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ABSTRACT: Insulin-like growth factor I (IGF-I) and its cognate
receptor (IGF-1R) contribute to normal cell function and to
tumorigenesis. The role of IGF-I signaling in tumor growth has been
demonstrated in vivo using nucleic acid-based strategies. Here, we
designed the first 10−23 DNAzymes directed against IGF-I mRNA.
Unlike antisense approaches and RNA interference that require
protein catalysis, DNAzymes catalyze protein-free RNA cleavage.
We identified target sequences and measured catalytic properties of
differently designed DNAzymes on short synthetic RNA targets and
on in vitro transcribed IGF-I mRNA. The most efficient cleavers
were then transfected into cells, and their inhibitory effect was analyzed using reporter gene assays. We found that increasing the
size of DNAzyme flanking sequences and modifications of the termini with 2′-O-methyl residues improved cleavage rates of
target RNAs. Modification of the catalytic loop with six 2′-O-methyl ribonucleotides at nonessential positions increased or
decreased catalytic efficiency depending on the mRNA target site. In cells, DNAzymes with 2′-O-methyl-modified catalytic cores
and flanking sequences were able to inhibit reporter gene activity because of specific recognition and cleavage of IGF-I mRNA
sequences. Mutant DNAzymes with inactive catalytic cores were unable to block reporter gene expression, demonstrating that
the RNA cleaving ability of 10−23 DNAzymes contributed to inhibitory mechanisms. Our results show that nuclease-resistant
2′-O-methyl-modified DNAzymes with high catalytic efficiencies are useful for inhibiting IGF-I gene function in cells.

Nucleic acid-based approaches to modulating gene
expression are useful for understanding gene function

and for therapeutic purposes.1 Widely used in cells and in vivo
are strategies based on short synthetic nucleic acids that block
gene expression specifically during translation. Two main
mechanisms are involved in translation inhibition. Either the
oligonucleotides interfere physically with target RNA without
cleaving it, or they induce cleavage of their target at specific
sites triggering RNA degradation. Physical blockade of
ribosome scanning during translation or modulation of RNA
splicing can be achieved using single-stranded oligonucleotides
chemically modified to compete with spliceosome machinery
or to act as steric blockers.2 In most cases, binding of short
complementary nucleic acids to the mRNA target induces its
specific degradation, because of the recruitment of cellular
proteins. In the antisense strategy, the mRNA binding of the
oligodeoxynucleotide recruits ribonuclease H (RNase H),
which cleaves the RNA moiety of RNA−DNA hybrids.3 In
the RNA interference approach, double-stranded short inter-
fering RNAs (siRNAs) destroy specifically a complementary

mRNA with the help of a specialized intracellular protein
complex, the RNA-induced silencing complex (RISC).3

In addition to these two strategies, some nucleic acids, first
termed ribozymes, are able to induce RNA cleavage in a
manner independent of protein catalysis when bound to
complementary sequences.4 Among site-specific RNA-cleaving
nucleic acid molecules, catalytic DNAs (DNAzymes or
deoxyribozymes) have received much attention. These small
DNAs that induce site-specific cleavage of target RNA were
developed by an in vitro selection procedure.5 The most
commonly used catalytic DNA, the 10−23 DNAzyme, consists
of a 15-nucleotide catalytic core flanked by two substrate recog-
nition domains and can cleave complementary RNA targets
with high efficiency under simulated physiological conditions.6

Cleavage occurs in a sequence-specific manner between an
unpaired purine (R) and a paired pyrimidine (Y). The 10−23
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DNAzymes cleave a broad range of RNA targets in vitro and
in vivo.7,8

The ability of 10−23 DNAzymes to interfere with gene
expression is highly dependent on catalytic activity, stability in
biological media, and efficiency of intracellular delivery. Their
cleaving activity is sensitive to targeted RY dinucleotides:
DNAzymes targeting AU or GU are more efficient than those
targeting GC or AC.9 RNA cleavage rates increase with the
introduction of intercalators or substitution of deoxyguanine
with deoxyinosine at the junctions of the catalytic loop and
hybridizing domain.9,10 The 10−23 DNAzyme activity in
cells also was enhanced when the nuclease resistance and
ability to hybridize are improved, especially when targeting
structured mRNA. Modification of flanking arm extremities
by a few phosphorothioates,11 2′-O-methyl nucleotides,12−15

