR-16-5p) originates from two loci, MIR-16-
1 (chromosome 13) and MIR-16-2 (chromosome 3) (53). Al-
though MIR-16-1 and MIR-16-2 loci both encode the same
guide strand, miR-16-5p, they encode different passenger
strands, namely miR-16-1-3p and miR-16-2-3p. We show that
13-nt 2’-OMe/LNA ASOs designed against human pre-miR-
16-1 and pre-miR-16-2 display both high inhibitory poten-
tial and precursor-selectivity in human cell cytosolic extracts.
However, in contrast to Xenopus, in human model we did
not achieve pre-miRNA arm-selectivity. Tested ASOs, apart
from miR-16-1-5p, reduced also the level of miR-16-1-3p and
miR-16-2-3p. This discrepancy in arm-selectivity between two
different models raises the intriguing possibility of species-
specific differences in miRNA processing machinery or reg-
ulatory mechanisms.

To the best of our knowledge, this is the first study explor-
ing the use of such short 2’-OMe/LNA ASOs to selectively
inhibit the release of identical miRNAs from two paralogous
precursors. The proposed approach offers a potent tool to sig-
nificantly enhance the investigation of the functional diversi-
fication within miRNA families and study the contribution to
biological processes and disease of individual miRNAs stem-
ming from different precursors.

Materials and methods

Oligonucleotides

Sequences of oligonucleotides used in this study are listed
in Supplementary Table S4. 2'-O-methyl/LNA were synthe-
sised in-house and PAGE-purified. Other oligonucleotides
were purchased as follows: DNA probes for Northern
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blot analysis — IBB PAS, pre-miRNA—FUTURESynthesis sp.
2.0.0., morpholino—GeneTools, all oligonucleotides used for
miRNA RT-qPCR quantification—Thermo Fisher Scientific.

2’-OMe/LNA oligonucleotides design

X. laevis mRNA reference sequences were downloaded from
RefSeq (1 MM) and UCSC Genome Browser (2 MM)
databases. A reference dataset for small RNAs was built using
data derived from NGS experiments (GSE86883, GSE33444,
PRJNA292052). As a human reference dataset, GENCODE
release 44 whole human transcriptome data were used (54).
Oligomers targeting pre-miRNA (X. laevis pre-miR-181a-1
and pre-miR-181a-2 and human pre-miR-16-1 and pre-miR-
16-2) apical loop region were designed by searching for com-
plementary 13-nt long RNA sequences with the lowest Gibbs
free energies of target-oligomer hybridization as calculated
using IntaRNA (55) and the lowest potential for the off-
target interactions. The latter was tested by the alignment
of AL-ASOs reverse-complements to mRNA and small RNA
reference sequences using Bowtie (56). To design a control
oligomer, a set of all possible 13-nt long RNA sequences—
Potential Target Sites (PTS)—was aligned to either mRNA or
small RNA reference dataset using Bowtie. Three rounds of
alignment were performed with raising -v parameter (possi-
ble number of mismatches, from 0 to 2), each time, unaligned
PTS from the previous step were used as input for the next
round. The last alignment (-v = 2) resulted in no unaligned
PTS. One of the input PTS from the last alignment round
was selected and converted into reverse-complement to ob-
tain a control oligomer sequence (Ctrl and hCtrl). The self-
and cross-hybridization free Gibbs energies of all designed
oligomers were calculated using EvOligo (57).

UV melting of oligonucleotides

The thermodynamic measurements were conducted for nine
various concentrations of AL-ASO:pre-miRNA duplex or pre-
miRNA alone (in a range of 1073 to 107® M), in buffer
containing 50 mM HEPES, 50 mM NaCl and 0.5 mM
Na,EDTA, pH 7.5 (58). Pre-miRNAs and AL-ASOs concen-
trations were calculated from high-temperature (>80°C) ab-
sorbencies and single strand extinction coefficients approxi-
mated by a nearest-neighbor model. Absorbency versus tem-
perature melting curves were measured at 260 nm with a heat-
ing rate of 1°C/min from 0 to 90°C on Jasco V650 spectrom-
eter with a thermoprogrammer. Melt curves were analyzed
and thermodynamic parameters were calculated using the pro-
gram MeltWin 3.5.

32P labeling of oligonucleotides

RNA (10 uM) was labeled with 1 pl of [y32P] ATP (3000
Ci/mmol, Hartman Analytic GmbH) and 10 U T4 polynu-
cleotide kinase (Thermo Fisher Scientific) for 10 min at 37°C.
The radiolabeled RNA were PAGE-purified in 8% denatur-
ing polyacrylamide gels and resuspended in water to a final
concentration of approximately 10 000 cpm/ul. DNA probes
(10 uM) for northern blot were labeled with 5 ul [y32P] ATP
(5000 Ci/mmol; Hartmann Analytics) and 10 U T4 Polynu-
cleotide Kinase (Thermo Fisher Scientific) for 1 h at 4°C.
Probes were purified with NucAway spin columns (Ambion),
an entire 50 pl elution was used to probe a single membrane.
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RNA native gel electrophoresis

RNA-RNA interaction was tested as described earlier (59).
Briefly, 5'-32P-labeled pre-miRNA (1 pmol, 10 000 cpm per
sample) was mixed with 100-molar excess of tested oligomer
(AL1-4 or Ctrl and hAL-16-1, hAL-16-2 or hCtrl) in bind-
ing buffer (20 mM Tris-HCI, pH 7.5, 100 mM NaCl), and
incubated for 30 min at 22°C. The samples were analyzed
by non-denaturing PAGE. Gel imaging was performed using
FLA-5100 Fluorescent Image Analyzer (Fujifilm).

Xenopus laevis embryos maintenance

X. laevis embryos were obtained by in vitro fertilization and
kept in autoclaved 0.1 x modified Barth’s saline diluted in dou-
ble distillate water ddH,O pH 7.5 (MBS 10x:88 mM NaCl,
1 mM KCl, 0.82 mM MgSOy4, 2.4 mM NaHCOs3, 10 mM
HEPES, 0.33 mM Ca(NO3),, 0.41 mM CaCl,) at 14-22°C.
They were staged according to Nieuwkoop and Faber (60).
All animal experiments were approved by the University of
Trento Ethical Review Committee and by the Italian ‘Minis-
tero della Salute’ both according to the D.Lgs no. 116/92 and
with the authorization no. 1159/2016-PR, no. 546/2017-PR,
and no. 436/2022-PR according to art.31 of D.lgs. 26/2014.

Preparation of cytosolic extracts from Xenopus
laevis embryos

For each biological replicate, 25 stage 44 embryos were
washed three times in MMR 0.1% and homogenized in 100 ul
of ice-cold Evans lysis buffer (1:100 protease inhibitor cock-
tail (Sigma), 50 mM NaCl, 10 mM MgCl,, 20 mM Tris—=HCI,
pH 7.6). The homogenate was layered on top of a 400 pl ice-
cold sucrose cushion (20% sucrose in Evans lysis buffer) in a
1.5 ml microtube and centrifuged at 10 000 x g for 30 min at
4°C. The cytosolic fraction (supernatant and a floating phase)
was collected and stored at —-80°C.

Preparation of cytosolic extracts from human cells

For each biological replicate, approximately 8.4 x 10°
HEK293T cells (total culture from one T-75 bottle) were har-
vested and collected by brief centrifugation at 100 x g for 3
min at RT. Cells were washed once in 10 ml 1x PBS, and re-
suspended in 600 ul of ice-cold lysis buffer (30 mM HEPES,
pH 7.4, 100 mM KCI, 5 mM MgCl,, 10% glycerol, 0.5 mM
DTT, 0.2% NP40, 1x Complete EDTA-free protease inhibitor
cocktail (Roche)). Cells were homogenized by passing several
times through a 0.9 x 40 mm needle. Cell debris were removed
by centrifugation (16 000 x g for 5 min at 4°C). Supernatant
(the cytosolic fraction) was collected and stored at -20°C.

Cleavage assay

5’-32P-labeled pre-miRNA was incubated in Xenopus cytoso-
lic extract (10 pg of total protein) or HEK293T cytosolic
extracts (10 pg of total protein) with RNase inhibitor (10U
of RNaseOUT, Invitrogen) and carrier RNA (2 pg of yeast
tRNA, Thermo Fisher Scientific) added 10 min prior to pre-
miRNA (at RT). Samples were incubated for 1 h at 22°C
(Xenopus) or 37°C (HEK293T) unless stated otherwise in
the figure legend. Reactions with human recombinant Dicer
(hDicer) were incubated for 30 min at 37°C in a standard
cleavage buffer (20 mM Tris-HCI pH 7.5, 50 mM NacCl, 2.5
mM MgCl,). The reactions were stopped by the addition of 1
volume of urea loading buffer and heating at 95°C for 5 min,
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and analysed by denaturing PAGE (15% PAA with 7 M urea)
in 1x TBE. Data were collected using Fujifilm FLA-5100 Flu-
orescent Image Analyzer and analysed using MultiGauge 3.0
(Fujifilm).

