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Abstract

MicroRNAs (miRNAs) are active regulators in maligh@rowth and constitute potential
targets for anticancer therapy. Consequently, denable effort has focused on identifying
effective ways to modulate aberrant miRNA exprasstdere we introduce and assess a novel
type of chemically engineered biomaterial capalfleleaving specific miRNA sequencds.
miRNA-specific artificial ribonucleases (hereafteriRNase’). The miRNase template presented
here consists of the catalytic peptide acetyl-[@A&),Gly], covalently attached to a miRNA-
targeting oligonucleotide, which can be linear airpin. The peptide C-terminus is conjugated
to an aminohexyl linker located at either the 3'-56end of the oligonucleotide. The cleavage
efficacy, structural aspects of cleavage and bioddgrelevance of a set of these designed
miRNases was assayed with respect to highly ondogemR-21. Several miRNases
demonstrated effective site-selective cleavage i&¥-21 exclusively at G-X bonds. One of the
most efficient miRNase was shown to specificalliiloit miR-21 in lymphosarcoma cells and
lead to a reduction in their proliferative activityhis report provides the first experimental
evidence that metallo-independent peptide-oligoeataie chemical ribonucleases are able to
effectively and selectively down-regulate oncogemi®RNA in tumour cells, thus suggesting
their potential in development of novel therapeutimed at overcoming overexpression of

disease-related miRNAs.
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1. Introduction

In the last decade, non-coding RNAs and in paricaliiRNAs have been the focus of
considerable research due to their association witlange of pathological conditions, from
cancer to neurodegenerative, cardiovascular aranamiune diseases [1-3]. MIRNAs represent
a new class of regulatory molecule; they are 18«28eotides in length and, through binding to
specific MRNAs, are capable of post-transcriptiaegression of gene expression, either by the
RNA interference pathway or by translational arfdsé]. A large amount of evidence suggests
that miRNAs exert control over fundamental physiidal processes, both within the cell and at
the level of the whole body [7, 8]. Disturbancenmrmal miRNA expression results in changes
in the activity of target genes and is often assed with the initiation and progression of a wide
spectrum of diseases, including oncology [9-12]mdu development is accompanied by an
excess or deficiency of certain miRNAs comparedh@omal tissues. Increased expression of
oncogenic MiRNAs contributes to the developmentnebplasia by suppression of tumor-
suppressor genes, whereas a significant lack ofotsmppressor miRNAs results in the
overexpression of oncogenes [13, 14].

Modulation of activity of tumor-associated miRNAs therefore of great scientific,
biomedical and clinical interest. To date, a numbkrpproaches have been developed for
microRNA-based and miRNA-targeted therapies [6, R&storing the level of deficient miRNA
can be achieved by using miRNA mimics, represergyrghetically prepared miRNAs [16, 17];
or viral constructs, encoding for miRNAs [18, 18uppression of miRNA activity can be
achieved using small-molecule inhibitors, actingtreg transcriptional level [20]; via miRNA
sponges, representing transcripts that contain ipleilttandem-binding sites adsorbing
deleterious miRNAs [21, 22]; by miR-mask oligonuatides or target protectors, that are fully
complementary to predicted miRNA binding siteshie B-UTR of the target mRNA [23-25];
and using antisense oligonucleotides, complememteitye target miRNA and inducing either its
degradation or steric blockage [26, 27].

Numerous positive results have been achieved ustiragegies based on inhibition of
oncogenic MiIRNAs. Indeed, the approaches based iB®NAn suppression using miRNA-
sponges, representing molecular traps, were showestore the activity of tumour-suppressor
genes. For example, miRNA sponges designed for tatoo of miR-10b, miR-21, miR-155
and miR-221/222 mediate an impact on the activitynany protein targets, such as HOXD-10,
PDCD4, Smad4, SRC3, Bcl-2 Bim, FOXO3a, PTEN andARHAtus they provide inhibition of
proliferation, activation of apoptosis and increase the sensitivity of tumour cells to
chemotherapy [28-30]. Suppression of oncogeniciggtof miR-522 in a non-small cell lung



cancer model was successfully achieved by the dseniBNA masking [31]. Antisense
technology also has proven successful in blockifigNw activity: synthetic oligonucleotides of
different chemistries targeted to known oncogeniRMAS, such as miR-17, miR-21, miR-155,
and miR-221/222 promoted not only induction of aps and inhibition of proliferation, but
also tumour regression and metastasis suppressivivo [32-38]. The drugs Miravirsen and
Regulus RG-101, aimed at suppressing miRNA-122tler treatment of hepatitis C, have
successfully progressed into clinical trials, ahdst provide grounds to believe that, in the near
future, effective antisense-based anti-miRNA thiempwill be developed to combat
oncopathology [39, 40].

Effective downregulation of miRNA levels in cellarc be achieved by its selective,
irreversible cleavage using agents that are cap#hlecognizing particular miRNA sequences.
A direct approach to create such an artificial-sékective ribonuclease can be based on design
of conjugates comprising of (i) antisense oligorotdes (asON), which can form a
complementary complex with a specific miRNA, ang @hemical moieties able to cleave
phosphodiester bonds. These include metal complemedazoles or cleaving peptides [41].
Over the last couple of decades, some progresbdesachieved in the field of designing site-
selective artificial ribonucleases [42-54]. It walsown that short peptides, containing either
alternating leucine and arginine residues or inotiabased catalytic groups, conjugated to
antisense oligonucleotides targeting tRNA, wereealnl hydrolyze linkages adjacent to an
oligonucleotide-binding site without involvement ekogenous species such as metal ions,
enzymes or cofactore.g, RISC, RNase H) [42, 44, 45, 47, 50, 51]. Effeetisleavage of
complementary substrates was also demonstratetti$@2-aminobenzimidazole) ribonuclease
conjugated to PNA oligomers [49]. It is importantémphasize though that none of the above
developments have been demonstrated against dynietevant RNA sequences, and most of
the studies in this area have been carried ouarsading either short, linear RNA sequences or
model RNAs €.9.tRNAS).

Despite the fact that considerable success hasdideaved in the area of development
of site-selective, metal-free artificial ribonucées, to date no studies have been reported
demonstrating a successful downregulation of d@ihycsignificant miRNAs by such metallo-
independent sequence-specific catalytic bioconggyat eukaryotic cells. The key challenge of
our research therefore was to assess whether beamnaally engineered peptide-oligonucleotide
conjugates (POCs) could potentially induce detdetalownregulation of specific oncogenic
mMiRNA in tumour cells, which is essential factor foture application in anticancer therapy.
Here we report the development of miRNA-specificptmie-oligonucleotide conjugate

(‘miRNases’) against highly oncogenic miR-21, amdsent the first experimental evidence of
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efficient, site-selective cleavage of this miRNAcksively at G-X linkages by the most
successful structural variants. Furthermore, we alestnate here that one of the most efficient
conjugates is capable of inducing specific inhdsitiof miR-21 in lymphosarcoma cells. This
leads to reactivation of tumour-suppressor profeCD4, the direct target of mir-21, and
subsequent reduction in proliferative activity gimphosarcoma cells. To obtain structural
insights into specific interactions between miRNaged miR-21 and to guide the future design
of such conjugates, we carried outud molecular dynamics simulations of the hybridized

complex betweeb’-h-6/14 conjugate and miR-21.

2. Materials and methods
2.1. Instrumentation

The details of chemicals, reagents and facilitiesduin this research have already been
provided in our previous publications [50, 51]. Wadtware Topspin 3.2 was used to analyze the
NMR data obtained. After electrophoresis the getsenanalyzed using Molecular Imager FX
(Bio-Rad, USA). PCR amplification was carried oging Bio-Rad iQ5 (Bio-Rad, USA).

2.2. Oligonucleotides

Oligodeoxyribonucleotides with an aminohexyl linkatached to either the-5or 3-
terminal phosphate of the oligonucleotide sequeweee synthesized in the Laboratory of
Medicinal Chemistry, ICBFM, Russia, by the standphdbsphoramidite protocol on an ASM-
800 synthesizer (Biosset, Russia) using solid sappacleoside phosphoramidites and chemical
phosphorylation reagent from Glenn Research (USBljgonucleotides were isolated by
consecutive ion-exchange (Polysil SA-500 columngsdita) and reverse-phase HPLC

(LiChrosorb RP-18 columns, Merck, Germany) accaydmstandard protocols.
2.3. Peptide synthesis and purification

Catalytic peptide Acetyl-(LeuArg)Gly-(LeuArglh-Gly-COOH was synthesized by
manual solid-phase methodology on Fmoc-Gly-Wandgnresing the FmotBu strategy as
described in [50]. Following completion of the pdptsequence, the N-terminus was acetylated
by shaking with acetic anhydride (10 mmol) and DAREO mmol) in DMF (10 mL) for 30 min,
followed by resin washing with DMF (2 x 10 mL), DC{2 x 10 mL and DMF (2 x 10 mL).
After acetylation of the sequence, the peptide eleaved from the resin using the same protocol
reported in [50]. Crude lyophilized peptide wasubdized in 30% acetic acid and purified using
RP-HPLC as described earlier [50].



Acetyl-(LeuArg) »-Gly-(LeuArg) >-Gly-COOH: Fractions collected at 33 min were combined
and lyophilized to yield the TFA salt of the pegtids a fluffy white material. ESI-M®n/z=
626.4 for [M+H+HF" (MW = 1250.80 calcd. for [GH102N22015]). *H NMR (DO with TSP (0.1
uM), 400 MHz):8 0.83-0.97 (m, 24H, Leu-Bi 1.49-1.94 (m, 28H, 8 x Arg/H8 x Arg-H, 8 x
Leu-H’, 4 x Leu-H), 2.04 (s, 3H, Ch), 3.21 (m, 8H, Arg-H), 3.82 - 4.41 (m, 12H, 2 x Gly-H

8 x Leu/Arg-H') (see also Fig. S1).

2.4. Synthesis of the conjugates

Oligonucleotides containing an aminohexyl linkeiaahed to either the'-5or 3-end of
the oligonucleotide, (50 nmol) in,B@ (100uL) were converted into cetyltrimethylammonium
salt soluble in DMSO [50, 51].