N3′−P5′ phosphoramidates,16 or locked nucleoside ana-
logues17−19 confers nuclease resistance and increases RNA
complex stability.
Insulin-like growth factor I (IGF-I) and its cognate receptor

(IGF-1R) play critical roles in the growth, development, and
homeostasis in vertebrate organisms. They contribute to
tumorigenesis and are validated targets for nucleic acid-based
inactivation. Inhibition of IGF-I or IGF-1R gene expression by
antisense RNA, antisense oligonucleotides, or triplex-forming
RNA suppresses oncogenic transformation and leads to
regression of experimental tumors concomitantly triggering
an antitumoral immune response in animal models.20−22 Other
approaches such as triplex-forming oligonucleotides, antisense
steric blockers, short interfering RNAs, and ribozymes have
been successfully applied to inhibit IGF functions.23−29

Here, we developed 10−23 DNAzymes to block expression
from IGF-I mRNA in tumor cells, with the ultimate goal
of inhibiting tumorigenesis. We designed and studied several
10−23 DNAzymes with 2′-O-methyl ribonucleotides in the
flanking arms and catalytic core. They efficiently cleaved rat
IGF-I mRNA in vitro, and we validated this activity in living
cells using a reporter assay.

■ EXPERIMENTAL PROCEDURES
Oligonucleotide Synthesis and Purification. Short RNA

substrates and DNAzymes were made with an automatic ASM-
800 DNA/RNA synthesizer (Biosset, Novosibirsk, Russia)
using deoxy-, ribo-, and 2′-O-methyl ribo-β-cyanoethyl
phosphoramidites (Glen Research, Sterling, VA). Oligonucleo-
tides with 3′-terminal thymidine linked by a 3′−3′ phospho-
diester bond were synthesized using the solid support with
attached 3′-O-dimethoxytritylthymidine. Deprotected oligo-
nucleotides were purified by denaturing 20% PAGE with 8 M
urea. After UV detection, products were eluted from gels with
0.3 M LiClO4 desalted on Sep-Pac C18 (Millipore, Bedford,
MA) and precipitated as lithium salts. The absorbance at
260 nm was determined using a NanoDrop spectrophotometer
(Thermo Scientific, Wilmington, DE). Concentrations were
calculated with molar extinction coefficients provided by
OligoAnalyzer version 3.1 (Integrated DNA Technologies,
Inc., Coralville, IA).
Plasmids. pGEM-T7-rIGF-I contains the rat IGF-I cDNA

flanked by T7 and SP6 promoters. A plasmid encoding a partial
sequence of rat preproIGF-I cDNA30 was used as a polymerase
chain reaction (PCR) template with two long primers to
introduce the first 16 N-terminal amino acids of rat IGF-I and
the XbaI restriction enzyme site. An amplicon containing the
full-length rat IGF-I mature peptide sequence was subcloned

into the XbaI-linearized pGEM9Z plasmid (Promega, Madison,
WI) to give pGEM-T7-rIGF-I. Rat IGF-I cDNA fused to
Renilla luciferase was obtained after amplification of a 1833-
nucleotide PCR fragment from I.M.A.G.E. clone 7300903
(http://www.geneservice.co.uk) using two primers containing
PvuI and NotI sites and SP6/T7 promoter binding sequences
(5′-ATCGATCGATATTTAGGTGACACTATAGAA-3′ and
5′-TATAGCGGCCGCTAATACGACTCACTATAGG-3′).
After PvuI and NotI digestion, the rat IGF-I containing a PCR
fragment was subcloned into psiCHECK2, opened at SgfI and
NotI sites immediately downstream of the synthetic humanized
Renilla luciferase (hRluc) coding sequence (Promega). The
synthetic firefly luciferase gene (hluc+) was then deleted by
NarI digestion followed by ligation to give psick-rIGF1(1833)-
ΔFluc. All plasmid sequences were confirmed by sequencing
both strands of DNA inserts (Cogenics, Grenoble, France).
pGL2-CMV is a plasmid with firefly luciferase (F-luc) under
control of the human cytomegalovirus promoter.31

