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MicroRNAs (miRNAs) are a recently discovered class of
small (ca. 22 nucleotides in length), single-stranded non-
coding RNA molecules with enormous regulatory poten-
tial.'"! The miRNAs bind to transcripts with near-perfect
complementarity into the 3’ untranslated regions (UTRs) and
mediate posttranscriptional gene silencing.”! These miRNAs
are now thought to be crucial regulators of gene expression
and to influence a large spectrum of physiological and
pathological processes ranging from host—pathogen interac-
tion! to cell differentiation and oncogenesis.” The relation-
ship between abnormalities in miRNA expression and several
diseases, notably cancers, has been well established.[! These
small RNA molecules are now known to be crucial regulators
of important cellular processes. An understanding of the role
of miRNAs in fundamental processes associated with diseases
such as cancer, chronic infections, and immune disorders may
aid in disease diagnosis and prognosis and potentially lead to
the identification of new therapeutic targets. However, the
precise molecular function of many miRNAs is largely
unknown; different types of loss-of-function methods are
required to gain insight into miRNA biology. The silencing or
deactivating of miRNAs has been an active field of interest,
not only for the design of therapeutics, but also as a tool for
gaining an understanding of the precise molecular functions
of a particular miRNA molecule. Recently, several
approaches have been put forward for the specific targeting
of miRNAs: The reverse complement of modified oligonu-
cleotides has been used to block miRNA function in cell-
based systems,” and oligonucleotides modified with locked
nucleic acids (LNAs) have also been used to silence miRNAs
in cultured cells.®! Specialized antisense oligonucleotides
against miRNA molecules termed “antagomirs” have also
been developed.”!”! Herein, we establish oligonucleotide
enzymes, antagomirzymes, as valuable tools for the specific
knockdown of miRNA in vitro and in vivo.

DNAzymes are synthetic DNA analogues of catalytic
ribozyme motifs with the potential to cleave practically any
RNA substrate in a sequence-specific manner.!"* The 10-23
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DNAzyme has a central conserved motif containing the
catalytic core and two variable flanking regions on either end
of the core that are complementary to the RNA-substrate
sequence. The Watson—Crick base pairing of the variable
flanking regions confers specificity and selectivity of substrate
recognition, whereas the catalytic core determines the
cleavage activity. The 10-23 DNAzyme cleaves RNA
between any purine-pyrimidine (R-Y) junction in the
presence of divalent cations. These features prompted us to
apply DNAzymes to the silencing of miRNA. Herein, we
show that this class of enzymes, referred to as “antagomir-
zymes”, are efficient and specific miRNA silencers in vitro
and in vivo. Two miRNAs were silenced, the human miRNAs
hsa-miR-372 and hsa-miR-373, which are known to be
specifically dysregulated and directly involved in the patho-
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Figure 1. The design of DNA and LNA antagomirzymes. The secondary
structures of hairpin precursors of hsa-miR-372 (a) and hsa-miR-373
(b) are presented on the left-hand side. The regions targeted by the
DNAzyme/LNAzyme are marked by straight lines joined by a curve.
The regions of hsa-miR-372 (c) and hsa-miR-373 (d) that are targeted
by the antagomirzymes are magnified on the right-hand side: The
bottom strand depicts the miRNA sequence, and the top strand
represents the DNA or LNA antagomirzyme. The LNA antagomirzymes
were designed to include two or four LNA modifications, which are
represented by underlined nucleotides in the binding arms shown
below the respective miRNA-antagomirzyme interaction.
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catalytic domain was shuffled was also
used as a negative control. LNA modi-
fications were incorporated in the var-
iable flanking regions complementary
to the substrate RNA to enhance sub-
strate-binding affinity and thus the
catalytic activity of the enzymes.'"
Two and four LNA modifications
were introduced into the binding
arms. Thus, for each miRNA, one
DNA antagomirzyme (DZ) and two
LNA antagomirzymes (LZ2 and LZ4)
were evaluated in vitro and in cultured
cells.

Initial in vitro characterization showed that all three
antagomirzymes (DNA and LNA) designed for each miRNA
molecule were capable of cleaving the specific target miRNA
in vitro. Figure 2a and b show the cleavage of target miRNA
by each enzyme, and the expected cleavage products are
matched with the observed fragment sizes after cleavage.
There was no cleavage of miRNAs observed in the control
reactions in which the catalytic domain was shuffled (see
Figure SI-1 A in the Supporting Information). These obser-
vations indicate that an intact catalytic domain is necessary
for cleavage activity. Under single-turnover conditions with
RNA/enzyme ratios of 1:25, 1:50, and 1:100, much more
efficient cleavage was observed with the LNA antagomir-
zymes than with the unmodified DNA antagomirzyme (see
Figure SI-1B in the Supporting Information). Moderate
cleavage (50-60% ) was observed with the DNA antagomir-
zyme when present in 100-fold molar excess, whereas the two
LNA antagomirzymes cleaved greater than 75 % of the RNA
substrate under the same conditions. There was no marked
improvement when the degree of modification of the arms of
the enzymes was increased (see Figure SI-1B in the Support-
ing Information). Kinetic analysis under single-turnover
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Figure 2. In vitro cleavage of a) pre-miR-372 and b) pre-miR-373 by DNA and LNA antagomir-
zymes. RNA labeled at the 5" end (20 nmol) was incubated with a DNAzyme or LNAzyme

(20 nmol-2 umol) for 2 h. The antagomirzymes designed to target a specific miRNA site cleaved
the miRNA primarily at the expected site to yield a 5'-end-labeled fragment of 55 nucleotides
(unfilled arrow). Substrate bands of 66 and 67 nucleotides for pre-miR-372 and pre-miR-373,
respectively, are shown by filled arrows. M =Marker. c,d) Kinetics of cleavage of hsa-mir-372 (c)
and hsa-mir-373 (d) by DNA- and LNAzymes. End-labeled RNA was incubated with antagomir-
zymes in a 1:50 ratio (i.e. 20 nmol:1 umol) for 48 h, and an aliquot of the reaction mixture was
taken at each time point indicated (open rectangles: DNAzyme, ellipses: LZ2, filled rectangles:
LZ4). The cleavage efficiencies, (cleaved RNA/uncleaved RNA) 100%, were calculated, and
kinetic parameters were calculated after fitting of the data with an exponential decay function.

conditions with an RNA/enzyme ratio of 1:50 showed that
both the efficiency of cleavage and the rate of cleavage were
higher for the LNA antagomirzymes than that for the DNA
antagomirzyme (Figure 2c¢; see also Table SI-1 in the Sup-
porting Information).