Inhibition assay

5’-32P-labeled pre-miRNA was incubated with the indicated
oligonucleotide (0.1, 1, 10 uM) in Xenopus cytosolic extract
(10 ug of total protein) or HEK293T cytosolic extract (10
ug of total protein) supplemented with RNase inhibitor (10U
of RNaseOUT, Invitrogen), and carrier RNA (2 pg of yeast
tRNA, Thermo Fisher Scientific). In addition, two control re-
actions were carried out: (i) a negative control (C-) with no
cytosolic extract and no inhibitor, to test the integrity of the
substrate during the incubation time and (ii) a positive con-
trol (C+) with cytosolic extract but no inhibitor added. All
samples were incubated for 1 h at 22°C (Xenopus) or 37°C
(HEK293T). The reactions were stopped by addition of 1 vol-
ume of urea loading buffer and heating for 5 min at 95°C, and
analysed by denaturing PAGE (15% PAA with 7 M urea) in
1x TBE. The amounts of radiolabeled pre-miRNA and cleav-
age product/s in each reaction were quantified by gel densito-
metry. Data were collected using Fujifilm FLA-5100 Fluores-
cent Image Analyzer and analysed using MultiGauge 3.0 (Fu-
jifilm). The efficiency of miRNA production in the presence
or absence of the oligomer was calculated to determine the
oligomers’ capacity to inhibit pre-miRNA digestion by Dicer.
The influence of the oligomers on miRNA production was ex-
pressed as a percentage, with the miRNA production in con-
trol reactions lacking the oligomer (C+) defined as 100%.

Xenopus laevis eye electroporation

RGC electroporation was performed as previously described
(61). In particular, stage 25 embryos were anesthetized in 0.3
mg/ml MS222 (Sigma) in 1x MBS. The nucleic acid mixture
was injected in retinal primordium using a 1.0 mm outer di-
ameter (OD) x 0.5 mm or 0.78 mm internal diameter (ID)
glass capillary (Harvard Apparatus). Next, the injected mix-
ture was delivered into the cells at 18 V, by applying 8 elec-
tric pulses of 50 ms duration at 1000 ms intervals. After the
electroporation, the embryos were rinsed in 0.1x MMR and
grown until the developmental stage of interest.

Xenopus laevis microinjection

4-Cell embryos were dejelled into a 0.2 M Tris (Ambion) and
0.2 M DTT (Thermo Fisher Scientific) water solution for a few
minutes and washed in 0.1x MMR. At the 8-cells stage, em-
bryos were placed into an injection dish containing 4% Ficoll
(Carl RothGmBH). 1 ng of inhibitors mixture (AL1 + AL3)
or control oligomer and 0.5 ng of pCS2-eGFP plasmid were
microinjected into both animal blastomeres using a 1.0 mm
outer diameter (OD) x 0.5 mm internal diameter (ID) glass
capillary injection needle (Harvard Apparatus). At stage 19
embryos were selected based on GFP expression in the entire
central nervous system as a proxy of successful AL inhibitors
delivery, and raised until stage 40 for eye dissection and RNA
extraction.

Retinal explants culturing

Glass-bottom dishes (MatTek) were coated with poly-L-lysine
(Sigma, 10 pg/ml diluted in double distilled water (ddH,O))
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for 3 h, washed three times with ddH, O, and dried for 10 min-
utes. Dishes were then coated with laminin (Sigma) 10 pg/ml,
diluted in L-15 medium (Gibco), for 1 h at room tempera-
ture, followed by two washes with complete culture medium
(60% L-15 in ddH,O, supplemented with 1% Antibiotic—
Antimycotic (Thermo Fisher Scientific).

Before dissection, embryos were washed three times in
0.1% MMR (10x MMR in ddH,O and 1% Antibiotic—
Antimycotic) and then anesthetized with 0.3 mg/ml MS222
(60% L-15 in ddH,O, 1% Antibiotic—-Antimycotic and
MS222 (Sigma), pH 7.6-7.8). Anesthetized stage 37/38 em-
bryos were secured laterally with custom-made pins on a syl-
gard dish. Both eyes of wild-type embryos or treated eyes in
the case of electroporated embryos were dissected, washed
twice in 60% L-15, plated on the pre-coated dishes containing
culture medium, and cultured at 20°C for 24 h in 60% L-15
and 1% Antibiotic—Antimycotic.

Isolation and transfection of axons

Retinal ganglion cells (RGC) axons were isolated from stage
37/38 retinal explants cultured for 24 h as described above.
The explants were manually removed at the stereomicroscope
using two pins (0.20 mm). All explants were removed from
the plate using a p10 pipette without perturbing the severed
axons. The complete experimental procedure was concluded
within 1.5 h after the first cut was made.

For the axonal transfection, AL1 and AL3 suspended in the
culture medium were mixed 1:100 with NeuroMag Transfec-
tion Reagent (OZ Biosciences) and incubated for 20 min at
room temperature. The transfection mixture was then applied
to the plate with freshly isolated axons at 2 uM final concen-
tration. The culture dishes were incubated for 15 min at room
temperature on the magnetic base (OZ Biosciences) according
to the manufacturer’s instructions. The plates were then re-
moved from the magnetic base, incubated for 40 min at 20°C,
and washed five times with 200 pl of the complete culture
medium without perturbing the axons in the plate.

Collapse assay

Axons transfected with the mixture of AL1 and AL3, or a con-
trol oligomer (Ctrl) were bathed in dose protein-synthesis de-
pendent Sema3A (R&D System) concentration (200 ng/ml)
(5), or PBS (for control) for 10 min. Axons were then fixed
in 2% paraformaldehyde (PFA, Life Technologies) and 7.5%
(wt/vol) sucrose (ACS reagent) for 30 min, washed three times
with 400 ul 1x PBS. Samples were visually inspected under
the light microscope. To avoid subjective bias, the analysis
was performed in a blind fashion. Growth cones were con-
sidered collapsed when they possessed either no filopodia or
one or two filopodia, each shorter than 10 um (62). A mini-
mal length of 100 um from the cut was checked. The exper-
iment was run in three independent replicates, each time 14
explants were cultured per condition. The percentage of col-
lapsed growth cones on the total number of the counted ones
was plotted and compared among conditions with a two-way
ANOVA multiple comparison test (Prism).

RNA extraction and qPCR analysis

Total RNA from dissected stage 40 eyes was extracted using
Norgen Total RNA Purification Micro Kit (Norgen). 200 ul
of the lysis buffer (Buffer RL, Norgen) was added to the eyes
and incubated for 5 min. The lysate was transferred to a new
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tube and 120 ul of absolute ethanol (Sigma) was added and
mixed by vortexing for 10 s. RNA binding to columns and
column washing steps were performed following the manu-
facturer’s instructions and an on-column RNAse free-DNAse
I treatment (Norgen) was run. RNA was eluted by applying
18 ul Elution Solution to the column, collected in low binding
RNAse-free tubes, and stored at —80°C.

miRNA was quantified using TagMan™ MicroRNA As-
say (4427975 or 4440886). 10 ng of total RNA isolated from
electroporated eyes was retrotranscribed in a gene-specific
manner using the TagMan™ MicroRNA Reverse Transcrip-
tion Kit (Thermo Fisher Scientific) and the TagMan qPCR
assay (Thermo Fisher Scientific) in a reaction volume of 15
ul following the manufacturer’s instructions. The obtained
c¢DNA was diluted 1:5 in DNAse/RNase-free water (Sigma)
and 3 ul of it was used as input in the gPCR reaction. qPCR
was carried out using TagMan™ Universal Master Mix 11
(Thermo Fisher Scientific) and CFX96 detection system (Bio-
Rad). Primers used: miR-181a-5p (ID: 000480); miR-181a-
1-3p (ID: 004367_mat); miR-181a-2-3p (ID:005555_mat);
miR-182 (ID: 000597) and snU6 (ID: 001973).

For RT-qPCR quantitative analysis, cycle threshold (Ct)
was defined with CFX96 Bio-Rad software v3.1, as the mean
of three technical replicates characterized by a standard de-
viation smaller than 0.35. MiRNA expression levels were
investigated with the ACt method (63) applied as follows:
1/(2UCmiRX = CUO) Each experiment was run for at least three
independent biological samples (the number of independent
experiments is indicated in the figure).