Preparation of RNA Substrates. Synthetic RNA sub-
strates were radiolabeled at the 5′ end using T4 polynucleotide
kinase (10 units, Sibenzyme, Novosibirsk, Russia). The
substrate, 3.7 MBq of [γ-32P]ATP (148 PBq/mol; Biosan,
Novosibirsk, Russia), and 10% DMSO were incubated in Tris
buffer [50 mM Tris-HCl (pH 7.6), 10 mM MgCl2, and 5 mM
dithiothreitol] for 2 h at 37 °C. Following this incubation,
5 units of kinase was added, and the samples were incubated for
1 h; an additional 5 units of kinase and 10 mM ATP were
added, and the sample was incubated for 1 h. The 32P-labeled
short RNAs were purified by 20% denaturing PAGE. Fragments
were recovered from the gel and concentrations determined as
described above.
The long IGF-I RNA target was obtained from in vitro

transcription of pGEM-T7-rIGF-I. This plasmid was first line-
arized using HindIII to allow in vitro runoff transcription using
the RiboMAX large-scale production system with T7 RNA
polymerase (Promega). The 360-nucleotide transcript corre-
sponding to mature rat IGF-I mRNA was purified on Micro
Bio-Spin 30 columns in RNase-free Tris buffer (Bio-Rad,
Hercules, CA). The transcript was dephosphorylated before
labeling. The RNA transcript (1 μg/μL) was heated to 80 °C
for 5 min and immediately added to the reaction mix [50 mM
Tris-HCl (pH 8.5), 0.1 mM Na2EDTA, and 2% formamide]
containing 2 units of calf intestine alkaline phosphatase (Roche
Diagnostics, Meylan, France). Dephosphorylation lasted for 1 h
at 50 °C, followed by a second addition of phosphatase (1 unit)
and incubation for 30 min. After extraction with phenol and
chloroform and precipitation with ethanol, dephosphorylated
RNA was dissolved in RNase-free water. The 5′ 32P labeling
of the RNA transcript was performed as described for the
synthetic short RNA except that 18.5 MBq of [γ-32P]ATP,
20 units of T4 polynucleotide kinase, and 15% DMSO were
added to the reaction mixture and no additional incubation
with 10 mM ATP was performed. For cleavage product size
analysis, the RNA transcript was labeled during in vitro
transcription using 370 kBq of [α-32P]UTP (14.8 GBq/mol).
Labeled RNA was purified by 8% denaturing PAGE, eluted
overnight by extraction with 300 μL of 0.3 M sodium acetate
(pH 5.0) with 0.1% SDS, and precipitated with ethanol.

In Vitro Cleavage of RNA Substrates by DNAzymes.
Cleavage assays with short RNA substrates were performed
under single- or multiple-turnover conditions with DNAzymes
incubated in 50 mM Tris-HCl buffer (pH 7.5) and 10 mM
MgCl2. For single-turnover assays, synthetic RNA target and
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DNAzymes (in excess) were mixed in reaction buffer, heated
to 95 °C for 2 min, and incubated at 37 °C for 10 min. The
reactions were initiated by addition of MgCl2 to a final
concentration of 10 mM, and the mixtures were incubated at
37 °C. For multiple-turnover assays, DNAzyme and substrate
(in excess) were denatured separately in reaction buffer at 95 °C
for 1 min and then cooled to 37 °C for 10 min. MgCl2 was
added to both solutions, and each solution was incubated at
37 °C for 15 min before the cleavage reaction was initiated by
combining substrate and DNAzyme solutions. For IGF-I
transcript cleavage assays, DNAzyme and RNA transcript
(100 nM) were incubated separately in reaction buffer [50 mM
Tris-HCl (pH 7.5), 200 mM KCl, and 10 mM MgCl2] for
5 min at 37 °C, before cleavage reactions were started by
combining both solutions. For kinetic assays, 3 μL aliquots
were taken from the reaction mixture at the appropriate time
points; reactions were quenched by addition of 6 μL of stop
buffer (8 M urea, 90 mM Tris-borate, 50 mM EDTA, 0.05%
bromophenol blue, and xylene cyanol FF), and mixtures were
loaded onto 20 or 8% denaturing gels for short RNA or IGF-I
transcript cleavage assays, respectively. Images from dried gels
were taken with a Molecular Imager FX (Bio-Rad) and quan-
tified using Gel-Pro Analyzer version 3.1 (Media Cybernetics,
Silver Spring, MD). Fragment size was estimated from the log
relation of the expected product length to migration on dena-
turing PAGE.
Determination of Catalytic Parameters of DNAzymes.