Acetyl-(LeuArgk-Gly-(LeuArg)-Gly-COOH (2.3umol,) and 4-dimethylaminopyridine
(3.5 umol) were dissolved in a minimal volume of anhydrddMSO €20 pL) before N,N'-
dicyclohexylcarbodiimide (3.4hmol) was added and vortexed. The resulting pealetion
was added directly to oligonucleotide solution deftl at 60°C for 12 h. The reaction product
(along with the unreached starting oligonucleotief precipitated with 4% LiClQOn acetone
using similar protocol described in [50, 51] follevRP-HPLC purification of the corresponding

peptide-oligonucleotide conjugate [50].
2.5. Conjugate purification

Crude conjugates were dissolved in water and jgarifising RP-HPLC (2.0 mL/min flow
rate, eluent A — 0.05 M LiCI© eluent B — 0.05 M LiCI@in AcCN; 100% A for 5 min, 0% B to
50% B in 35 min). Fractions containing conjugatereveollected, combined and lyophilized.
The excess of LiCl@was removed by precipitation in 4% LiCJ@ acetone (w/v) as reported
earlier in [50, 51].

2.6. Characterisation of conjugates

The identity and purity of all peptide-oligonuclet® conjugates were confirmed by RP-
HPLC, 'H-NMR spectroscopy and mass spectrometry usingixrassisted laser desorption
ionisation (MALDI) spectroscopy (see below and F8g). Conjugates were identified as mono-

or di-sodium adducts with experimental masses reeagent with theoretical calculations.

Conjugate 5'-16: MALDI-MS: m/z= 6192 [M+Na] (MW = 6170 calcd fob’-16). 'H NMR
(DO, 400 MHz): 5 0.62-0.93 (m, 24H, Leu®l 1.11-1.47 (m, 12H, 6xCH(aminohexyl
linker)), 1.49-2.18 (m, 43H, 5xGbf 5xdT, 8xArg-H, 8xArg-H, 8xLeu-H, 4xLeu-H), 2.03
(s, 3H, CH), 2.31-2.92 (m, 32H, 16xH2’ and 16xH2"” sugargiprotons), 3.05-3.14 (m, 8H,

8xArg-H’), 3.72-4.55 (m, 60H, 2644’, 16xH5'and 16<H5” sugar ring protons, 4 x Gly-H, 8 x
5



Leu/Arg-H"), 5.52-6.53 (m, 19H, 16xH1" sugar ring protonsH3xof dC), 7.25-8.28 (s or d,
21H, 21xAr-H from 3xdG(H8), 5xdA(H8), 5xdA(H2), 3€dH6) and 5xdT(H6)). The H3’
sugar ring proton regions (4.56-5.2 ppm) were matlyssed due to supression of residual water

signal at 4.78ppm.

Conjugate 5'-h-6/14: MALDI-MS: m/z= 10554 [M+H] (MW = 10553 calcd. fob’-h-6/14).

'H NMR (DO, 400 MHz): & 0.62-0.93 (m, 24H, LeuHi 1.11-1.47 (m, 12H, 6xCH
(aminohexyl linker)), 1.49-2.18 (m, 46H, 6xgléf 6xdT, 8xArg-H, 8xArg-H!, 8xLeu-H,
4xLeu-H), 2.03 (s, 3H, Ch), 2.31-2.92 (m, 60H, 30xH2’ and 30xH2"” sugargiprotons),
3.05-3.14 (m, 8H, 8xArg-B), 3.72-4.55 (m, 102H, 3M4’, 30xH5'and 3xH5" sugar ring
protons, 4 x Gly-H, 8 x Leu/Arg-Hl, 5.52-6.53 (m, 36H, 30xH1’ sugar ring protonsH6xof
dC), 7.22-8.31 (s or d, 40H, 40xAr-H from 8xdG(H8)xdA(H8), 10xdA(H2), 6xdC(H6) and
6xdT(H6)). The H3' sugar ring proton regions (4&@- ppm) were not analysed due to

suppression of residual water signal at 4.78ppm.

Conjugate 5-h-9/14: MALDI-MS: m/z= 12424 [M+Na] (MW = 12404 calcd. for 5-h-9/14).
'H NMR (DO, 400 MHz): & 0.62-0.93 (m, 24H, LeuBf 1.11-1.47 (m, 12H, 6xCH
(aminohexyl linker)), 1.49-2.18 (m, 52H, 8xgléf 8xdT, 8xArg-H, 8xArg-H!, 8xLeu-H,
4xLeu-H), 2.03 (s, 3H, Ch), 2.31-2.92 (m, 72H, 36xH2’ and 36xH2"” sugargiprotons),
3.05-3.14 (m, 8H, 8xArg-B), 3.72-4.55 (m, 120H, 3644’, 36xH5'and 36H5" sugar ring
protons, 4 x Gly-H, 8 x Leu/Arg-Hl, 5.52-6.53 (m, 43H, 36xH1’ sugar ring protonsH®xof
dC), 7.22-8.31 (s or d, 48H, 48xAr-H from 9xdG(H82xdA(H8), 12xdA(H2), 7xdC(H6) and
8xdT(H6)). The H3' sugar ring proton regions (4&@- ppm) were not analysed due to
suppression of residual water signal at 4.78ppm.

Conjugate 5’-h-6/16: MALDI-MS: m/z= 11165 [M+Na] (MW = 11145 calcd. for5’-h-6/16).

'H NMR (DO, 400 MHz): 5 0.62-0.93 (m, 24H, LeuH 1.11-1.47 (m, 12H, 6xCH
(aminohexyl linker)), 1.49-2.18 (m, 49H, 7xgléf 7xdT, 8xArg-H, 8xArg-H!, 8xLeu-H,
4xLeu-H), 2.03 (s, 3H, Ch), 2.31-2.92 (m, 64H, 32xH2' and 32xH2" sugargiprotons),
3.05-3.14 (m, 8H, 8xArg-B), 3.72-4.55 (m, 108H, ¥M4’, 32xH5'and 3X%H5" sugar ring
protons, 4 x Gly-H, 8 x Leu/Arg-H,, 5.52-6.53 (m, 39H, 32xH1’ sugar ring protonsHBxof
dC), 7.22-8.31 (s or d, 42H, 42xAr-H from 8xdG(H8PxdA(H8), 10xdA(H2), 7xdC(H6) and
7xdT(H6)). The H3 sugar ring proton regions (4&@- ppm) were not analysed due to

suppression of residual water signal at 4.78ppm.

Conjugate 5'-h-9/16: MALDI-MS: m/z= 12999 [M+H] (MW = 12997calcd. for5’-h-9/16).
'H NMR (DO, 400 MHz): 5 0.62-0.93 (m, 24H, LeuH 1.11-1.47 (m, 12H, 6xCH

6



(aminohexy! linker)), 1.49-2.18 (m, 55H, 9xglef 9xdT, 8xArg-H, 8xArg-H!, 8xLeu-H,
4xLeu-H), 2.03 (s, 3H, Ch), 2.31-2.92 (m, 76H, 38xH2’ and 38xH2" sugargiprotons),
3.05-3.14 (m, 8H, 8xArg-}, 3.72-4.55 (m, 126H, 3814’, 38xH5'and 38&H5" sugar ring
protons, 4 x Gly-H, 8 x Leu/Arg-H, 5.52-6.53 (m, 46H, 38xH1’ sugar ring protonsH8xof
dC), 7.22-8.31 (s or d, 50H, 50xAr-H from 9xdG(H82xdA(H8), 12xdA(H2), 8xdC(H6) and
9xdT(H6)). The H3 sugar ring proton regions (4&&- ppm) were not analysed due to

suppression of residual water signal at 4.78ppm.

Conjugate 5'-luc-h-9/14: MALDI-MS: m/z= 12429 [M+Na] (MW = 12399calcd. for5'-luc-
h-9/14). *H NMR (D;O, 400 MHz):5 0.62-0.93 (m, 24H, Leu-Hi 1.11-1.47 (m, 12H, 6xCH
(aminohexyl linker)), 1.49-2.18 (m, 46H, 6xgléf 6xdT, 8xArg-H, 8xArg-H!, 8xLeu-H,
4xLeu-H), 2.03 (s, 3H, Chk), 2.31-2.92 (m, 72H, 36xH2’ and 36xH2"” sugargiprotons),
3.05-3.14 (m, 8H, 8xArg-}, 3.72-4.55 (m, 120H, 3614’, 36xH5’and 36H5" sugar ring
protons, 4 x Gly-H, 8 x Leu/Arg-H, 5.52-6.53 (m, 44H, 36xH1’ sugar ring protonsH8xof
dC), 7.22-8.31 (s or d, 49H, 48%xAr-H from 9xdG(H83xdA(H8), 13xdA(H2), 8xdC(H6) and
6xdT(H6)). The H3 sugar ring proton regions (4&@- ppm) were not analysed due to

suppression of residual water signal at 4.78ppm.
2.7. 5-RNA labelling

MiR-21 5-UAGCUUAUCAGACUGAUGUUGA-3 was synthesizetdy Dr. Maria I.
Meschaninova (ICBFM SB RAS). 5'-end labelling us[itP]ATP and T4 polynucleotide kinase
(Thermo Scientific, USA) and isolation ofP]-miR-21 was carried out according to procedure

previously described in [55, 77].
2.8. Gel-retardation assay

The reaction mixture (10 pl) containing 50 mM THE&!, pH 7.0, 0.2 M KCl and 1 mM
EDTA, 6000 cpm (Cherenkov’s counting) 6fff]-miR-21, 1uM unlabeled miR-21, antisense
oligonucleotide (asON) at a concentration rangingmf 0.5 to 100uM or conjugate at a
concentration ranging from 1 to 504, was incubated at 37°C for 1 h and quenched llyngd
of a loading buffer (20% ficoll, 0.025% bromophebbie, 0.025% xylene cyanol). The samples
were loaded onto the running gel immediately afiggnching of the reaction with an interval of
2 min. Formation of the complex miR-21/asON or n2Reonjugate was analyzed by
electrophoresis in 12% native PAAG at 4°C. The gedse analyzed using Molecular Imager
FX. The extent of binding of oligonucleotide to m2® was determined as a ratio of

radioactivity measured in the complex to the taddioactivity applied onto the gel lane.