Measurement of Xenopus laevis eyes area and
diameter

X. laevis embryos were anesthetized with 0.3 mg/ml MS222
(Sigma) in MMR 0.1%, pH 7.6-7.8. Electroporated embryos
were selected based on pCS2-eGFP expression and their eyes
were imaged with Leica DMi8 epifluorescent microscope cou-
pled with a CMOS monochromatic camera (AndorZyla 4.2
CL10-VSC00962, 4.2 Megapixel). The acquisition mode was
set to 12-bit grayscale dark field. No binning was applied to
the acquisition. Exposure time and light intensity were chosen
to optimize the visualization of the eye in whole embryos. The
eye area and diameter were measured in Image] using respec-
tively the oval and straight selection tools. One-way ANOVA
followed by Tukey’s multiple comparison post-hoc test was
run to investigate the difference among conditions.

Northern blot

RNA aliquots (1 uM) obtained in cleavage reactions using
Xenopus or HEK293T cytosolic extracts were resolved by de-
naturing PAGE (20% PAA, 7 M urea) in 0.5 x TBE. RNA was
transferred to a Hybond N+ hybridization membrane (Amer-
sham) using semi-dry electroblotting (Bio-Rad), cross-linked
with UV irradiation (120 mJ/cm?) (UVP), and baked in an
oven for 30 min at 80°C. The membranes were probed with
specific DNA oligonucleotides targeting the 3’ or 5" arm of
the precursor (Supplementary Table S4). The hybridization
was carried out overnight at 37°C in a buffer containing 5x
SSC, 1% SDS and 1x Denhardt’s solution. Radioactive sig-
nals were visualized by phosphorimaging (FLA-5100 Fluo-
rescent Image Analyzer, Fujifilm). Next, the membrane was
stripped by washing in boiling-hot 0.1% SDS three times for
15 min. The efficiency of the stripping was verified by phos-
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phorimaging, and the membrane was re-probed with another
DNA oligonucleotide.

Statistics

All data were analyzed with Prism (GraphPad 6 or 7) and all
experiments were performed in at least three independent bi-
ological replicates. For all tests, the significance level was o
= 0.05. The exact number of replicates, tests used, and statis-
tics are reported in the figure legend. *P < 0.05, **P < 0.01,
#**P <0.001, ****P < 0.0001, ns: non-significant.

Results and discussion

Design of short 2’-OMe/LNA oligomers targeting
Xenopus miR-181a-5p precursors

Design rationale

The design of potent and specific ASOs requires in-depth con-
sideration of oligonucleotide’s parameters such as: (i) target
affinity, i.e. the strength by which the ASO and the target
bind, (ii) target specificity, i.e. how restrictive the ASO is in its
choice of the target and (iii) ASO stability in a cell. It is essen-
tial to balance target affinity against the risk of mismatched
off-target hybridization that both comes with increasing the
oligomer length. The known ASO-based strategies targeting
pre-miRNAs typically involve ~20 nt oligonucleotides (64),
but this design has significant shortcomings. In particular,
such long oligomers have a higher potential to adopt sec-
ondary or tertiary structures that leave them unable to hy-
bridize to the target, reducing their efficiency. In addition, they
are more likely to generate non-specific effects by mismatched
hybridization, i.e. partial binding to unintended targets. It is
estimated that in a typical higher eukaryotic mRNA pool of
about 10* different mRNA species of an average length of
2 x 103 bases, theoretically the shortest sequence that is likely
to be unique is 13 nt long (65). However, considering the di-
versity of the unspliced human transcriptome, which covers
around 5.6 x 10* different genes, with the length of unspliced
pre-mRNA species reaching up to 2.5 x 10* nt, the sequence
most likely to be unique in this pool is estimated at ~20 nt in
length (66). Importantly, in a cell, ASOs can interact not only
with RNAs (hybridization-dependent interactions) but also
with proteins (hybridization-independent interactions), which
may lead to unintended side effects (66). Considering Dicer,
the results of our previous studies indicated that human Dicer
is able to bind 14 nt oligomers and longer species (67,68). Ad-
ditionally, oligonucleotides binding to Dicer have the potential
to influence its pre-miRNA cleavage activity, acting as com-
petitive or allosteric inhibitors (59). Therefore, considering all
the abovementioned circumstances, in the presented study we
decided to focus mainly on 13 nt long ASOs.

As a model for developing our ASO-based approach, we
used two X. laevis precursors: pre-miR-181a-1 (62 nt) and
pre-miR-181a-2 (67 nt). pre-miR-181a-1 and pre-miR-181a-2
differ in the size (11 nt vs 16 nt) and sequence of their apical
loops, and both give rise to the identical miR-181a-5p, and
to distinct miRNAs-3p, miR-181a-1-3p and miR-181a-2-3p,
respectively (Supplementary Figure S1A). We aimed to inhibit
the production of miR-181-5p from a specific precursor, with-
out perturbing the production of the corresponding miRNA-
3p. Taking into account the fact that the apical loop region
is the most divergent part of both precursors, with only 67%
sequence identity and 5-nt length difference between pre-miR-
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181a-1 and pre-miR-181a-2 (Supplementary Figure S1A), we
designed a pair of oligomers to separately target each precur-
sor: (i) 13-nt ASO overlapping Dicer 5’ cleavage site and par-
tially spanning the apical loop and (ii) ASO complementary
to the entire apical loop of the precursor.

In silico analysis

To choose the optimal sequence for the precursor-specific
ASOs, we used an in-house pipeline created to design
oligomers of defined length that also display the best hy-
bridization parameters, including minimal self- and cross-
hybridization (Figure 1A). Both pre-miR-181a-1 and pre-
miR-181a-2 adopt hairpin structures with very similar stems
(92% identity i.e. 47 out of 51 nt) but with very differ-
ent size and nucleotide composition of apical loops (Figure
1B, Supplementary Figure S1). Pre-miR-181a-1 has an 11-
nt loop with uniform nucleotide content: 45.5% G/C and
54.5% A/U, whereas pre-miR-181a-2 has a larger, 16-nt loop,
with only 19% of G/C and 81% of A/U (Supplementary
Figure S1A). Thus, ASOs complementary to the entire api-
cal loop of these pre-miRNAs differ in length. Altogether,
we designed four ASOs, which we named AL1-4 (Figure
1C). AL1 and AL2 (both 13 nt) were complementary to
pre-miR-181a-1: AL1 overlapped Dicer 5’ cleavage site, and
AL2 was complementary to the entire hairpin loop (Figure
1C, Supplementary Figure S1A-B). AL3 (13 nt) and AL4 (18
nt) were complementary to pre-miR-181a-2: AL3 overlapped
Dicer 5’ cleavage site, whereas AL4 (18 nt) was complemen-
tary to the entire hairpin loop of pre-miR-181a-2 (Figure 1C,
Supplementary Figure STA-B). To compensate for the rela-
tively short length of the oligomers, we combined the ben-
efits of 2/-O, 4’-C-methylene bridge (LNA) (40) and 2’-O-
methyl (2’-OMe) modifications (39,66). Because of their re-
markable hybridization properties, the introduction of LNA
and 2’-OMe modifications allows ASO length to be shortened
while preserving target affinity and selectivity. For example,
it has been reported that LNA oligomers even as short as 8
nt can achieve sufficient binding affinity to efficiently regu-
late target miRNA (69). Moreover, LNA has been proven to
maximize mismatch discrimination by destabilizing non-fully
complementary duplexes composed of ASOs and unintended
targets (70,71). Likewise, 2'-OMe oligonucleotides have been
also shown to bind RNA targets with much higher affin-
ity than corresponding unmodified oligonucleotides (72,73),
with the maximal beneficial effect observed for targets of 16
nt or less (72). Additionally, 2’-OMe/LNA modifications im-
prove the nuclease resistance and cellular half-life time of
ASOs (73,74). Therefore, each AL oligomer consisted of 2'-
OMe/LNA nucleotides, with LNA positioned near the ends
and in the middle of the strand (Figure 1C). Such a location
of the LNA modifications is known to increase oligomers’
affinity to the target RNA (75,76). One of the parameters
most often used when comparing the hybridization affinity
of the oligonucleotides is the change of the free Gibbs energy
(AG) (55). The lower (more negative) the value, the stronger
the interaction between the oligonucleotides. Using EvOligo
(57) we calculated AGs for the duplexes formed by unmod-
ified AL-ASOs and their respective miR-181a precursors, as
well as AL-ASOs and other pre-miRNAs (potential off-targets
identified within known X. laevis precursors). We found that
theoretical AG for AL:pre-miR-181a-1/-2 duplexes were all
below —21 kcal/mol (Supplementary Table S1), which was
at least 1.5 times lower than for AL-ASOs pairs with any
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other pre-miRNA. These results suggested stronger on-target
than off-target hybridization affinity of the designed AL-ASOs
(Supplementary Table S1).