To determine the observed rate of cleavage (kobs) on both short
and long RNA targets, data from single-turnover assays were fit
using Origin version 7.0 (Origin Lab, Northampton, MA) with
the single-exponential decay function P(t) = P∞ × exp(−kobst),
where P(t) is the extent of cleavage at time t (minutes) and P∞
is the limiting extent of cleavage. For the multiple-turnover
assay with a short RNA substrate, a linear regression model
[P(t) = v0t, where v0 is the initial rate of cleavage] was fit to the
first five data points, corresponding to the initial 10% of the
reaction. DNAzyme kinetic parameters Km and kcat were
determined under single-turnover conditions for both RNA
targets. DNAzyme and substrate concentrations are indicated in
figure legends. Gels were analyzed by nonlinear curve fitting to
obtain the cleavage rate. Km and kcat were obtained using data
from five or six DNAzyme concentrations using Origin version
7.0 (Origin Lab) by a nonlinear regression fit of Michaelis−
Menten curves {kobs = kcat/[1 + Km/Co(Dz)] where Co(Dz) is
the DNAzyme concentration}.
Determination of DNAzyme Binding Affinities. The 5′-

end-labeled noncleavable short RNA target NC-FRS was
incubated with increasing concentrations of modified DNA-
zymes at 37 °C for 1 h in 50 mM Tris-HCl buffer (pH 7.5)
containing 150 mM NaCl and 0.5 mM MgCl2. Analysis of
complexes was performed at 37 °C by electrophoresis on a
nondenaturing 10% polyacrylamide gel in Hepes-Mg buffer
[50 mM Hepes (pH 7.5) and 0.5 mM MgCl2]. The concentra-
tion at which 50% of the duplex was formed (C50) was reported
(mean of two independent experiments).
Cell Culture, DNAzyme, and Plasmid Transfection.

The LFCL2A rat hepatocarcinoma cell line used for trans-
fection of DNAzymes was maintained in minimal essential
medium (Invitrogen, Cergy-Pontoise, France) containing
2 mM glutamine and 10% (v/v) fetal calf serum, which was heat
inactivated for 30 min at 60 °C.21 The absence of mycoplasma
was regularly ensured using PCR (VenorGeM, Biovalley,
Marne-la-Valleé, France). Cotransfections of plasmids and

DNAzymes were performed with Lipofectamine 2000 (In-
vitrogen).

Reporter Gene Assays. Luciferase activities from Photinus
pyralis (F-luc) and Renilla reniformis (R-luc) were measured
after cell harvesting using the dual-luciferase assay kit
(Promega). After lysis in passive lysis buffer, luminescence
was measured sequentially for both luciferases in the same well
using a microplate luminometer (Victor2, Wallac, Wellesley,
MA) with one injector filled with P. pyralis luciferase substrates
and the second injector filled with R. reniformis substrate with a
quencher of the P. pyralis luciferase. Relative luciferase activity
was calculated by dividing R. reniformis R-luc activity by P.
pyralis F-luc activity, allowing normalization of transfection
efficiency. All transfection assays were performed at least twice,
and each consisted of four independent transfections.