2.9. Ribonuclease activity assay

The reaction mixture (5 pl) contained 8000 cpm (€hkov’s counting) of ¥P]-miR-21,
1 uM unlabeled miR-21 and one of the conjugates aireentration ranging from 1 to 50V,
50 mM Tris-HCI, pH 7.0, 0.2 M KCI, 1 mM EDTA. Theirture was incubated at 37°C (for
various times) and quenched by precipitation of RN 2% LiCIO, in acetone (50 ul). RNA
was collected by centrifugation and dissolved ediog buffer (8 M urea, 0.025% bromophenol
blue, 0.025% xylene cyanol). RNA cleavage prodwetse analyzed in 18% PAAG/8M urea
using TBE (100 mM Tris-borate, pH 8.3, 2 mM EDTA) minning buffer. To identify cleavage
sites, an imidazole and T1-ladders produced bygdd&®NA cleavage with 2 M imidazole buffer
(pH 7.0) [56] and with RNase T1 [57], respectiveliere run in parallel. To obtain quantitative
data, gels were dried and analyzed using Moleclteager FX. The total extent of RNA
cleavage and the extent of RNA cleavage at eadhidhl site were determineQuantity One

software.
2.10. Molecular Modelling

Computational studies were performed with AMBER JIYAMBER 14 and
AMBERTOOLS 15 [58]) and MOE 2014.09 [59] molecutapdelling packages. The initial 3D
conformation of the complex betwedit+h-6/14 conjugate and miR-21 was generated via
assembly of distinct components: the RNA-DNA hyltamlible helix was modelled in the type-
A form using the make-na online server (http:/fstinee.usc.edu/make-na/server.htm). The
hairpin structure was modelled from a NMR struct¢rDB code 2K71 [60]). An initial

conformation of the peptide component was generéteoh homology using the SWISS-
MODEL online server [61]. Finally, the linker moyepining the peptide to the oligonucleotide
was modelled in and the components of the compkserabled via xLEaP. For molecular
dynamics (MD) simulations, parameters were assigoetthe complex from the ff14SBonlysc
[62] and GAFF force fields [63]. The complex was$vated using the generalised Born implicit
solvation model (igh=5) [64] with a Debye-Huckeltsancentration of 0.2 M. MD simulations
employed SHAKE on all atoms involving hydrogen [@blimestep of 2 fs and a cut-off of 999
A for non-bonded interactions. Temperature was rotlatl using Langevin dynamics with a
collision frequency of 2 ps. Subsequent to stepwataxation of solute constraints, the solvated
complex was equilibrated for 10 ns. A production af 1 us was then acquired. Coordinates and
energies were saved for analysis every ps. Sinoalaitivere performed using thenemd.CUDA
module of the AMBER 14 software package.



2.11. Transfection of tumour cells with conjugates

Mouse lymphosarcoma cells RlgSwere placed in a serum-free Iscove's Modified
Dulbecco's Medium (IMDM) into 24-well plates immatkly before transfection. The cells were
incubated at 37°C in a humidified atmosphere wh GO, for 4 h with 1 uM asONp’-h-9/14,
or conjugates’-h-9/14, or control conjugatéuc-h-9/14 precomplexed with Lipofectamine 2000
(Invitrogen, USA) in an Opti-MEM medium. Then theedium was replaced with a culture
medium containing 10% fetal bovine serum (FBS) d8d antibiotic antimycotic solution
(10 000ug/ml streptomycin, 10 000 IU/ml penicillin, and a§/ml amphotericin), and the cells
were cultivated for 24 — 72 h under the same cawdit At time points 24, 48 and 72 h, total
RNA was isolated from the cells using TRIzol Redg@nvitrogen, USA) according to the
manufacturer’s protocol. At the time point 48 hll ¢gsates were prepared using RIPA buffer
(Thermo Scientific, USA).

2.12. qPCR

Expression of miRNA in RL§ cells was analyzed using stem-loop PCR techndl6gy
67]. cDNA synthesis was carried out using SupepBdii reverse transcriptase (SSlll RT,
Invitrogen, USA) as previously described [68]. TR€ and PCR primers used in the study are
presented in Table S1, “Supplementary data”. PCRIliioation was carried out in a total
volume of 20 ul using Maxima Hot Start Taqg DNA polrase (Thermo Scientific, USA),
1xPCR Buffer, 1.5 mM MgGJ 0.2 mM dNTPs, 1xEvaGreen (Biotium, Hayward, USa#jd 0.2
mM of PCR sense and antisense primers. The reastisnperformed with initial preheating at
94°C for 4 min and 40 cycles of 94°C for 40 s, 6G8€ 30 s, 72°C for 30 s, followed by a
melting point determination. The obtained PCR da¢se analyzed by standard Bio-Rad iQ5
v.2.0 software. For each sample, the thresholdecy€t) was determined. Quantitative
assessment of the level of transcripts representadind relative miRNA expression was

performed by comparing the Ct values for miRNA asférences U6 andpl3Q
2.13. Western Blot

Cell lysates were separated in 12.5 % SDS-PAGE@mndferred to a PVDF membrane
using a semi-dry transfer. The membranes were btbékr 18 h in 3% nonfat dried milk in
TBST (20 mM Tris-HCI, pH 7.6, 137 mM NaCl, 0.1 % @&ean), and incubated with primary
antibodies against PDCD4 (ab79405, Abcam, UK, 1030é&nd reference protein GAPDH
(ab9485, Abcam, UK, 1:1000) at room temperatureIfdn. After three washes with TBST,

membranes were incubated with secondary HRP-cotgdggoat anti-rabbit antibodies (ab6721,



Abcam, UK) at room temperature for 1 h. After thveeshes with TBST, proteins were detected

using Chemiluminescent Reagent (ab79907, Abcam, UK)
2.14. MTT-test and doubling time determination

The influence of oligonucleotid®’-h-9/14 and conjugaté’-h-9/14 on the proliferation
activity of RLS cells was tested by MTT assay [69] and evaluatibthe cell doubling time.
After transfection with the conjugates, Rk$ells were seeded into 96-well plates and incubate
for 72 h under standard conditions at 37°C in aidified atmosphere with 5% GOMTT assay
was performed as described in [70]. To evaluatec#iedoubling time, at 4 h and 72 h after
transfection the number of cells was counted witlcydometer. The doubling time was
determined by the calculation of the number of diogbaccording to the equation: n = 3.32 x
log(x1/x0), where n is the number of doubling, £Ghe number of cells at the starting point, x1

is the number of cells at 72 h after transfection.
2.15. Statistics

The data obtained were statistically processedgusime-way ANOVA and post-hoc
Tukey test (p<0.05). The statistics packa§d@ ATISTICAsersion 10.0 was used for this analysis.

3. Results
3.1. Design of miR-21 targeted oligonucleotides arnmkptide-oligonucleotide conjugates

Among the many miRNAs already identified as reguiatof neoplastic transformation
and tumorigenesis, miR-21 has emerged as a key AiRWMich is dysregulated and
overexpressed in major types of tumour and immiagdleukaryotic cell lines. Indeed, miR-21
has been found to be implicated in almost evergeanetwork [71-74]. Thus miR-21 represents
an attractive target for anticancer therapy, wiisranhibition could greatly reduce the malignant
potential of tumour cells. For this reason, we ¢éaniR-21 using POCs to perform selective
silencing of this miRNA. Moreover, our targetamiR-21 ofHomo sapiengdenoted from this
point as miR-21) has 100% homology with the segaeicnmumiR-21 ofMus musculusThis
provides the option to carry out experiments iheithuman or mouse tumour models.

Taking into account that miR-21 is 22 nt in lendte limiting factor for anti-miRNA
POC design is the length of antisense oligonudedtin form (i) a stable duplex with the target
and (ii) to have potential cleavage sites in miR-21 this respect, the design of the
oligonucleotide part, to ensure selective and &ffedinding with the miRNA-target molecule,

is an important step in creating anti-miRNA POCs.
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As a guiding component in POCs, we explored argisesligonucleotides of different
length and structure.e. linear antisense oligonucleotides and hairpinasligcleotides designed
on the principle of primer generation used in steap PCR [67]. The hairpin oligonucleotides
consist of antisense sequences ranging from 106 tautleotides; hairpins containing a five-
nucleotide loop flanked by two GC pairs [75]; andaditional stem of 4 or 7 nucleotides, so
that the total length of the stem was 6 or 9 bg.(E). Upon binding with miRNA, additional
stabilization of the complex is achieved due tacefht stacking interactions. The complete list
of oligonucleotides, used for miR-21 targetinggigen in Table 1.

The miRNA-specific conjugates were constructed taseour previous design strategies
for the ‘single’ and ‘dual’ peptide-oligonucleotide conjugates [50, 51], whidmonstrated
efficient cleavage of the model RNA.€ yeast tRNA™. Such conjugates incorporated
unmodified oligodeoxyribonucleotide(s) complementén this RNA and a catalytic peptide
containing [Leu-Arg] building blocks, which act as a cleaving domaimcg the incorporation
of an extra glycine residue in the middle of thetmke chain consistently showed the highest
level of ribonuclease activity [50, 51], we selecthe corresponding peptide -[(LeuAs@)y].-
to generate these novel miRNA-specific conjugdBased on the experimental evidence that any
considerable changes in the conjugate structure. ¢hemical modifications of the
oligonucleotide part) may lead to a significantuettbn of the cleavage activity [44, 76, 77], in
this study we decided to preserve the ‘naturalasyghosphate backbone of the oligonucleotide
recognition moieties. Our previous studies ‘dtial’ conjugates [51] have illuminated an
importance of the conformational flexibility on thecleavage efficiency. Therefore, in this
research we incorporated a flexible aminohexyldmketween the oligonucleotide and peptide
to enhance overall conformational freedom for thilytic moiety. To achieve this, the catalytic
peptide was attacheda its C-terminus to the amine group of the aminohdxyer located
either at the 3'- or 5’- end of the oligonucleotiffeg. 1). In order to avoid undesirable peptide
self-conjugation and/or cyclization during the aen@upling reaction, the peptide was protected
at the Ntermini by anacetyl group to generate Acetyl-(LeuAsg3ly-(LeuArg)-Gly-COOH
sequence. The general structure of anti-miR-21 P@@sesented in Fig. 1 showing this new
type of conjugation, which has never been used rbefor synthesis ofsingle’ peptide-
oligonucleotide conjugates.