Additionally, we designed a negative 13-nt control oligomer
(Figure 1D). Typically, control oligomers used in ASO-based
experiments possess either a scrambled sequence or a sequence
generated randomly. To minimize the risk of the off-target ef-
fects resulting from unintended hybridization of the control
oligomers to endogenous RNAs, we took a different approach
and looked for 13-nt sequences that display the least comple-
mentarity to any known X. laevis transcripts (Figure 1D). To
this end, first we generated a set of all possible 13-nt sequences
randomly obtained by the combination of the four nucleotides
(a total of 4'3 sequences). Second, we removed from this set
all sequences identical with any known X. laevis transcript
(~70% of possible 13-nt sequences were excluded). Third, to
further strengthen the selection conditions, we excluded all
the sequences that were still aligned to X. laevis transcripts
when one mismatch was allowed (i.e. 12 out of 13 nt were
identical), which resulted in narrowing the set of analyzed se-
quences that did not have a perfect match to 422. When two
mismatches were allowed (i.e. 11 out of 13 nt were identical),
all the 422 sequences had a match within X. laevis transcripts
(Figure 1D). This showed that no further strengthening of the
selection conditions was possible. Next, we filtered the set of
422 sequences, removing those with characteristics unfavor-
able for ASOs, i.e. three (or more) consecutive identical nu-
cleotides or nucleotide pairs, or the tendency to form homo-
duplex. After this step, we obtained a pool of 162 sequences
for which the antisense sequences were created. These anti-
sense sequences represented the set of potential negative con-
trol oligomers for X. laevis, as they do not have any known
fully complementary or single-nucleotide mismatch targets in
the X. laevis transcriptome (Supplementary Table S2). From
this set of equally-well scored sequences, we arbitrarily chose
one sequence to obtain the control oligomer (named ‘Ctrl’)
used for further experiments (Supplementary Table S2).

In vitro validation of AL1-4 target selectivity

ASOs exert their function by binding to the complementary
sequence within the target nucleic acids. Thus, when select-
ing ASO-based inhibitors for in vivo studies, it is useful to
first assess the efficiency and specificity of their binding to the
target RNA/DNA in vitro. Here, to study AL:pre-miRNA in-
teractions, we used gel electrophoresis under non-denaturing
conditions (native gel electrophoresis). The band shift revealed
that AL1 and AL2 formed stable duplexes with pre-miR-181a-
1 but not with pre-miR-181a-2, whereas AL3 and AL4 bound
to pre-miR-181a-2 but not to pre-miR-181a-1 (Figure 1E).
Ctrl did not form complexes with either of the precursors.
Densitometry analysis indicated that AL2 bound 100% of
pre-miR-181a-1, whereas AL1 bound only ~75% of this pre-
cursor; AL3 bound ~95% of pre-miR-181a-2, whereas AL4
bound only ~70% of it. Additionally, the complexes of pre-
miR-181a-1 with AL1 and AL2 migrated with a different rate,
even though both AL-ASOs are of the same length (13 nt).
AL1 caused slower migration of pre-miR-181a-1 than AL2.
Moreover, the complex of pre-miR-181a-2 with AL3 (13 nt)
migrated slower than the complex of pre-miR-181a-2 with the
longer AL4 (18 nt). Both AL1 and AL3 are partially comple-
mentary to the stem of the targeted precursors (Figure 1C).
Consequently, upon hybridization, they are likely to disrupt
the pre-miRNA hairpin structure, causing a slower migration
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of the AL:pre-miRNA complexes. In comparison, AL2 and
AL4 are complementary only to the apical loops and thus
presumably do not significantly alter the pre-miRNA stem
structures.

Next, we evaluated thermodynamic stability of these com-
plexes. Since EvOligo, similar to other algorithms that predict
AG from sequence, relies on energy parameters measured in
1 M NaCl and does not include nucleobase modifications ef-
fects, we determined AG empirically by UV melting (58), us-
ing buffer containing 50 mM NacCl (the salt conditions used
in the in vitro human Dicer cleavage assays). The results ob-
tained for 10~* M oligonucleotide concentration indicated
that the most stable duplex is formed by AL2 and pre-miR-
181a-1 (-9.30 £ 0.45 kcal/mol); less stable duplexes are,
in order AL4:pre-miR-181a-2 (-8.68 + 0.42 kcal/mol) and
AL3:pre-miR-181a-2 (-8.50 + 0.48 kcal/mol); the least stable
is the AL1:pre-miR-181a-1 duplex (-7.80 £+ 0.19 kcal/mol)
(Supplementary Table S3).

It is also important to note that the target region for AL3
in pre-miR-181a-2 (Figure 1C) differs by only 2 nt from the
corresponding fragment in pre-miR-181a-1 (Figure 1C). Since
AL3 bound to pre-miR-181a-2 but not to pre-miR-181a-1,
this indicates that it was able to distinguish between two
highly similar targets. This suggests that >2-nt mismatch is
likely sufficient to prevent a real off-target stable interaction
in the case of 13-mer ASOs. This observation is also in favor of
our control design strategy, since the Ctrl oligomer has poten-
tial targets in the X. laevis transcriptome but all of them have
at least two mismatches (Figure 1D, Supplementary Table S2).
However, it should be emphasized that the discriminatory
potential of any mismatch depends on a number of factors,
including: the identity of the involved base pairs (e.g. G/U
and G/G mismatches are more stable than others (77)), the
sequence context, mismatch and modified nucleobase place-
ment, as well as target region structure (70,71,77,78).

Taken together, the obtained data confirmed that in vitro
all of our designed oligomers displayed high mismatch/target
discrimination and high specific hybridization affinity towards
the desired pre-miRNAs.

Assessment of the inhibitory potential of designed
oligomers in vitro

Analysis of the efficiency and selectivity of AL1-4 in X. laevis
cytosolic extracts

We next investigated the inhibitory efficiency and target se-
lectivity of AL1-4 in the simple X. laevis model using cel-
lular cytosolic extracts from embryos, which contain en-
dogenous X. laevis Dicer (Figure 2A). In these studies, we
used extracts from stage 44 tadpoles, where miR-181a-5p
expression reaches its highest level during X. laevis embry-
onic development (79). We reasoned that at this stage, the cy-
tosolic concentration of the potential endogenous inhibitors
targeting miR-181a precursors would be the lowest, which
would better allow for unambiguous testing of ASO inhibitory
potential.

Allotetraploid X. laevis cells express two Dicer forms,
named L and S, that are encoded on long and short chro-
mosomes, respectively (Figure 2B, Supplementary Figure S2).
Most Dicer enzymes are multidomain proteins consisting of
a putative helicase domain, a domain of unknown function
(DUF283), Platform, Piwi—-Argonaute-Zwille (PAZ) domain,
two RNase III domains (RNase Illa and RNase IIIb), and
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a dsRNA-binding domain (dsRBD) (80). X. laevis Dicer L
is similar to Dicers of higher organisms, including humans,
while Dicer S lacks the dsRBD domain and contains amino-
acid substitutions within the catalytic center of the RNase
OIb domain, which should render it inactive (Figure 2B,
Supplementary Figure S2) and presumably not involved di-
rectly in pre-miRNA processing. Dicer enzymes specifically
hydrolyze phosphodiester bonds in double-stranded regions,
the cleavage is Mg?*-dependent, and the products length range
between ~20-26 nt, depending on the species-specific, spatial
orientation of the PAZ, Platform, and RNase III domains (80).

We first evaluated Dicer enzymatic activity in X. laevis cy-
tosolic extracts using 5'-3?P-labeled pre-miR-181a-1 and pre-
miR-181a-2 as substrates, and recombinant human Dicer as a
control. The 32P at the 5'-terminus of the substrate allowed
us to track the release of miR-181a-5p. All reaction mix-
tures were analyzed by PAGE, and radiolabeled substrates and
products were visualized by phosphor imaging (Figure 2C).
Taking into consideration structural and biochemical deter-
minants of RNA cleavage by Dicer, we considered RNA frag-
ments as specific 5" arm miRNA products (miRNA-5p) if they
meet the following criteria: (i) their size was between 20 and
26 nt, (ii) their generation required cleavage within the stem
of the precursor, and (iii) cleavage was abrogated or reduced
in the presence of Mg?*-chelating agents (e.g. EDTA) (Figure
2C,D) (81). To gain a more comprehensive look into the spec-
trum of the fragments generated in the reaction and visualize
RNA beyond 5'-32P-labeled molecules, we conducted North-
ern blot assays using probes targeting either the 5" or 3’ arm
of the precursor (Figure 2E).