To check the ability of oligonucleotide enzymes to cleave
miRNA in vivo, we cloned precursors of hsa-miR-372 and
hsa-miR-373 into pSilencer 4.1 vectors (pSilencer-miR-372/3)
and transfected these plasmid vectors transiently into HEK-
293 cells (Figure 3 a). First, we verified the expression of both
miR-372 and miR-373 by pSilencer-miR-372 and pSilencer-
miR-373 vectors, respectively, and then compared the results
with the level of expression of miRNAs when these vectors
were cotransfected with oligonucleotide enzymes (100 nmol)
by northern blot analysis (Figure 3b). In all cases, miRNA-
cleavage activity was observed. However, better cleavage
activities were found for LNA antagomirzymes than for the
respective DNA antagomirzyme.

The effective use of this technique for selective miRNA
cleavage is possible only if the technique is efficient in cell-
culture systems or animal models. We used a known target of
hsa-miR-372 and hsa-miR-373 to monitor the efficacy of the
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Figure 3. a) The plasmid vectors used in the study. For the expression of microRNAs, pre-hsa-miR-372 or pre-hsa-miR-373 (pSilencer-mir-372/3)
was cloned into the vector pSilencer 4.1 (Ambion). The dual-luciferase reporter vector psiCHECK-2 (Promega) was used to clone the target site,
LATS2 3' UTR (psiCHECK-LATS2). b) In vivo cleavage of microRNA by DNA and LNA antagomirzymes. HEK-293 cells were cotransfected with
pSilencer-mir-372/3 and a DNA or LNA antagomirzyme (100 nmol), as indicated. pSilencer 4.1 neo was used as a negative control. After 36 h, the
total RNA (20 pg) was isolated and expression was checked by northern blot analysis. c,d) Dual-luciferase reporter assay for validating the in vivo
function of DNA/LNAzymes. The indicated vectors and DNA or LNA antagomirzymes were transfected into the HEK-293 cell line. The relative
firefly luciferase levels (normalized to a Renilla control and compared to psiCHECK-LATS2) are shown. Error bars represent the standard deviation

for three independent experiments.

oligonucleotide enzymes in cultured cells. The LATS2 gene
has been shown previously to be a direct target of hsa-miR-
372 and hsa-miR-373. The oligonucleotide enzymes were
transiently cotransfected with two plasmids that encode the
miRNA and its corresponding target in the 3’ UTR of LATS2
cloned downstream of the luciferase reporter gene into HEK-
293 cells (Figure 3c¢,d). The expression level of the reporter
LATS2 UTR fusion construct (column 1 in Figure 3¢,d) was
decreased by 65-70 % in the presence of the clones expressing
miRNA 372 and 373 (column?2 in Figure 3¢c,d). Down
regulation of the reporter gene was observed in both cases,
which indicates that miRNAs bind to the target and suppress
the expression of the target gene by a factor of up to 2.7
(P value > 0.005, Student ¢ test). We tested the effect of the
enzymes by cotransfecting them with the reporter LATS2
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UTR and the miRNA-overexpression construct (columns 4—
6). The expression of the target gene was restored marginally
by the DNA antagomirzyme against hsa-miR-372 and hsa-
miR-373. However, the LNA antagomirzymes LZ2 and LZ4
against hsa-miR-372 restored the reporter level to 65 and
80 %, respectively. Similarly, the LNA antagomirzymes LZ2
and LZ4 against hsa-miR-373 restored the reporter level to 90
(P value > 0.005, Student ¢ test; columns 4-6 in Figure 3c)
and 95% (P value > 0.005, Student ¢test; columns 4-6 in
Figure 3d) of the level in the absence of the miRNA.
Suppressed expression was observed when nucleic acid
enzymes were replaced either by mock oligonucleotides
(ONTs) or by the oligonucleotides in which bases in the
catalytic domain had been shuffled (columns3 and 7 in
Figure 3c¢,d). The reduction in the steady-state level of the
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miRNA and the resulting increase in target expression clearly
shows that the antagomirzymes can deregulate targets by
specifically cleaving regulatory miRNAs. Furthermore,
silencing activities were enhanced in the case of LNAzymes
with two and four additional LNA modifications.

In conclusion, we have demonstrated that oligonucleotide
enzymes, antagomirzymes, can be designed to cleave miRNAs
effectively and specifically and thus silence their respective
functions both in vitro and in vivo. This technique can be used
effectively to study biological functions of specific miRNAs in
vivo. It may also find application in therapeutics as a method
for the specific silencing of miRNAs and inhibition of the
pathophysiological processes caused by the overexpression of
miRNAs. The very high concentrations of antagomirzymes
required in the present study for in vivo activity could be a
limiting factor for such applications. However, this limitation
could be overcome by targeting efficient cleavage sites, such
as loop regions of pre-miRNA. Another potential area of
application is the design of synthetic oligonucleotide switches
for protein-free modules constructed by synthetic biology.
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