Two types of oligonucleotides were considered famjegate design: (1) 3’-aminohexyl
oligonucleotides, targeting the 3’-end of miR-2kede are intended to be conjugated with the
peptide at the 3’-end, in order to cleave linkagiethe 5-end of miRNA; and (2) 5’-aminohexyl
oligonucleotides, targeting the 5’-end of miR-2liede are intended to be conjugated with the

peptide at the 5’-end, in order to perform cleavalginkages at the 3’-end of miRNA.
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3.2. Selection of oligonucleotides for POCs synthss

To find the optimal addressing component in the P®W@uicture, screening of
oligodeoxyribonucleotides was performed to evaldlageefficiency of binding to the target. The
ability of the oligonucleotides to bind with 52P]-miR-21 (denoted after as *miR-21) was
analyzed at 37°C by gel-retardation assay (FigBR)ding efficacy of linear oligonucleotides
with miR-21 at equimolar concentrations stronglypeleds on the length of antisense part: we
observed an increase in hybridization extent frdfo&or 5’-14 to 98% for3’-16 and 5’-16.
Hairpin oligonucleotides with the length of complemary sequence of 10 — 12 nucleotides
exhibit poor binding with RNA. With the increaselength of complementary sequence to 14 —
16 nucleotides, a significant increase in bindirtget is observed, up to 97 — 100 %. We note
that duplex stabilization effect of the hairpin @chieved for oligonucleotides with
complementary sequence of 14 nucleotides: an isergabinding efficacy from 57% fdr'-14
to about 97% fob’-h-6/14 and5’-h-9/14was observed (Fig. 2). Nevertheless, elongaticinef
stem from 6 to 9 bp does not lead to significamrease in binding efficacy. In the case of
oligonucleotides with complementary sequence ohd@eotides, the duplex stabilization effect
of the hairpin is not so obvious because the bmeéiificacy of bothb’-16 and3’-16 reach 100%
at equimolar concentration.

Based on their hybridization properties, oligonotildes3'-16, 3'-h-6/16, 3'-h-9/16 5'-
h-6/14 5’-h-9/14, 5-16, 5'-h-6/16 and 5’-h-9/16 were chosen as addressing components for
synthesis of POCs. Hairpin oligonucleoti@eh-9/10, containing a 10-mer antisense sequence
with poor binding with miR-21, was also included feynthesis and used in the study as a
control. The synthesized conjugates have the sammemclature as corresponding
oligonucleotides, but shown in bold.

3.3. POCs synthesis and characterization

POCs, with the peptide acetyl-[(LeuAsGly]. attached to the aminohexyl linker located
at either the 5’- or 3’-end of the addressing atigcleotide via its C-terminal carboxylic group,
were synthesized, purified and characterized aseritbes! in ‘Materials and methods’ section.
The general structure of anti-miR-21 POCs and aragid sequence of the peptide are shown in
Fig. 1.

Peptide was synthesized using an Fmoc-Gly-Wang (€sterminal carboxylic acid) and
manual solid-phase methodology utilizing the comm@moc/tBu protocol. The detailed
information on synthesis and purification protodslgiven in [50].

An array of various POCs incorporating the samalgat peptide, but different miR-21
specific oligonucleotides (see Fig. 1 and Tablevéje synthesized by activation of C-terminal
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carboxylic group of the peptide with N,N'-dicyclotyicarbodiimide in the presence of 4-
dimethylaminopyridine under anhydrous conditionfie Tacetyl-protected N-terminus of the
peptide prevented the self-condensation of theigpThe activated peptide was added to the
DMSO-soluble cetyltrimethylammonium salt of oligmheotide and incubated as described in
‘Materials and methods’ section.

Various reaction conditions (e.g. reagent excessdumve, temperature, time) were
sequentially varied to find the optimum for conjtegield, with the biggest contributory factors
being minimal reaction volume and reagent exceat(dot shown). Conjugates were isolated
by precipitation with 4% LiClO4 (w/v) in acetone dapurified by RP-HPLC. Reproducible
yields between 70-90% were achieved. Identity amdtyp of the synthesized POCs have been
confirmed by RP-HPLC!H-NMR and mass spectrometry (see ‘Materials anchatt’ section

and Supplementary Information).
3.4. Hybridization properties of POCs

The ability of conjugates to hybridize with *miR-2das studied at 37°C by gel-
retardation assay. From the data shown in Fig.it34,apparent that at 5-fold excess, all studied
conjugates, except3’-h-9/10, bind to the target as efficiently as the corresjiog
oligonucleotides, demonstrating quantitative bigdi@onjugates3’-h-9/16 and5’-h-9/16 bind
to miR-21 with the formation of complexes of di#et stoichiometry (Fig. 3A). Detailed
analysis of the concentration dependencies showas thfie attachment of the peptide to an
oligonucleotide decreases binding with miR-21 (F3B): at equimolar concentration, the
binding efficiency of5’-h-9/14 is only one third of the binding efficiency of cesponding
oligonucleotide, but at 5-fold excess, the bindiridoth oligonucleotide and conjugate reaches
100%. The reduced hybridization properties of cgafas in comparison with parent
oligonucleotides could be explained by (at least) teasons. First, non-hybridized conjugates
may form intermolecular complexewia self-assembly induced by electrostatic interaction
between the positively charged peptide moiety of oonjugate molecule and the negatively
charged oligonucleotide motif fromlifferent molecular species. This molecular assembly may
decrease the effective concentration of monomeria fof conjugates in the solution, which is
essential for hybridization with miRNA target. Iddition, electrostatic interactions between the
arginine residues of the peptide and the phospiratgps of the oligonucleotide within tisame
conjugate molecule may stabiligetramolecular interactions and thus induce some folded
conformations, which could be detrimental for thgbidization of the conjugate with the

approaching miRNA target due to an induced starnidrance’.
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3.5. Site-selective ribonuclease activity of POCs

Site-selective miR-21 cleavage by POCs bearingigeptither at the 3’-end of the
corresponding oligonucleotide (denoted as 3'-coajeg) or the 5-end (denoted as 5'-
conjugates) was studied. This was performed at 20-feld excess of POC over RNA to ensure
detection even for low cleavage extent. *miR-21 (1) was incubated with one of the
conjugates for 0 — 144 h. As a control of cleavagectivity, conjugat&’-h-9/10 (which was
shown to be unable to form a stable duplex with iR was used.

Analysis of miR-21 cleavage by 3’-conjugates shdhat cleavage activity of these
molecules is very low, even if a 50-fold excesstled conjugates is used. All 3’-conjugates
cleave miR-21 at a single linkage@ and cleavage efficacy does not exceed 5% in 1d4gh
S2). In spite of the fact that we do not detecimfation of stable complementary complex
between miR-21 and conjuga®&h-9/10, this compound also cleaves miR-21 at the s§€,G
with similar efficacy, thus raising the questionwvatfiether the cleavage occurs within a specific
POC/miR-21 complex (Fig. S2).

By contrast, 5’-conjugates exhibit high cleavagavéy (Fig. 4). The cleavage extent
was shown to vary from 57% to 99% at 20-fold exdes® h (Fig. 4, Table S2).

Conjugates’-16, 5’-h-6/14 and5’-h-9/14 seem to be the most efficient and were found
to cleave about 65 — 85% of miR-21 in 24 h, whemagugate$’-h-6/16 and5’-h-9/16 cleave
only 18-20% of miR-21 for the same time intervalg(F4C, Table S2). Kinetic curves for
conjugatesh’-16, 5’-h-6/14 and5-h-9/14 plateau after 48 h at an RNA cleavage extent 93 —
99%. For the same time interval, the kinetics famjugates’-h-6/16 and5’-h-9/16 are linear or
close to linear and reach 57 and 45%, respect{¥aty 4C).

The half-lives calculated from the kinetics for payates5’-h-9/16 and 5’-h-6/16 are
43.7+1.2 and 59.9+2.0 h respectively (Fig. 4D, €aBR), whereas the rates of miR-21 cleavage
by conjugates5’-16, 5-h-6/14 and 5’-h-9/14 are significantly higher — the half-lives are
15.1+0.2, 10.0+£0.17 and 17+0.4 h, respectively ([@ &2).

Figure 4D shows the concentration dependenciesii@fah cleavage by POCs at time
point 24 h. The most active POG516, 5'-h-6/14 and5’-h-9/14 exhibit similar dependencies,
with a plateau reached at a POC concentration ofitab0 — 20 puM. Interestingly, at this time
point in concentration range 20 — 50 uM, the maximextent of miR-21 cleavage does not
exceed 60-65% (Fig. 4D). These data show that cexriprmation is not the rate limiting step
of site-selective RNA cleavage. Significantly lessive POCs display a linear concentration
dependencyH-h-9/16) or a curve which plateaus at 20 uM of POC comaéioh 6’-h-6/16)
when RNA cleavage is 20%. Thus, comparison of kisetnd concentration dependencies for
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these POCs shows that the behavios’'di-6/16 is similar to the most active conjugates &nd
h-9/16 exhibits a strong dependence of cleavage extestuseoncentration (linear curve), while
the kinetics has a tendency to plateau.

Depending on the length of antisense componenO&s two or three cleavage sites are
detected (Fig. 4A, 4B). Within the first two hougsgrallel and independent cleavage of three
linkages, GsA1s GisUig and GiAz,, for 14-mer conjugateS’-h-6/14, 5’-h-9/14 appear; and
two linkages emerge, &J10 and G1A»,, for conjugates with a longer antisense p&a6, 5'-h-
6/16,5-h-9/16 (Fig. 4A, 4B, Fig. S3). Up to 72 h, the linkagesdted closer to the peptide are
the main cleavage sites (63 — 68% of cleavage);amnthe distance from the peptide to the
linkage increases, the cleavage intensity drops5h-6/14 GisA16 >> GigUig >> GyAL; for
5'-h-6/16 G1gU19 >> Gy1A; (Fig. 4A, 4B).

3.6. Ribonuclease activity of control non-complemeary POCs against miR-21

In order to evaluate the biological activity of ééped miRNases, the control conjugate
5’-luc-h-9/14 was synthesizetlased on the same design concept as that of theged®5’-h-
9/14. However, the oligonucleotide part of theluc-h-9/14 control conjugate was replaced with
the fragment of firefly luciferase gene, sequen€ewhbich is not found in the mammalian
genome. The cleavage of miR-21 by control non-cemgintary conjugat&’-luc-h-9/14 was
studied.

It was revealed that in the absence of complemgrgaquence within the target, the
conjugate5’-luc-h-9/14 was also able to cleave the substrate, but withhnomer efficiency.
The cleavage of miR-21 by this conjugate was oleskat all G-X linkages along the RNA
molecule with similar kinetics (Fig. 5), whereas tbleavage of miR-21 with the sequence-
specific conjugat®&’-h-9/14 occurs in a different manner, with the most efiexgcission at G-X
bonds which is closest to the peptide location. diaysis of concentration dependencies shows
that the total cleavage extent of miR-21 by non{gl@mentary conjugat®&’-luc-h-9/14 is
approximately 2-fold lower than by the miR-21 sfiectonjugates’-h-9/14 (Fig. 5).