When examining the putative cleavage of both pre-miR-
181a-1 and pre-miR-181a-2 by cytosolic extracts, we detected
~22-26 nt products that diminished under the EDTA condi-
tions (Figure 2C, D). We classified these fragments as miR-
181a-5p isoforms (isomiRs). Such miRNA variants deviating
from the canonical sequence by up to a few nucleotides are
not uncommon for miR-181a-5p, as many as 39 isoforms of
miR-181a-5p have been found in T-cell acute lymphoblastic
leukemia samples (82). For pre-miR-181a-1, we detected two
miR-181a-5p isomiRs, 23 nt and 24 nt long, with the latter
being more abundant (Figure 2C). For pre-miR-181a-2, we
detected four variants of miR-181a-5p ranging from 22 to 25
nt, with 24-nt form being the most prevalent (Figure 2C). Den-
sitometry analysis revealed that under the experimental condi-
tions, miR-181a-5p (all isomiRs counted) were generated 4.6
times more efficiently from pre-miR-181a-2 than from pre-
miR-181a-1 (Figure 2C, E, Supplementary Figure S3). Addi-
tionally, in the case of pre-miR-181a-1 we detected 28-32-nt
fragments, which we termed pre-miRNA ‘halves’ because of
their length corresponded roughly to half of that of the pre-
cursor (Figure 2C, E). Gel densitometry showed that the pre-
miRNA halves were produced 4 times more efficiently than
miR-181a-5p isomiRs (Figure 2C, E).

When examining the putative cleavage of either precursor
by recombinant human Dicer, we detected one dominant 26-
nt form of miR-181a-5p generated in reactions involving pre-
miR-181a-1, and two major isomiRs (25 and 26 nt) generated
in the reactions with pre-miR-181a-2. For both precursors, we
did not observe ~28-30 nt fragments (pre-miRNA halves).
This further pointed to the possibility that a cellular factor
caused the appearance of pre-miRNA halves in X. laevis ex-
tracts rather than the intrinsic instability of pre-miR-181a-1
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or Dicer activity. It should be noted that in the in vitro cleav-
age assays, labeled pre-miRNA was artificially introduced to
the cellular extracts. Under such conditions pre-miRNAs may
be more susceptible to cleavage or degradation by cellular fac-
tors, especially within a more exposed, single-stranded apical
loop region.

Furthermore, we observed that, isomiRs generated in X.
laevis extracts were ~2 nt shorter than those produced by
the recombinant human Dicer (Figure 2C, D). The alignment
of X. laevis and human Dicer amino acid sequences showed
that the region connecting the PAZ and RNase III domains
involved in ‘measuring’ the size of the dicing product is 12
amino acids shorter in X. laevis enzymes as compared to the
human one (Figure 2B, F, Supplementary Figure S2), which
might explain the observed difference in the isomiRs size. It is
also important to emphasize that the 2-nt difference between
X. laevis and human Dicer products is consistent with the data
collected in the miRBase, in which 21-nt X. laevis miR-181a-
5p (MIMAT0046485) and 23-nt human miR-181a-5p (MI-
MAT0000256) have been reported.

Next, we used a similar approach to test the inhibitory po-
tential of AL1-4, with each AL-ASO assayed at three concen-
trations: 0.1, 1 and 10 uM (Figure 3, Supplementary Figure
S4). We first examined AL1 and AL2, which target pre-miR-
181a-1. In reactions with AL1 but not AL2, the levels of miR-
181a-5p were decreased and a longer, 36/37-nt product corre-
sponding to the portion of the precursor left after miR-181a-
3p excision was detected (Figure 3A, Supplementary Figure
S4A). These data suggested that AL1 did not affect miR-181a-
3p production, which was further supported by Northern blot
results (Supplementary Figure S4A). Densitometry analysis re-
vealed that at the highest AL1 concentration (10 uM), the
level of miR-181a-5p was reduced by ~70% in comparison to
the positive control reaction in which 5'-32P-pre-miR-181a-1
was incubated in extracts only (C+) or in reaction with Ctrl
oligomer (Figure 3A). The inhibition of miR-181a-5p produc-
tion was also dose-dependent (Figure 3A) with a significantly
lower inhibition at 0.1 and 1 uM, compared to 10 uM (Fig-
ure 3A). Unexpectedly, in samples with AL2, the level of miR-
181a-5p was greatly increased in comparison to the control
reaction (Figure 3A, Supplementary Figure S4B). The accu-
mulation of miRNA was positively correlated with the con-
centration of AL2: at the highest concentration of AL2 (10
uM), the relative level of miR-181a-5p was almost 3.5 times
higher (Figure 3A, right panel) than in the positive control
reactions (C+). Additionally, at the higher concentrations of
AL2 (1 and 10 uM), we did not observe products identified
as pre-miRNA halves. We conclude that AL2, which is com-
plementary to the entire apical loop of pre-miR-181a-1 but
does not overlap with Dicer cleavage sites (Figure 1C), may
shield pre-miR-181a-1 from negative regulators acting on a
loop region, and does not affect processing by Dicer. This sce-
nario is further corroborated by the results from the control
reactions (Figure 3A, lanes: (C+) and Ctrl) in which the api-
cal loop of pre-miR-181a-1 was not shielded and thus was
accessible for factors present in the cytosolic extracts that in-
duced the cleavage within the unprotected region of the pre-
cursor. As a consequence, in these control reactions, we ob-
served abundant accumulation of pre-miR-181a-1 halves and
only low levels of miRs-181a-5p (Figure 3A). It is important
to mention that the existence of differential transcriptional
and/or post-transcriptional regulation of pre-miR-181a-1 and
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pre-miR-181a-2 has been already suggested by our RT-qPCR
results showing that in the stage 40 X. laevis eye the level of
mature miR-181a-1-3p is much lower than miR-181a-2-3p
(Supplementary Figure S3).

AL3 and ALA4, both targeting pre-miR-181a-2, inhibited
the formation of miR-181a-5p from this precursor in a dose-
response manner, as revealed by the decrease in the inten-
sity or absence of <26-nt bands (Figure 3B, Supplementary
Figure S4C, D). However, they did not have the same effi-
cacy in inhibition. Gel densitometry revealed that in reactions
with the highest concentration of AL (10 uM), the level of
miR-181a-5p was reduced by ~90% when using AL3 and
only by ~45% when using AL4, in comparison to the pos-
itive control reaction (C+). The difference in the inhibitory
potential between AL3 and AL4 may be explained by the
generally higher inhibitory potential of the ASOs overlapping
the Dicer cleavage site, compared to the ASOs complemen-
tary only to the apical loop (59). Additionally, the analysis of
RNA conformers by native polyacrylamide gel showed that
the 18-nt AL4 can adopt more than one structural form, pre-
sumably a homo-duplex or a hairpin (Supplementary Figure
S6), which may limit its ability to base-pair with the pre-
miRNA and effectively reduce the amount of AL4 available
to bind to pre-miR-181a-2 in the reaction. In contrast, 13-nt
AL3, AL1 and AL2 adopted only one, monomolecular form
(Supplementary Figure S6). These results further indicate that

13-nt ASOs might be more competent inhibitors than longer
oligonucleotides, which have a higher possibility of adopt-
ing the secondary structures thereby precluding efficient hy-
bridization to the target.

The control oligomer (Ctrl) did not affect miR-181a-5p
production efficiency nor pre-miR-181a-1/a-2 cleavage pat-
terns when compared to the positive control reaction (Figure
3A, B). These data and the above results of the native gel elec-
trophoresis (Figure 1E) further affirm that Ctrl represented a
suitable control oligomer for further studies.

Taking into consideration the sequence similarity between
pre-miR-181a-1 and pre-miR-181a-2, we also performed
cross-reactions using pre-miR-181a-2 as a substrate in reac-
tions with AL1-2, and pre-miR-181a-1 in reactions with AL3-
4. Under the tested conditions, neither of the oligonucleotides
caused any changes in pre-miRNA cleavage efficiencies or pat-
terns, in comparison to the positive control reactions with
no inhibitor added (C+) (Supplementary Figure S7A, B). This
further strongly indicates that the designed AL-ASOs can
discriminate between pre-miRNAs displaying high sequence
identity.

Collectively, these data show that oligomers overlapping
Dicer cleavage site and the apical region of the precursor, i.e.
AL1 and AL3, are more potent inhibitors of the formation
of miR-181a-1-5p in vitro than oligomers complementary ex-
clusively to the apical loop of the precursor, i.e. AL2 and AL4.
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These observations made for the X. laevis cytosolic extracts
are in line with the results previously reported for recombi-
nant human Dicer, which indicate that the inhibitory potential
of ASOs can be improved by targeting the Dicer cleavage site
(59,67).