This suggests that, in the absence of complemgntaonjugates’-luc-h-9/14 behaves
as a usual non-specific ribonuclease, which wergbden earlier works [76, 77]. This could be
attributed to some type of opportunistic cleavagend transient electrostatic interactions or
imperfect hydrogen bonding between the ribonuclemsg@ RNA substrate. As soon as the
complementary stretch appears within the target,rtbn-specific behavior is controlled, and the

conjugate has no other choice than to cleave slestvely.
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3.7. Molecular modelling

In order to obtain insight into putative conjugatd®-21 structures, a model of tb&h-
6/14 /miR-21 complex was constructed using homology BIMR structural information (see
‘Materials and Methods’). A subsequent microsecomalecular dynamics simulation of the
complex was performed, with the effect of aquealsadion incorporated via generalized Born
implicit water. The backbone RMSD of the compleabdlizes after 0.2us, with a minor
subsequent shift at 0.6 (Fig. S4). The duplex and hairpin structures ranmact throughout
the simulation (Fig. S5). The peptide moiety, AcCet(Arg)-Gly-(LeuArg)-Gly-COOH, forms
persistent interactions with miR-21 (Fig. 6A, 6Bldfig. S5).

Specifically, the arginine residues form a netwofkionic interactions with backbone
phosphate groups in the 15-22 region of miR-21 .(lB4, 6B). Of particular interest, the
guanidino sidechains of Args and ArglO (see Fig. foaB amino acids numbering) interact
strongly with the phosphate oxygens of theAGs site, the site which provides the major ‘end-
point’ cleavage product after 48 h of incubatiomdded, at Jus, there are Argl0 H and H,,
distances to a {8A1s P=0O oxygen atom of 1.93 and 2.34 A respectivety; Arg5, these
distances, to the other P=0O oxygen, are 1.68 a@ &.(Fig. 6A, 6B; Fig. S6). Interestingly,
ancillary hydrogen bonding interactions of the Abgdidechain with the Nand carbonyl O
atoms of Gs are also evident from the simulation (Fig. S7). Hnift in RMSD at 0.65us
corresponds to the involvement of Arg5 in intenagtiith the GsA1s phosphate backbone (Fig.
S6B) with reduced engagement of Arg8 with the @5 (Fig. S8).

Following Soukup and Breaker [78], it is possible éstimate a propensity for
phosphodiester cleavage based on anglefined by the oxygen atom of the 2’-hydroxyl goo
the phosphorus atom and the oxygen atom of thertilep®’-group; and on distanakbetween
the 2’-hydroxyl group and the phosphorus atom. We here that relatively favorable values of
T andd can be achieved at the4&;5 site in the simulation, although not predomindig( 6C,
6D). Based on simultaneously samplednd d values from the trajectory of 133° of 3.3 A
respectively, a computed in-line fitneS<f 0.51 is obtained using the equation of Soukugh a
Breaker (where & value of 1 indicates the highest possible predigjpm towards cleavage, and
0 least disposed) [78]. We do note however othesrible in-line conformations are achievable
at other phosphate linkages in the 15-22 regiormd®-21. For example, during the MD
simulation, a t, d) orientation of (153°, 2.9 A) is achieved at theg\@g site, the second
preferred site of cleavage found experimentally.(Bi and S9), yielding an in-line fitnebsof
0.86. Indeed, complete sampling of the complex agk{g) of ionic contacts may be to some
extent limited here by the use of an implicit solivenodel, which could overestimate the
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stability of these interactions [79]. While futuveork could consider more computationally
demanding explicit solvent calculations, this malac dynamics simulation nevertheless is

indicative of potentially reactive conformationstbé conjugate in its hybrid with miR-21.
3.8. Effect of conjugate 5’-h-9/14 on the level ohiR-21 in lymphosarcoma cells RL%

From the point of view of therapeutic importandee principal question is to ascertain
whether the developed miRNases are able to inaetméR-21 in the biological system.

The intracellular accumulation of therapeutic coomuis is a very important point. For
this reason prior to cellular experiments the aadation of FITC-labeled peptide-
oligonucleotide conjugat®&-h-9/14 (FITC-5’-h-9/14) in murine lymphosarcoma cells Rig&nd
human cervical cancer cells KB-8-5 mediated by faptamine 2000 was studied using flow
cytometry and confocal microscopy. Recently, weehahown that the treatment of murine
lymphosarcoma cells with Lipofectamine decreased fproliferation rate by no more than 10%,
which was within the experimental error of MTT as§20]. We found that 4 h after transfection
of cells with 1 uM FITC5’-h-9/14/Lipofectamine lipoplexes, 87% of RkLscells and 86% of
KB-8-5 cells became FITC-positive with the averagd fluorescence of 12.6 and 40 RFU for
RLS; and KB-8-5 cells, respectively (Fig. S10). Thefatiénce in RFU values between the
studied cells can be attributed to the dissimyaritthe cell size. Indeed, human KB-8-5 cells are
considerably larger then RLscells, and thus accumulate greater amount of FFO& leading
to a stronger fluorescence signal in comparisom wiurine cells. It was also shown in these
experiments that in the absence of the transfeagent FITC5’-h-9/14 was able to penetrate
aprox. 2 % of cells only.

Confocal microscopy showed that FIBGh-9/14-POC/Lipofectamine lipoplexes are
effectively accumulated in the cytoplasm of KB-8dlls 4 h after transfection, but did not enter
the nucleus (Fig. S11). Thus, both flow cytometng a&onfocal microscopy showed that the
conjugation of oligonucleotides with short peptidesither noticeably affect the lipoplexes
formation nor alter their cellular localization.

The ability of the conjugates to affect miR-21 lewe tumour cells was tested using
conjugates5’-h-6/14 and 5’-h-9/14 and mouse lymphosarcoma cells RL$0], which are
characterized by elevated levels of miR-21. The ceatration dependence of miR-21
suppression in tumor cells by the conjugatd-6/14 (0.1 — 5 pM) 24 h after transfection of
cells with the conjugate/Lipofectamine complexeasuged by stem-loop qPCR is shown in Fig.
S12. It can be seen that control conjudgtkic-h-9/14 did not decrease miR-21 level, whereas
even a 0.5 uM concentration Bfh-6/14 resulted in a noticeable decrease in miR-21. Thstm

effective dose was found to be 1 uM, and any furitherease irb’-h-6/14 concentration from 1
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to 5 uM did not affect the efficiency of miR-21 esicing. Based on this data, 1 yuM
concentration of the conjugate was chosen forrgsts biological activity in the following
experiments.

In experiments on the kinetics of miR-21 suppres§tc.Sy cells were transfected with 1
uM oligonucleotide5’-h-9/14, control conjugaté’-luc-h-9/14 or anti-miR-21 conjugat&’-h-
9/14 precomplexed with Lipofectamine 2000 and the lefeiniR-21 was evaluated at 24, 48
and 72 h after transfection using stem-loop gPChalysis of qPCR data (Fig. 7A) shows that
24 h post transfection, conjugdieh-9/14 provides more than a two-fold reduction in miR-21
level in tumour cells; this is statistically sigodnt in comparison with all groupp=£0.0002for
5-h-9/14 vs control, LF and5’-h-9/14 asON;p=0.0003for 5’-h-9/14 vs 5’-luc-h-9/14) and to
the time point 72 h the level of miRNA is restored80% from the initial level (Fig. 7A).
Conjugates’-luc-h-9/14 causes only a slight reduction in the level of f8iRseen at 24 h after
transfection, and this difference is statisticatigignificant (Fig. 7A). The asON'-h-9/14 does
not decrease miR-21 levels or it cannot be detdnyegPCR analysis (Fig. 7A).

To confirm the specificity of miR-21 silencing blyet conjugate, the level of the other
MiRNAs, let7-g, miR-17 and miR-18a was also momitbrThe study of expression of let7-g,
miR-17 and miR-18a in RLg cells shows that there is no statistically sigmifit decrease in the
level of miRNAs after transfection, confirming tlselectivity of miR-21 silencing with the
conjugateb’-h-9/14 (Fig. 7B, Fig. S13).

3.9. Effect of conjugate 5’-h-9/14 on the level ahiR-21 protein target PDCD4 in RLSy

lymphosarcoma cells

The decrease in the level of oncogenic miR-21 mawr cells under the effect of the
conjugate should promote the restoration of noractivity of tumour-suppressive target genes
of miR-21 and as a consequence their protein ptedudue to the decline in miRNA
concentration in the cells, changes in the leveltasfiet proteins are usually observed in
approximately 48—72 h. In order to determine ifréheas any alteration in the level of protein
PDCD4, the direct target of miR-21, Western blatlgsis was performed 48 h after transfection
of RLSyo cells with 1 uM oligonucleotide5’-h-9/14, control conjugatés’-luc-h-9/14 or anti-
miR-21 conjugaté’-h-9/14 (Fig. 7C, 7D). The data obtained show that therea statistically
significant change in the level of PDCD4 in tumaetls incubated with control conjugafe
luc-h-9/14 or antisense oligonucleotideé-h-9/14 By contrast, in the cells incubated with anti-
miR-21 conjugates’-h-9/14 (when the reduction in miR-21 level is observetie level of
PDCD4 increases 1.9-fold in comparison with conffig. 7C, 7D).

3.10. Effect of conjugate 5’-h-9/14 on proliferatie potential of RLS,o lymphosarcoma cells
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The decrease in the level of oncogenic miR-21 @adtivation of its target proteins in
tumour cells under the effect of the conjugate shoeverse the malignant behavior of tumour
cells, in particular inhibiting cell growth, indu@ apoptosis and reducing the invasive and
migratory properties of the cells. To assess tlesgce of conjugate-mediated effects on the
behavior of tumour cells, we examined the abilityummour cells to proliferate after exposure to
anti-miR-21 conjugate. For this purpose Rd.&ells were transfected with M oligonucleotide
5-h-9/14, control conjugate 5’-luc-h-9/14 or anti-miR-21 conjugate5’-h-9/14 using
Lipofectamine 2000. To determine the growth raté/ofphosarcoma cells, the doubling time of
cell populations was calculated by counting the bemnof cells 72 h after transfection. Data
analysis shows that cell doubling time for intatiSz cells is 22.3+0.7 h. For cells treated with
Lipofectamine 2000 or control conjugdieluc-h-9/14, this parameter is 22.7+0.9 and 22.9£1.0
h, respectively. Transfection of RS ells with anti-miR-21 antisense oligonucleotidén-9/14
results in an increase in the cell doubling time%07+1.0 h. The most noticeable decrease in
cell growth rate is observed for cells treated vatiti-miR-21 conjugat®&’-h-9/14, where the
cell doubling time increases to 1.4-fold and is332.2 h. The data obtained are supported by an
analysis of the proliferative properties of lympaoma cells by MTT assay (Fig. 7E). Data
analysis reveals that transfection of cells withdfectamine 2000 or control conjug&euc-h-
9/14 causes to no statistically significant change heirt proliferative properties. Antisense
oligonucleotide exerts a 30% suppression of pnaifen of lymphosarcoma cellp£0.00012
for 5-h-9/14 asON v<ontrol, Fig. 7E). In the case of conjugd&eh-9/14, the viability of
tumour cells falls to 50% as compared to contraijegate p=0.0003for 5’-h-9/14 vs control,

Fig. 7E) and the effect is 1.4-fold stronger as parad with antisense oligonucleotige=0.05
for 5’-h-9/14 vs5’-h-9/14 asONFig. 7E).