In vivo evaluation of the designed oligomers
Assessing inhibitor efficiency in vivo

We next investigated whether 13-nt 2’-OMe/LNA ASOs can
be efficiently used in X. laevis in vivo at the organismal
level. We previously reported successful downregulation of
miR-181a-5p level in X. laevis using a mix of 24-25-nt
MOs targeting either the 5p (MOs-5p) or the 3p (MOs-
3p) portion (including the corresponding arm and the api-
cal loop) of both pre-miR-181a-1 and pre-miR-181a-2 (5)
(Supplementary Figure S1C, D). Separately, either MOs-5p or
MOs-3p blocked the processing of both precursors, simul-
taneously reducing the levels of miR-181a-5p, miR-181a-1-
3p and miR-181a-2-3p (5). Here, we investigated whether the
robust knockdown of miR-181-5p could be achieved in vivo
using our shorter 2-OMe/LNA modified ASOs with precur-
sor specificity. Considering our iz vitro data (Figure 3), for in
vivo studies we chose AL1 and AL3 targeting the Dicer cleav-
age site within the 5" arms of pre-miR-181a-1 and pre-miR-
181a-2, respectively. We started with microinjection of 1 ng
of the mixture of AL1 and AL3, or Ctrl oligomer, together
with a GFP-expressing plasmid, into dorsal blastomeres at the
8-cell stage (Figure 4A). The targeted cells are fated to form
the entire CNS, including the retina (83). We evaluated the
possible toxic effects of the oligomers on X. laevis by assess-
ing the survival rate of the embryos following the microinjec-
tion. The survival rate of embryos microinjected with either
PBS or ALs was similar to WT embryos, highlighting the ab-
sence of cytotoxicity of ALs inhibitors in the whole animal
(Figure 4B). At stage 20, embryos successfully microinjected
and thus expressing GFP in the CNS were selected and grown
till stage 40, matching the previous experimental conditions
(5). At stage 40, the eyes were dissected for RNA extraction
and analysis by RT-qPCR of the levels of the miRNAs miR-
181a-5p, miR-181a-1-3p, miR-181a-2-3p and miR-182 (Fig-
ure 4A). miR-182 is also highly expressed in the retina, in-
cluding in RGC axons (48) and thus, we used it as an in-
ternal control for the RT-qPCR reaction. We first measured
the expression levels of all four miRNAs upon Ctrl oligomer
microinjection: no changes were found comparing Ctrl and
WT samples (Supplementary Figure S8), again confirming the
suitability of the Ctrl oligomer as a negative control in fur-
ther experiments. Then, we evaluated the influence of AL1 and
AL3 on miR-181a-5p production. Compared to Ctrl, the mix
of AL1 and ALS3 led to a significant decrease in miR-181a-
Sp levels (~72%), while neither the expression level of both
miR-181-3p forms nor miR-182 was significantly impacted
(Figure 4C). This result differs from what we previously ob-
served with MOs targeting miR-181a-1/-2, where both miR-
181-5p and miR-181-3p forms were robustly knocked down
(5). However, similarly to what was seen with the MOs, the
mix of AL-ASOs here mediated a long-lasting downregula-
tion of the miR-181-5p level observed even after 8 days post-
microinjection (Figure 4C). Together, these data indicate that
targeting Dicer 5’ cleavage site with short 2’-OMe/LNA ASOs
enables efficient and specific knockdown of miRNA-5p and
not miRNA-3p, whereas longer ASOs of different chemistry,

5815

such as MOs, can be used to knockdown both miRNAs with
a single oligomer.

One of the applications of miRNA inhibitors is to study
miRNA endogenous function through the miRNA LOF. For
such an application, it is important to be able (i) to selectively
deliver the inhibitors to the region of interest and (ii) to dis-
criminate a@ bona fide on-target phenotype from possible off-
target and toxic effects induced by tools used for the LOE.
We examined both aspects using our AL-ASOs. Microinjec-
tion is a powerful tool to efficiently deliver the inhibitors at
the very early stage of development, into two of the four dor-
sal blastomere cells that are the source of all descendant cells
forming the CNS. This method, however, does not allow for
selective targeting of any subset of cells within the CNS (e.g.
the retina). To specifically target the retina, we electroporated
the AL1 and AL3 mix or the Ctrl oligomer into the retinal pri-
mordium (61) using GFP plasmid as a delivery control (Fig-
ure 5A). Following the electroporation, embryos did not de-
velop any global malformations and all of them survived after
oligomers delivery at stage 25 (Supplementary Figure S9A).
Next, we verified whether the oligomers could impair eye de-
velopment in X. laevis. Despite the crucial role of miR-181-5p
in RGC axon guidance (5), the knockdown of this miRNA in
X. laevis does not affect the global eye structure as we previ-
ously observed (5) and as also shown for Medaka fish (84).
After the delivery of the mix of AL1 and AL3 into X. laevis
eye primordia (stage 25), we measured the eye size at stage
40 (Figure SA), i.e. the stage at which we also evaluated the
AL-ASOs efficiency in vitro (Figure 3). AL1 and AL3 did not
cause any global morphological alterations in the eye (Figure
5B-D). No differences in the eye area (Figure 5C) or diameter
(Figure 5D) were observed between electroporated and non-
electroporated eyes, at any of the tested oligomer concentra-
tions (up to 500 uM). These data show that electroporation of
AL1 and AL3 or Ctrl did not affect the health state of the em-
bryos (Supplementary Figure S9A), nor the development of the
electroporated eye (Figure 5A-D). Combined with our cyto-
toxicity assessment following microinjection (Figure 4B), this
collectively suggests that AL inhibitors do not cause embryo-
and organo(ocular)-toxicity.

Next, we investigated whether the electroporated inhibitors
can efficiently knock down miR-181a-5p expression in vivo
within the eye. A mix of AL1 and AL3 or Ctrl were electro-
porated at stage 25, alongside GFP plasmid to label electro-
porated cells. At stages 35/36 only embryos expressing GFP
were selected and miRNA levels were quantified in stage 40
eyes by RT-qPCR (Figure SE). miR-181a-5p levels decreased
(~46%) upon AL1 and AL3 delivery compared to Ctrl (Figure
5F), while the 3p forms, as well as miR-182, did not change
significantly (Supplementary Figure S9B). It should be noted
that not all the cells within the eye were successfully electro-
porated (61). Therefore, 46% decrease of miR-181-5p level,
being the average from a mixed population of targeted and
WT cells, represents a good knockdown efficiency. The miR-
NAs expression levels in Ctrl-treated eyes and WT eyes were
comparable (Supplementary Figure S9C).

Altogether these data show that the 13-nt 2’-OMe/LNA
ASOs are compatible for use in vivo at the organismal level,
as they did not cause any sequence- or chemistry-driven off-
target effects that could cause developmental malfunctions in
X. laevis embryos. Additionally, they can be successfully deliv-
ered to the cells by at least two popular transfection methods,
i.e. microinjection, and electroporation.
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Intra-axonal AL-ASOs delivery

Recently, we showed that newly generated miR-181-5p
molecules in X. laevis RGC axons are involved in axon guid-
ance (5). In particular, we observed that Sema3A, a repellent
cue expressed at the boundary of the RGC target region in
the brain, induces pre-miR-181a-1/-2 maturation and that
the Sema3A response is impaired by blocking Dicer cleav-
age of these pre-miRNAs specifically in axons (5). Therefore,
we wanted to assess whether this altered axonal Sema3A-
response could be reproduced with AL1 and AL3 oligomers.
To achieve specific axonal inhibition of the formation of
newly-generated miRNAs, and avoid miRNAs contribution
from the soma, axons were manually severed from the ex-
plant before transfection (Figure 6A, B). After axon isola-
tion, pre-miR-181a-1/-2 were targeted by local transfection
of AL1 and AL3 mix using magnetic nanoparticles (Figure
6A, and see Methods for details), as before for MOs (5). Dur-
ing development, the growth cone, the dynamic tip of a grow-
ing axon, promptly responds to the environment, moving to-
wards attractive cues and away from repellent ones. Ex vivo,
growth cones collapse upon repellent cue exposure, assum-
ing a ‘tulip shape’, and they can be counted from the total
number of growth cones on the culture plate to provide a
quantitative measure of growth cone responsiveness to a cue
(62). Here, we used the percentage of collapsed axons as the
readout of Sema3A responsiveness. Isolated axons transfected
with Ctrl oligomer showed ~62% collapsed growth cones
upon Sema3A bath application, as expected in control condi-
tions (5,62), while only ~42% of the axons transfected with
the mixture of AL1 and AL3 properly responded to Sema3A
(Figure 6C). Moreover, no significant difference was observed

between AL1- and AL3-transfected axons upon exposure to
Sema3A or PBS (Figure 6C). This indicates that AL1- and
AL3- abolished growth cone response to Sema3A. It further
suggests that pre-miR-181a-1 and pre-miR-181a-2 process-
ing is essential for Sema-3-mediated response. Such results
are similar to those previously obtained using MO oligomers,
supporting a critical role of miR-181a-5p in X. laevis axon
guidance (5). However, the applied MO oligomers in contrast
to AL-ASOs tested here, also reduced the level of miRNA-3p
forms: miR-181a-1-3p and miR-181a-2-3p. Since AL-ASOs
downregulated selectively only the miR-181-5p levels (Figure
3-5), the collected data for the first time demonstrate the sole
importance of miR-181-5p (i.e. not in connection with its 3p
counterparts) for the local regulation of the neuronal circuits.

Collectively, our data demonstrate that the tested AL-ASOs
are suitable tools for pre-miRNAs inhibition in cellular sub-
compartments upon transfection, and highlight the efficiency
of AL1 and AL3 in inhibition of miR-181-5p maturation ex
vivo including in axons. Since axons represent a very frag-
ile and delicate subcellular culture system, it also reinforces
the notion that tested ALs do not generate cytotoxicity. Al-
together, we show that the presented strategy based on 13-nt
2’-OMe /LNA ASOs (i) is compatible with vertebrate mod-
els (i.e. no cytotoxic effects); (ii) can be applied using two
common delivery methods: microinjection and electropora-
tion, (iii) leads to the efficient reduction of the level of a specific
miRNA. Moreover, by recapitulating the impaired Sema3A
response upon blocking pre-miR-181a-1/-2 maturation in
RGC axons, as previously reported using MO (5), we confirm
the suitability of these ASOs for functional miRNAs studies
ex vivo and in vivo.
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Comparison of antisense morpholinos and
2’-0-methyl/LNA ASOs efficacy and selectivity

Finally, we wanted to assess the knockdown efficacy and se-
lectivity of antisense MO, in comparison to what we have
demonstrated for AL-ASO. MOs have become a standard
method used to alter gene expression in development in model
organisms (85). In our previous in vivo studies (5), 24-25-
nt MOs were successfully used to simultaneously inhibit the
processing of pre-miR-181a-1 and -181a-2 into mature miR-
NAs but their selectivity was not examined. Here, we first in-
vestigated in vitro MOs MO-al-5p, MO-a1-3p, MO-a2-5p,
MO-a2-3p separately and in relation to the individual pre-
cursors, similarly to our analysis of AL-ASOs (Figure 3 and
Supplementary Figure S4). 25-nt MO-al1-5p and 24-nt MO-
al-3p are complementary to the 5p and 3p arm of pre-miR-
181a-1, respectively, and 25-nt MO-a2-5p and 24-nt MO-a2-
3p are complementary to the corresponding arms of pre-miR-
181a-2 (Figure 7A). Similar to the in vitro inhibition assays
conducted with AL-ASOs (Figure 3), four MOs were tested
individually by using 5’-32P-pre-miR-181a-1 (Figure 7B) or 5'-
32P-pre-miR-181a-2 (Figure 7C), and cytosolic extracts from
stage 44 X. laevis embryos. The efficiency of 5’-3?P-miR-181a-
5p production was calculated based on the results of PAGE
densitometric analysis. MO-al-5p very efficiently inhibited
the formation of miR-181a-5p from pre-miR-181a-1 (Figure
7B, D), but also from pre-miR-181a-2 (Figure 7C, E), since the
intensity of miRNA-corresponding bands decreased in a dose-
dependent manner compared to the control reaction (C+).
Similarly, MO-a2-5p inhibited the production of miR-181a-
Sp not only from pre-miR-181a-2 (Figure 7C, E) but also from

pre-miR-181a-1 (Figure 7B, D). MO-al-3p affected the cleav-
age of pre-miR-181a-1 but not pre-miR-181a-2, and MO-
a2-3p affected the cleavage of pre-miR-181a-2 but not pre-
miR-181a-1 (Figure 7B-E). Consequently, our results indicate
that while MOs were very efficient in blocking Dicer-mediated
processing of pre-miRNA, neither MO-al-5p nor MO-a2-
Sp were precursor-selective. In contrast, both MO-a1-3p and
MO-a2-3p discriminated between pre-miR-181a-1 and pre-
miR-181a-2. Nevertheless, in both cases, the MO-3p failed
to be arm-selective and inhibited not only the release of the
miRNA-3p but also the miRNA-5p, since a dose-dependent
reduction of the intensity of bands corresponding to the 5'-
32P-miR-181a-5p isoforms was observed for them (Figure 7B,
C). Collectively, these data indicate that MOs targeting Dicer
cleavage-site can induce robust knockdown of both mature 3p
and 5p miRNAs by interaction with pre-miRNAs precluding
Dicer cleavage, but they do not allow to discriminate between
highly similar precursors (MO-al-5p, MO-a2-5p) or to selec-
tively inhibit miRNA only from one pre-miRNA arm (MO-
al-3p, MO-a2-3p).

It is important to note that the nucleotide sequences of
the target regions for 25-nt MO-al-5p and MO-a2-5p share
80% identity (20/25 nt) (Supplementary Figure S1C), whereas
those for 24-nt MO-al-3p and MO-a2-3p are identical in
75% (18/24 nt) (Supplementary Figure S1D). Since 25-nt
MOs-5p proved to be very efficient inhibitors of miR-181a-5p
formation (5) (Figure 7B-E), but under the applied reaction
conditions failed to discriminate between its precursors, we
conclude that the 5-nt difference within the pre-miRNA target
region is not sufficient to ensure selectivity for such long ASOs.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae284#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae284#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae284#supplementary-data

Nucleic Acids Research, 2024, Vol. 52, No. 10

5819

* % * *
A B =0 ==02=0==0 e a
pre-miR-181a-1 pre-miR-181a-2 5 3 5
MO-ai-9P \0-al-3P \0-a2-5p yio-a2- 0.1 M 1M 10 pM
region targeted region targeted  region targeted region targeted C-c+ MO, MO, po-22%, MO 22 74 "
by MO-21-5p by MO-a1-3p by MO-22-5p by MO-a2-3p . - o 6 39 34 |AL1
*, - [-% 3
o~ O el
o0, Py ¥ V¢ ' * 25 s
W % v T ] i Lo -3
i L« % - R $ [ ." o 11 92 95  |aL4 3
u 4 u & ‘ s, g s = g
B, _ ¥ VY o i~ - Mlgs EE 0 0 0 |moatsp | g
U e U P - > =
= = = = ; . g§[ = | m | © |woasn| g
= g Ré_,‘; S ; ‘g—T [ = L 1 0 0 |moazsp| °©
b= bt b g be g 105 111 w2 |moaz3p
6 pom o =y -
- - - - pre-miR-181a-1
- 8 - 8 pre-miR-181a-1
- o+ = =1
L{s_ l,s_u i,u_ {E_E
*_ : C *, C c *, E O * C O
— = \g- E\r"-g & E oligonucleotide
- =6 - =g
= = i i c- o M08 poat %o 96 w0 2 0 1 04pM | 1M | 10pum
G - G s =
it . G g 5%, —
/N \ /N I a0 [ 107 109 102 [AL1
*'2/ \\_i" M N/ =0 &= 106 110 108 |AL2 2
o po pams 3 pomt %
f=g =G s = ) - ® =
= = Fay Il [ w o sz 55 85 25 s |aLa E
| | P~ “., . '-Gze Py 70 61 63 |AL4 £
A} ,\} c"F j [ " '. - -G22 E E 67 15 10 MO-a1-5p %
o 3
> 3
S 58 105 98 90  [Mo-at3p g,
i £ 27 0 0 |moazsp | ©
S 77 25 15 |Mo-a2-3p
pre-miR-181a-2 pre-miR-181a-2
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Beyond this threshold, 25-nt MOs may start to have discrim-
inatory potential as seen for MO-al-3p (6-nt difference) and
MO-a2-3p (7-nt difference). In stark contrast, in the case of
13-nt 2’-OMe/LNA ASOs, despite a smaller, 2-nt difference
within the pre-miRNA target region, corresponding to a high
sequence similarity, i.e. ~85% identity (11/13 nt), the high
target selectivity is observed (Supplementary Figure S7). Thus,
13-nt 2’-OMe/LNA appears much better suited ASO than
25-nt MO for target-selective knockdown of highly-similar
sequences.

Validation of 13-nt 2’-O-methyl/LNA ASOs efficacy
and selectivity in human cytosolic extracts

To investigate whether our strategy can be applied to dif-
ferent miRNA families and other model systems, we vali-
dated our protocol using human miR-16 family and precursor
molecules: pre-miR-16-1 and pre-miR-16-2. Similar to Xeno-
pus pre-miR-181a-1 and pre-miR-181a-2, human pre-miR-
16-1 and pre-miR-16-2 give rise to the identical miRNA-5p
(miR-16-5p), and to distinct miRNAs-3p: miR-16-1-3p and
miR-16-2-3p, respectively (Figure 8A). Pre-miR-16-1 (64 nt)
and pre-miR-16-2 (65 nt) differ in the size (9 nt versus 17 nt)
and sequence of their apical loops.