4. Discussion

The present investigation is focused on the dewvedopt of metal-free miRNA-specific
peptide-oligonucleotide conjugates, intended foRNA degradation and silencing in tumour
cells without the need for exogenous specieg( metal ions). To date, the main method for
mMiRNA inhibition is antisense technology that uséigonucleotides complementary to miRNA
for performing either RNA degradation by endogenBINase H or steric blockage. The latter
mechanism of action is more prevalent because datnmmodifications required for
improvement of nuclease stability and affinity dgonucleotides to the target molecule lead to

a loss of the ability to recruit endogenous RNasebtt provide steric blockage of target
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mMiRNA. Nevertheless the approaches aimed at desinucf mMIRNAs seem to be preferable due
to irreversibility and therefore higher efficiency.

MiRNA-specific POCs, termed ‘miRNases’, represehihrid technology that combines
(i) specific recognition and binding with targetRNA via antisense oligonucleotide and (i)
cleavage by the conjugated artificial ribonucledeceding investigations of sequence-specific
artificial ribonucleases have been largely limitedthe use of model RNA targets (tRNAs,
synthetic RNA-substrates, etc.) [42-51, see revig®s54] with limited attempts to apply these
promising strategy to biologically or clinically lewant systems. Only a few examples of
biologically significant RNA molecules have beersci&ed [81, 82]. It has been reported ihat
vitro transcripts of 571- and 2977-nucleotide long humaaf-1 RNA were efficiently cleaved
by 2'-methoxyethoxy-modified oligonucleotides begria europium complex in a sequence
specific manner [81]. The scission technique based acridine-modified DNA and
lanthanide(lll) ion as a catalyst was shown to prtemsequence-specific cleavage of a 40-mer
fragment of human apolipoprotein E gene; this alldwdentification of a single nucleotide
polymorphism at the site of interest [82]. Applioat of sequence-specific conjugates in cell
culture has been explored only in a few studiespatestrating the advantage of applying of
conjugates against corresponding antisense oligeotides in modulating RNA [83, 84]. The
lanthanide macrocycle complex, Eu(THED)attached to antisense oligonucleotide potentiated
the inhibition of ICAM-1 protein expression in erHelial cells more efficiently than
unconjugated oligonucleotide [83]. Antisense phaspthioate oligonucleotide bearing the 5'-
imidazole group provided sequence-specific cleawdgecomplementary target sequence in the
gag mRNA from HIV-1 and inhibited the replication ofl#1 in MT-4 cells more effectively
than the parent antisense oligonucleotide [84].

Since miIRNA molecules are short, the design of-s#lective chemical nucleases for
MIiRNA targeting represents a challenging task: ppr@priate balance needs to be achieved
between the length of the miRNA-binding componesufficient for efficient complex
formation, and a fragment of RNA accessible foaeége by the conjugate.

To date, there is only one published work descgban miRNA-targeted metallo-
dependent ribonuclease [85]. Conjugates of pepiigddeic acid (PNA) — PEG-PNA-PEG -
with HGG-Cu or DETA as cleaving domains, targetedtite hsa-miR-1323, demonstrated
effective cleavage of RNA [85]. These conjugategagied with the miRNA molecule and
performed cleavage, with the release of one ornuaeotides from the 3’-end of the miRNA-
target (elongated by 5 nucleotides). In spite @aclsuccess demonstrated by these metal-

dependent artificial ribonucleases, they may pabntsuffer from the risk of metal-loss from
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the coordinating ligand and uncontrolled diffusmimetal ions, which may lead to degradation
of non-target biopolymers and cause undesirablieitgx

Here, for the first time we apply a metallo-indegent peptide-oligonucleotide chemical
ribonuclease towards a clinically relevant biol@jitarget — miRNA-21. The oligonucleotides of
two different structures were used for the desifjthe addressing domain of miRNA-targeting
POCs — linear and hairpin oligonucleotides with ldmggth of complementary part ranging from
10 to 16 nucleotides. The analysis of hybridizapooperties of oligonucleotides has shown that
oligonucleotides with a length less than 14 nuatiest are not suitable for conjugate engineering
due to very weak binding affinity for the target RA21l. We demonstrated that hairpin
oligonucleotides with a 14-mer complementary paltilat significantly enhanced hybridization
properties in comparison with linear ones; howewdongation of the stem in the hairpin
oligonucleotide from 6 to 9 nucleotides does nowpte any advantage for binding. The addition
of the hairpin to the 16-mer oligonucleotidsh-6/16 and 5’-h-9/16 does not increase its
binding affinity as the binding efficiency of lined6-mer oligonucleotide is almost 100%.
Therefore, linear and hairpin oligonucleotides wle length of the complementary part of 14
and 16 nucleotides were selected for POC synthesis.

Screening of the miR-21 cleaving activity of alkdged 3’- and 5-POCs was performed
under large excess of POCs over the target to enbat even faint cleavage would not be
missed. Analysis of ribonuclease activity of 3'-P©O€hows that this type of conjugate is not
able to perform effective miR-21 cleavage. We cssume that the conjugate, which is obtained
through attachment of the peptide at the 3'-endligbnucleotide, does not form the effective
intramolecular contacts between the oligonucleoidd peptide required for generation of a
catalytically active conformation. Analysis of rilmaclease activity of 5’-POCs shows that this
type of conjugate provides effective miR-21 cleavag G-X bonds exceptionally and that the
main cleavage sites are located near the poinepfige attachment. POGs 16, 5’-h-6/14 and
5'-h-9/14 are the most effective and the total cleavagenéxdiEmiR-21 by these POCs reaches
100% (Fig. 4, Table S2). Interestingly, PO&£-6/16 and5’-h-9/16, which bear the elongated
2 nucleotides RNA-binding part, cleave miR-21 leftciently: cleavage reached only 57-83%
(Fig. 4, Table S2). Several factors may be respbmsiRNA cleavage by the peptide-
oligonucleotide conjugate is a complex, multi-spepcess that involves (i) the hybridization via
Watson-Crick hydrogen bonding and (ii) the formatmf the catalytically-active conformation
followed by (iii) the catalytic act itself. Our rewt data [50, 51, 76, 77] clearly demonstrate that
even slight structural modifications of conjugafes. variations in oligonucleotide length and
composition as well as change of accessibility laaske composition of the RNA cleavage sites)

may dramatically affect the catalytic efficiencytbe such molecules. In the cases6h-6/16
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and5’-h-9/16 POCs, the antisense part of the conjugate wagaled from 14 to 16 nucleotide
residues thus leading to shortening of the targejlesstranded region of miR-21 within the
hybridized complex. It was shown earlier [51] thatrowing of the RNA single-stranded target
region upon binding with the conjugate may resulsubstantial decrease or even complete loss
of catalytic activity, presumably due to reducedfoomational freedom for the catalytic peptide.
Additionally, the most accessible bond to the ckegvby POCS’-h-6/14 and5’-h-9/14 seems

to be G-A, whereas POGs-h-6/16 and5’-h-9/16 tend to attack G-U bond due to elongation of
the oligonucleotide part, which is known to be lssnsitive to the cleavage by nucleases.
Finally, due to reduced conformational flexibilithe elongated duplexes miR-21h-9/16 and
miR-215’-h-6/16 may obstruct the formation of the-line conformation that is essential for
cleavage to occur [50, 51]. Although the ribonuséeactivity seen fds’-16, 5’-h-6/14 and5’-h-
9/14 conjugates is very similar, hairpin conjugates séime more advantageous for application
in cells. First, the only target of hairpin conjtgm is the mature miRNA molecule. Also,
whereas conjugat®&’-16 provides cleavage of the tail region of miRNA, pmates5’-h-6/14
and5’-h-9/14, possessing about the same efficiency of bindirthe miRNA-target, catalyze the
cleavage close to the middle part of the miRNA roole, which can result in the loss of mMiIRNA
function with higher probability and reliability.

The specificity of conjugates deserves speciahatie. The developed nucleases mimic
T1 RNase specificity and perform cleavage exclugiae G-X linkages within the RNA target.
Previously we have shown that when the peptide Uflrg).Gly], was attached to an
oligonucleotide through N-terminus with a linker zéro length, the conjugates demonstrated
Pyr-A specificity [50]. However, as soon as theetyyd conjugation is changed by introducing a
new attachment point.€. via peptide C-terminus) by incorporation of thexible linker into the
conjugate structure, the specificity of chemicatleases is switched to G-X. Previously, G-X
specificity of RNA cleavage was observed for spicidesigned non-site selective artificial
ribonuclease pep-9 [76, 77] and ‘dual’ conjugasegdted to tRNA, both contained long flexible
linkers, and the attachment via C- and N-termirfub® peptide was used [51].

It is worth considering in more detail the precksige-selectivity of the developed
conjugates: the most efficient cleavage is accahpti at the phosphodiester bonds adjacent to
the peptide attachment point and cleavage effigietecreases with the remoteness from the
reactive group. Nevertheless, we cannot rule omptetely the possibility of formation of
imperfect complexes of conjugates with RNA molesulet was revealed that non-
complementary conjugaté’-luc-h-9/14 performs non-site-selective cleavage of miR-21

however with much reduced efficiency (Fig. 5).
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The preferential specificity of RNA cleavage by POt phosphodiester bonds after
guanine residues can be explained by the highitgfir arginine to guanine. Arginine can form
hydrogen bonds with acceptor groups in the RNA ke such as phosphate oxygens, the 2'-
OH oxygen of ribose, and acceptor groups in nu@seb (Gua ©and N, UraQ, in the major
groove, Gua hland UraO; in the minor groove). Specific Arg-Gua recognitisias widely
shown. With the example of onconase, it was shdvan teplacement of Glu91 by an arginine
residue in an onconase binding centre that spafiifidinds with guanine nucleobase in
d(AUGA) increased the guanine preference and adfibrain onconase variant with the highest
known ka./Ky value [86]. A direct interaction between an angenresidue Argl144 in the active
site of E. coli prolyl-tRNA synthetase and the G72 residue inabeeptor stem of tRNA’ was
found to be a key contact providing the allostémteraction between the anticodon domain and
the aminoacylation active site [87]. It was showattthe structural basis for RNA recognition by
ZRANB2 protein was the formation of a special netwof hydrogen bonds between the GGU-
containing ssRNA-motif and Arg81 and Arg82 of ZRARIBia bidentate interactions of both
Gua with side chains of arginines [88].

Indeed, here from Jus molecular dynamics simulations of the hybridiz=mmplex
between5’-h-6/14 and miR-21, we found that strong interactions arened between the Arg5
and Argl10 sidechains of the peptide with the phasploxygens of the main cleavage site on
miR-21, Gs-Aie Additional hydrogen bonding by Argl0 with the Bnd Q atoms of Gs is
also observed over the course of the simulatiog. (A, 6B). The overall conformation of the
complex from the microsecond trajectory displagsttibinding of the oligonucleotide part of the
POC with the target RNA, forming a network of iosind hydrogen bonding contacts between
the peptide and nucleotide residues (Fig. 6A, @Bgimilar pattern of interactions was observed
for Gig-Usg (Fig. S9).

Experimental data showed that it is formation & tdomplex that leads to effective site-
selective cleavage, rather than cleavage fromisal(Fig. 5). Non-selective cleavage could take
place due to the binding of the arginine residueth® peptide with so-called arginine binding
sites, known to be GX or GGX motifs, especially GGdnformational stress of miRNA in the
sites of these non-sequence-selective POCs bindiad to proximity of the 2’-OH and
phosphate groups, with formation of am-fine’-like conformation that facilitates internal
transesterification. This process is not effectsieace only faint cleavage is observed aCs
and GiA,; sites.

The most significant result of this study lies e tfact that the developed conjugates are
able to reduce the level of miR-21 in tumour cellkis results in reactivation of target protein

PDCD4 and inhibition of cell proliferation (Fig..7At the same time, we do not observe a
23



decrease in the levels of miR-21 after tumor ceposure to asONo’-h-9/14. The study of
stability of asON and corresponding conjugate il1€erum shows that during the first 4 h
conjugate is approximately 2-fold more stable tha®N, and after this time both asON and
conjugate are completely degraded (Fig. S14). Tincsease in the serum stability of the
conjugate is not a reason to believe that the efiethe conjugate is based on the protective
effect of the peptide.

As a recognition domain in the structure of confjagawe used non-modified DNA
oligonucleotide, and the degradation of miRNA ie ttell can occur as a result of engaging of
intracellular RNase H. Our findings show that tbeel of specific downregulation of miR-21 by
the action of the conjugate is higher than theceftd antisense oligonucleotide. In this regard,
one question is whether the decrease in miR-21 lsuealized either (i) at the expense of the
conjugate’s ability to function or (i) we obsenan additive effect, composed of nuclease
activity of the conjugate and RNase H-mediated vdga of miRNA in heteroduplex.
Experiments on the cleavage of duplex miR52h/9/16 by RNase H show that the presence of
peptide in the miRNase scaffold affects RNase HA#igtand causes 2-fold decrease in miR-21
cleavage by RNase H within this complex. Nevertbelie total cleavage of miR-21 by RNase
H in complex miR-213'-h-9/16 is rather notable: 43% vs 97% in complex miR52h-9/16
(Fig. S15). The contribution of RNase H into thg@m@eation of miRNA in tumour cells can be
considered as a positive event, as we may assuahét tban facilitate dissociation of miR-21
fragments from the complex with the conjugate amdnmte the catalytic mode of action,
thereby enhancing the inhibitory effect of the cwgajte. Regardless of the possible RNase H
contribution to the intracellular activity of comgjate, the obtained effect is comparable with the
effect of anti-miRNA antisense oligonucleotides &hd studied in recent years. It has been
shown that chemically modified phosphorothioate 2r@-methyl oligonucleotides promote 2-
fold decrease in miR-21 levels in various cell $intkat leads to an increased expression of miR-
21 protein targets such as PDCD4, PTEN and TPM1pup3-fold [89, 90], 2.2-fold [91] and
1.4-fold [92], respectively. Comparing the resutstained earlier with the data obtained in this
work, it can be stated that the efficiency of eegired miRNases is not inferior to the activity of
the oligonucleotides previously proposed.

Due to the fact that we observed some cleavage iBF2h by non-complementary
(control) POC5’-luc-9/14 in vitro, it raises the question of off-target effects lné developed
miRNAses in cells. It is worth mentioning that clage of miR-21 by non-complementary
(control) POC was detected at relatively high coti@ion of the control conjugate (i.e. at 20-30
K1M), which corresponded to 20-30 molar excess @ftttnjugate over miR-21 substrate (1 uM).

In thein vitro andex vivoexperiments, the concentration of the conjugat®s neduced to 1 uM.
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At this concentration, the level of non-specifieatage of miR-21 witlb’-luc-9/14 did not
exceed 1-2%, which was comparable with the sponteBNA cleavage during the incubation.
Taking into account a very strong hybridizationirafy of the anti-miR-21 conjugates towards
the miR-21 driven by the fully complementary oligafeotide recognition motif incorporated in
their structure, we expect this non-specific clggvéo be minimized or completely avoided
Vivo, so that the targeted cleavage of miR-21 will duate catalysis.

In order to further confirm the absence of notideatff-target effect for the developed
POCs, we examined the expression levels of sewdrat miRNAs let7-g, miR-17 and miR-18a,
which do not contain sequences complementary teetlod the designed conjugates. From the
presented data (Fig. 7B and Fig. S13) it is seanthtere is no statistically significant difference
between the test samples and the controls. Moreaeecompared the expression profile of
several housekeeping genes, suclsapdh Ubc, Rpl3Q Hprtl, YwhazandUG6 in RLSy cells
after the treatment with POCs. To confirm the sitgbof the selected reference genes for all
studied samples (LHuc-h-9/14, 5’-h-9/14 asON and5’-h-9/14 POC) the M-values were
calculated (primary data not shown). We found thatdifferences between the genes were not
more than 10-15 %, confirming the absence of natifip effect of POC on gene expression.

Thus, designed miRNases performiedvitro cleavage of non-complementary RNA-
substrates exhibited no off-target effects whendiected into the cells: we show t&&th-9/16
has no effect on the levels of several miRNAs adl wae house-keeping genes while
downregulating target miR-21 (Fig. 7). This seblatyi is provided by high affinity of the
specifically designed oligonucleotides of the miRBl#0 the target RNA.

5. Conclusion

In this study, we design novel metallo-independentRNA-specific artificial
ribonucleases (‘miRNases’), incorporating oligomatide recognition motifs and catalytic
peptide. These miRNases were demonstrated to clsitereselectively their complementary
miRNA-target with high efficiency leading to a deti#ble, statistically significant reduction of
MiRNA level in tumour cells. This seems to triggesubsequent restoration of the expression of
miR-targeted proteins and negatively affect tumeelt proliferation. We also provided here a
structural insight into the interactions betweemRhases and miR-21 using molecular modelling
simulations to offer a design platform for futurevelopment of novel, more efficient structural
variants. Among the currently developed strategieented to suppress miRNA functioning,
miRNases may take its well-deserved place in &#ld ©f development of anti-miRNA agents as

an independent approach. Regarding future potemi&Nases may be a prospective candidate
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for drug development in cases where overexpressiqgrarticular miRNAs is associated with a

disease state.
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FIGURE LEGENDS

Fig. 1. The structure of anti-miR-21 peptide-oligonucldeticonjugates (POCsA. Schematic
representation of a general structure of anti-mIRP®Cs. Labels ‘10-16 n’, ‘16 n’ or ‘14-16 n’
indicate the length ranges of the antisense ‘reitiogh sequence used in different conjugates.
Label ‘6-9 n’ indicates the length range of thenstB-C. The chemical structure of the peptide
(pep) acetyl-(LeuArg)-Gly-(LeuArgl-Gly-COOH. The peptide was conjugated via the
carboxylic group of the C-terminus to the aminoHdixker, which was attached to either the 5
or 3-terminal phosphate of the antisense oligonucleaiasON) B andC, respectively). Amino
acids are designated by numbers which are usdatidanterpretation of the data from molecular

dynamics simulation.

Fig. 2. Hybridization of oligonucleotides with 5{P]-miR-21 (*miR-21). Autoradiograph of
12% native PAGE. *miR-21 {IM) and one of the oligonucleotides (M) were incubated at
37°C for 1 h. The samples were loaded onto theingngel immediately after quenching of the

reaction with an interval of 2 min.

Fig. 3. Hybridization of POCs and corresponding addressligpnucleotides with *miR-21A.
Autoradiograph of 12% native PAGE. *miR-21 (1 pM)daconjugates or oligonucleotides (5
HM) were incubated at 37°C for 20 min. The samplese loaded onto the running gel
immediately after quenching of the reaction withiaterval of 2 min.B. The concentration
dependency of binding of oligonucleotieh-9/14 or conjugates’-h-9/14 with miR-21. *miR-

21 (1 pM) and oligonucleotide or conjugate in diigt concentrations were incubated at 37°C

for 20 min.

Fig. 4. Kinetic and concentration analysis of *miR-21 ol@age by 5’-conjugatesA.
Autoradiograph of 18% polyacrylamide/8 M urea dednes Im and T1, imidazole ladder and
partial RNA digestion with RNase T1, respectivélpntrol — RNA incubated in the absence of
conjugate for 0 and 72 h. *miR-21 (1 uM) and 5 -gmates (20 uM) were incubated at 37°C
for 0 — 72 h. The conjugate type and incubatioretame shown at the top. Positions of miR-
21 cleavage induced by 5’-conjugats-6/16 and5’-h-6/14 (indicated by arrows)C. Kinetics

of *miR-21 cleavage by conjugates. *miR-21 (1 pNMdaone of the conjugates (20 uM) were
incubated at 37°C for 0 — 72 B. Concentration dependence of *miR-21 cleavag&aitime
point 24 h. *miR-21 (1 uM) and conjugates (1 — 9@)were incubated at 37°C for 24 h.