Using the same computational pipelines (Figure 1A, D) and
whole human transcriptome data (GENCODE release 44)
(54), we designed two AL-ASOs named hAL16-1 (comple-
mentary to pre-miR-16-1) and hAL16-2 (complementary to
pre-miR-16-2), as well as a control oligomer (named hCtrl).
hAL16-1 and hAL16-2 overlapped Dicer 5’ cleavage site and
partially spanned the apical loop (Figure 8A), similar to AL1
and AL3 (Figure 1C).

First, we tested interactions between pre-miR-16-1/16-2
and the selected AL-ASOs using native gel electrophoresis. We
found that hAL16-1 formed stable complexes with pre-miR-
16-1 but not with pre-miR-16-2, whereas h)AL16-2 bound to
pre-miR-16-2 but not to pre-miR-16-1 (Figure 8B). hCtrl did
not form complexes with either of the precursors (Figure 8B).
Densitometry analysis indicated that PAL16-1 bound 95% of
pre-miR-16-1, while hAL16-2 bound 90% of pre-miR-16-2.
For comparison, AL-ASOs used against Xenopus pre-miR-
181a-1 and pre-miR-181a-2 showed the following binding ef-
ficiency: AL1 bound 75% of pre-miR-181a-1, whereas AL3
bound ~95% of pre-miR-181a-2 (Figure 1E).

Next, we performed an iz vitro analysis to assess the ef-
ficiency and selectivity of the designed AL-ASOs using 5'-
32P-labeled pre-miRNA substrates and Dicer cleavage assay
carried out in cytosolic extracts from human embryonic kid-
ney cells (HEK293T) (Supplementary Figure S10). Similar to
previous experiments, each AL-ASO was tested at three con-
centrations: 0.1, 1 and 10 uM (Figure 8C, D). Densitometry
analysis revealed that hPAL16-1, at each applied concentration,
fully blocked the production of miR-16-5p from pre-miR-16-1
(Figure 8C). The production of miR-16-5p from pre-miR-16-
2 was completely blocked at 1 and 10 uM concentration of
hAL16-2, and reduced by ~95% when using 0.1 uM concen-
tration of hAL16-2, compared to the positive control reaction
(C+) (Figure 8D). For comparison, in Xenopus cytosolic ex-
tracts: AL1 (10 uM) reduced the production of miR-181a-5p
by ~70% and AL3 (10 uM) by ~90% (Figure 3A, B). The ob-
served difference in inhibition efficiency between AL1, AL3
(Figure 3A, B) and hAL16-1, hAL16-2 (Figure 8C, D) may
stem from various factors. These include the relative activ-
ity of Dicer and other proteins in the cytosolic extracts, as
well as the distinct structures of the regions targeted by these
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AL-ASOs. Specifically, while AL1 and AL3 predominantly
overlap with the double-stranded regions of pre-miR-181a-
1 and pre-miR-181a-2, respectively (Figure 1C), the hAL16-1
and hAL16-2 primarily target the single-stranded regions of
the corresponding pre-miRNAs (Figure 8A).

Cross-reactions performed using pre-miR-16-1 as a sub-
strate in reactions with #AL16-2, and pre-miR-16-2 in reac-
tions with #AL16-1 did not show significant changes in pre-
miRNA cleavage efficiencies or patterns, in comparison to the
positive control reactions with no inhibitor added (C+) (Figure
8C, D). These control reactions confirmed that under the ap-
plied reaction conditions tested AL-ASOs can discriminate be-
tween pre-miR-16-1/pre-miR-16-2. A hCtrl oligomer did not
affect Dicer cleavage of both pre-miR-16-1 and pre-miR-16-2.

Next, to gain a more comprehensive understanding of the
spectrum of the fragments generated in the cleavage reac-
tion and visualize RNA beyond 5’-32P-labeled molecules, we
conducted Northern blot assays using probes targeting ei-
ther the 5’ or 3’ arm of the pre-miR-16-1 and pre-miR-16-2
(Supplementary Figure S11A). Interestingly, the collected re-

sults revealed that hAL16-1 and hAL16-2, despite overlap-
ping with only 5p Dicer cleavage site, affected production of
not only miR-16-5p but also miRNAs released from the 3’
arm of the precursors: miR-16-1-3p and miR-16-2-3p, respec-
tively (Supplementary Figure S11B, C). This contrasts with the
arm-selective effect of AL1 and AL3 on the processing of pre-
miRNA in Xenopus model. AL1 and AL3, which also over-
lap Sp Dicer cleavage site, inhibited production of 5" arm-
encoded miR-181a-Sp, but did not significantly affect pro-
duction of 3’ arm-encoded miR-181a-1-3p and miR-181a-
2-3p (respectively), both in vitro (in Xenopus cytosolic ex-
tracts; Supplementary Figure S4) and in vivo (Figure 4C). It
is possible that the discrepancy regarding the pre-miRNA 3’
arm cleavage stems from a species-specific difference in pre-
miRNA processing between X. laevis and human Dicer. To
support this argument, we conducted experiments using 5'-
32P-labeled Xenopus pre-miR-181a-1, AL1 and human Dicer
in HEK293T cytosolic extracts. We observed a reduction of
the miR-181a-5p level with increasing inhibitor concentra-
tion, but we did not detect clear intermediate products corre-
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sponding to the portion of the precursor left after miR-181a-
1-3p excision (Supplementary Figure S11D), which indicated
that in HEK293T extracts, AL1 blocked cleavage of both pre-
miR-181a-1 arms. These intermediate products were evident
when pre-miR-181a-1 and AL1 were incubated in Xenopus
cytosolic extract (Figure 3A), which further suggests that ob-
served discrepancies in arm-selectivity of AL-ASOs are likely
species-specific. As indicated earlier, the region connecting the
Platform, PAZ and RNase III domains involved in ‘measuring’
the size of the dicing product (called ‘molecular ruler’) is 12
amino acids shorter in X. laevis Dicer as compared to human
Dicer (Figure 2B and Supplementary Figure S2). Considering
the tertiary structure of the human Dicerepre-miRNA com-
plex (86) (scheme in Figure 2F), the different length of the
‘molecular ruler’ of X. laevis and human Dicers could lead
to differing degrees of interaction between these proteins and
pre-miRNAs. In such case, the AL-ASOs that partially span
the apical loop of pre-miRNAs (Figure 1C and 8A) may have
a different effect on the overall Dicerepre-miRNA complex
structure, and consequently, on the pre-miRNA processing by
different Dicer proteins.

Although the core function of Dicer is evolutionarily con-
served, structure-dependent differences in the mechanism of
binding and processing of RNA substrates by Dicer proteins
across species or even within one organism have been already
reported (87,88). Nevertheless, acknowledging the limitations
of in vitro systems, further structural and functional stud-
ies are needed to fully understand whether there is indeed a
structure-dependent difference in activity of Xenopus and hu-
man Dicer proteins.

Irrespective of the observed discrepancies between Xeno-
pus and human models, we show that our strategy can be
successfully applied to achieve high target-selectivity to study
identical or highly similar miRNAs stemming from different
precursors.

Despite years of research and wide interest in the biolog-
ical roles of miRNAs, only a fraction of known miRNAs
has been functionally characterized. This imbalance has many
contributing factors. Among these, one critical issue is the out-
pacing of more laborious functional studies, often hampered
by technical limitations, by the availability of next-generation
sequencing methods that promote the rapid discovery of new
miRNAs. Another key issue is the complication that despite
the initial consensus that one pre-miRNA gives rise to only
one active regulatory molecule (a guide miRNA), it is now ev-
ident that a single precursor can, in fact, encode more than
one biologically active entities, including a passenger strand
miRNA* (89,90), loop-miR (miRNA originating from the
pre-miRNA loop) (91) or isomiRs (miRNA isoforms) (92).
Accumulating evidence further suggests that the abundance of
these additional products of pre-miRNA processing has been
underestimated. Our understanding of the physiological rel-
evance of these myriad species and the intricacy of miRNA
function has been hampered by current methods that lack the
resolution needed for highly selective targeting of only one of
these products for functional studies. Moreover, the fact that
miRNAs tend to evolve into large and complex families of
identical or highly similar members makes it extremely diffi-
cult to design antisense tools that would target each of them
separately (42) and truly verify the hypothesis that miRNAs
within a family have shared or interchangeable functions.

Our novel strategy based on 13-nt long 2’-OMe/LNA
ASOs overcomes the limitations of current methods used for
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miRNA knockdown and allows us to dissect the biological
roles of identical or very similar miRNAs originating from
different precursors, in cultured cells and in vivo. This strat-
egy offers (i) high hybridization affinity due to combining
2’-OMe/LNA modifications, (ii) high target discrimination,
which translates to selective targeting of individual, highly
similar pre-miRNAs and (iii) long-lasting effects in vivo pre-
sumably due to AL-ASOs increased resistance to cellular nu-
cleases. We envision that this new strategy will be of critical
importance to gain a deeper understanding of the roles of in-
dividual miRNAs given the broad significance of miRNAs to
physiology and disease.
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