Fig. 5. Concentration analysis of miR-21 cleavage by complgary conjugat®&’-h-9/14 and
non-complemantery conjugabéluc-9/14. A. Autoradiograph of 18% polyacrylamide/8 M urea
gel. Lanes Im and T1, imidazole ladder and paRidA digestion with RNase T1, respectively.
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C — RNA'incubated in the absence of conjugate 4on.2miR-21 (1 uM) and conjugates (1 — 20
HM) were incubated at 37 °C for 24B. Concentration dependency of *miR-21 cleavage at th

time point 24 h.

Fig. 6. Results of the molecular dynamics simulation & 5hh-6/14/miR-21 complex A, B.
Structure of5’-h-6/14 complex with miR-21 after Jus of molecular dynamics simulation in
implicit solvent, viewed from two alternative ortations. For5’-h-6/14, oligonucleotide in
white, Leu residues in yellow, Gly in white and Arg atom type. For miR-21 residues 1-14 in
pink; for residues 15-22, Ade in purple, Ura ingreand Gua in mauve. The two parts of the
system folded together in a compact sphericaldikape at the end of the double helix due to the
network of electrostatic interactions involving @ogroups in the two parts of the system: salt
bridges between the arginine guanidino and RNA pha® groups, and hydrogen bonds

involving arginine side chains, base polar atont sugar hydroxylsC. Distribution of angle

over the Jus simulationD. O2’ [Gyg]---P[A1¢] distanced over the 1us simulation.

Fig. 7. Biological activity of the conjugat®’-h-9/14 in RLS,o lymphosarcoma cells. Expression
level of miR-21 A) and let7-g B) in RLSy, cells after transfection with 1 uM of antisense
oligonucleotide5’-h-9/14, control conjugatduc-h-9/14 and anti-miR-21 conjugat®&’-h-9/14.
Transfection was performed using Lipofectamine 200B — RLS, cells incubated with
Lipofectamine 2000 only. The expression of miRNAaswnormalized tdJ6 and Rpl3Q C.
Western blot analysis of PDCD4 48 h after trangbectGAPDH served as an internal control. 1
— intact RLSg cell; 2 — RLS cells incubated with Lipofectamine 2000; 3, 4, RESy cells
incubated with 1 uM control conjugdtec-h-9/14, antisense oligonucleotide-h-9/14, and anti-
miR-21 conjugat&’-h-9/14, respectivelyD. The bar graph shows the semi-quantitative analysis
of the western blot results for PDCDE. Proliferative potential of RLg cells 72 h after
transfection with 1 uM of antisense oligonucleotidédn-9/14, control conjugatéuc-h-9/14 and
anti-miR-21 conjugat®&’-h-9/14. Data are given as medians calculated from thrdependent

experiments.
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Table 1.0Oligodeoxyribonucleotides used in the study: seqas and nomenclature.

Name Oligodeoxyribonucleotide sequence+{563’)

3-16 TCAACATCAGTCTGAT

5'-14 TCAGTCTGATAAGC

5'-16 TCAGTCTGATAAGCTA

5’-h-6/10 TGATAAGCTAGTCAGCGAAAGCTGAC

5-h-9/10 TGATAAGCTACAAGTCAGCGAAAGCTGACTTG
5'-h-6/12 TCTGATAAGCTAGTCAGCGAAAGCTGAC

5-h-9/12 TCTGATAAGCTACAAGTCAGCGAAAGCTGACTTG
5-h-6/14 AGTCTGATAAGCTAGTCAGCGAAAGCTGAC

5-h-9/14 AGTCTGATAAGCTACAAGTCAGCGAAAGCTGACTTG
5'-h-6/16 TCAGTCTGATAAGCTAGTCAGCGAAAGCTGAC
5-h-9/16 TCAGTCTGATAAGCTACAAGTCAGCGAAAGCTGACTTG
3’-h-6/16 GTCAGCGAAAGCTGACTCAACATCAGTCTGAT
3’-h-9/16 CAAGTCAGCGAAAGCTGACTTGTCAACATCAGTCTGAT
3’-h-9/10 CAAGTCAGCGAAAGCTGACTTGTCAACATCAG
5'-luc-h-9/14 CGATAAATAACGCGCAAGTCAGCGAAAGCTGACTTG

Regular font — sequence complementary to miR-21dedimed font — a hairpin.

Oligonucleotides were designated as follo@/s:or 5’ indicates the end of oligonucleotide used

further for conjugation with a peptidk;indicates the presence of a hairpin in the strectuor

9 indicates the length of the stem; and the labedsnfl0 to 16 indicate the length of the

antisense sequence complementary to miR-21. Inekiethe names of oligonucleotides are

shown in italic and synthesized conjugates have stime nomenclature as corresponding

oligonucleotides, but shown in bold.
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Fig. 1. The structure of anti-miR-21 peptide-oligonucldeticonjugates (POCsA. Schematic
representation of a general structure of anti-mlRP®DCs. Labels ‘10-16 n’, ‘16 n’ or ‘14-16 n’
indicate the length ranges of the antisense ‘reitiogh sequence used in different conjugates.
Label ‘6-9 n’ indicates the length range of thenstB-C. The chemical structure of the peptide
(pep) acetyl-(LeuArg)-Gly-(LeuArgy-Gly-COOH. The peptide was conjugated via the
carboxylic group of the C-terminus to the aminoHdixker, which was attached to either thHe 5
or 3-terminal phosphate of the antisense oligonucleaasON) B andC, respectively). Amino
acids are designated by numbers which are usetidanterpretation of the data from molecular
dynamics simulation.
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Fig. 3. Hybridization of POCs and corresponding addressligpnucleotides with *miR-21A.
Autoradiograph of 12% native PAGE. *miR-21 (1 pM)daconjugates or oligonucleotides (5
HM) were incubated at 37°C for 20 min. The samplese loaded onto the running gel
immediately after quenching of the reaction withiaterval of 2 min.B. The concentration
dependency of binding of oligonucleotifieh-9/14 or conjugates’-h-9/14 with miR-21. *miR-

21 (1 pM) and oligonucleotide or conjugate in diigt concentrations were incubated at 37°C

for 20 min.
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Fig. 4. Kinetic and concentration analysis of *miR-21 clage by 5’-conjugatesA.
Autoradiograph of 18% polyacrylamide/8 M urea dednes Im and T1, imidazole ladder and
partial RNA digestion with RNase T1, respectivélpntrol — RNA incubated in the absence of
conjugate for 0 and 72 h. *miR-21 (1 uM) and 5 qmates (20 uM) were incubated at 37°C
for 0 — 72 h. The conjugate type and incubatioretame shown at the top. Positions of miR-
21 cleavage induced by 5’-conjugat&s-6/16 and5’-h-6/14 (indicated by arrows)XC. Kinetics

of *miR-21 cleavage by conjugates. *miR-21 (1 pNideaone of the conjugates (20 uM) were
incubated at 37°C for 0 — 72 B. Concentration dependence of *miR-21 cleavagéeatime

point 24 h. *miR-21 (1 uM) and conjugates (1 — 30)were incubated at 37°C for 24 h.

39



A 5-luc-h-9/14 5°-h-9/14 B

ImT1 C 1 5 10 20 1 5 10 20 yM
e e 1
621 —e—e SN
G18 — — e —— o
S 50
G15 - —_— e — "E
[
=
G111 — o 60 o
(]
g n
& 404
29
(5] ®
s
A . o 5'-h-9/14
| ] ’.h-
[ ]
G3 " —— ® 5-luc-h-9M4
0 T T T T T T T T
0 5 10 15 20

Concentration, pM

Fig. 5. Concentration analysis of miR-21 cleavage by complgary conjugat®&’-h-9/14 and

non-complemantery conjugabéluc-9/14. A. Autoradiograph of 18% polyacrylamide/8 M urea
gel. Lanes Im and T1, imidazole ladder and paRidA digestion with RNase T1, respectively.
C — RNA incubated in the absence of conjugate 4on.2miR-21 (1 uM) and conjugates (1 — 20
K1M) were incubated at 37 °C for 24B. Concentration dependency of *miR-21 cleavage at th

time point 24 h.

40



o
o

01— [ | | 0.3F 4 3
2 0.08} - 2

= > 020 y
& 0.06F . 9
£ o
3 =]

& 0.041 1 4 ik |

o =
0.02} 1
0 1 A I . T L 0 | L 1 I
30 60 20 120 150 2 3 4 5 6
T angle, degrees Distance, A

Fig. 6. Results of the molecular dynamics simulation & 3hh-6/14/miR-21 complexA, B.
Structure of5’-h-6/14 complex with miR-21 after Jus of molecular dynamics simulation in
implicit solvent, viewed from two alternative ortations. For5’-h-6/14, oligonucleotide in
white, Leu residues in yellow, Gly in white and Arg atom type. For miR-21 residues 1-14 in
pink; for residues 15-22, Ade in purple, Ura ingreand Gua in mauve. The two parts of the
system folded together in a compact sphericaldikape at the end of the double helix due to the
network of electrostatic interactions involving @olgroups in the two parts of the system: salt
bridges between the arginine guanidino and RNA phat® groups, and hydrogen bonds

involving arginine side chains, base polar atont sugar hydroxylsC. Distribution of angler

over the 1us simulationD. O2' [G;5]---P[As¢] distanced over the 1us simulation.
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Fig. 7. Biological activity of the conjugat®’-h-9/14 in RLS;o lymphosarcoma cells. Expression
level of miR-21 A) and let7-g B) in RLSy cells after transfection with 1 uM of antisense
oligonucleotide5’-h-9/14, control conjugatduc-h-9/14 and anti-miR-21 conjugat®&’-h-9/14.
Transfection was performed using Lipofectamine 200B — RLS, cells incubated with
Lipofectamine 2000 only. The expression of miRNAaswnormalized tdJ6 and Rpl3Q C.
Western blot analysis of PDCD4 48 h after trangbactGAPDH served as an internal control. 1
— intact RLQg cell; 2 — RLS cells incubated with Lipofectamine 2000; 3, 4, RESy cells
incubated with 1 uM control conjugdtec-h-9/14, antisense oligonucleotide-h-9/14, and anti-
miR-21 conjugat&’-h-9/14, respectivelyD. The bar graph shows the semi-quantitative analysis
of the western blot results for PDCDE. Proliferative potential of RLg cells 72 h after
transfection with 1 uM of antisense oligonucleotidédn-9/14, control conjugatéuc-h-9/14 and
anti-miR-21 conjugat&’-h-9/14. Data are given as medians calculated from thrdependent

experiments.
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