Statistical Analyses. The observed cleavage rate and initial
velocity were determined two or three times from DNAzyme
cleavage assays performed with 5′-radiolabeled RNA targets.
The indicated error in the initial velocity represents an
estimated deviation obtained after the fitting procedure with
the equations given above, and those of kinetic parameters
represent estimated deviations obtained by a least-squares
fitting procedure with the Michaelis−Menten equation. All
transfection data are presented as means ± the standard
error of the mean (SEM) and were analyzed using ANOVA
from GraphPad Prism 5 followed by the Dunnett post hoc test.
P values of <0.05 were considered significant.

■ RESULTS

Identification of Target Sequences on IGF-I mRNA.
IGF-I mRNA has been targeted with antisense oligonucleotides
and short interfering RNAs in cell culture.32−34 Here, we
designed DNAzymes against IGF-I mRNA following a set of
rules. We aligned rodent IGF-I mRNA sequences to determine
conserved regions. We identified two targets, which are
subsequently termed target sites for GAEL and FRS oligomers
(Figure 1A). These sites are in the coding region of rat IGF-I in
accessible regions according to a minimal free energy prediction
of the mRNA secondary structure (Figure S1 of the Supporting
Information). Alignments with rat IGF-2 and insulin mRNAs,
both highly homologous to IGF-I, revealed that targeting these
sites would ensure high selectivity and specificity for IGF-I
mRNA (Figure S2 of the Supporting Information). We then
designed 10−23 DNAzymes for cleaving GC or GU
dinucleotides in these two sites according to the preferred
cleavage site rule for efficient DNAzymes.9 A series of
DNAzymes differing in the length of flanking sequences from
8 to 10 nucleotides were synthesized (Table S1 of the
Supporting Information). A series of DNAzymes were targeted
to GC (GAEL and FRSGC) and a series to the GU dinucleotide
(FRSGU) (Figure 1B).

Selection of the Flanking Sequences of DNAzymes.
DNAzyme series complementary to GAEL and FRS sites were
screened for efficient cleavage of short RNA substrates. To
protect them from nucleases, all DNAzymes were modified by
an “inverted” 3′ end thymidine (Figure 1B).35 The flanking
sequences of 10−23 DNAzymes, which contribute to
DNAzyme−RNA substrate duplex stability, play an essential
role in the catalytic activity. To design substrate recognition
domains with optimal stability, each flanking sequence should
have a predicted ΔG°37 of −8 to −10 kcal/mol.36 Increasing
the length of the DNAzyme flanking sequence (from 8 to 9 or
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10 nucleotides) improved the efficiency of cleavage of the short
substrates (Table 1).
To improve the cleavage efficiency of DNAzymes targeted to

GC dinucleotides, we replaced the deoxyguanosine 5′ of the
catalytic core with deoxyinosine (Table S2 of the Supporting
Information). Wobble pairing of inosine to cytosine was
previously shown to increase the cleavage rate.9 Indeed, this
modification improved the cleavage of synthetic short RNAs in
all our DNAzymes. The largest enhancement was 8-fold,
achieved in DNAzymes targeted to GAEL.
2′-O-Methyl Ribonucleotide Modifications in the

Binding Arms and Catalytic Domain. To increase the
affinity for the RNA target and improve nuclease resistance, we
replaced some deoxynucleotides with 2′-O-methyl analogues at
the end of the substrate binding domains or in the catalytic
loop (Figure 1C).12,14 Cleavage activities were evaluated using
short synthetic RNA substrates (Table 1). The insertion of
2′-O-methyl ribonucleotides into the DNAzyme substrate bind-
ing domains increased the RNA cleavage efficiency under
single-turnover conditions, particularly with GAEL9/9I and

FRSGC9/9. With the FRSGU9/8 DNAzyme series, a 9-fold
enhancement in the rate of cleavage was observed (1.5 ± 0.2
and 0.18 ± 0.01 min−1, respectively). However, under multiple-
turnover conditions and in some cases (e.g., GAEL9/9I
FRSGC9/9), such modification decreased the deoxyribozyme
activity. We did not observe reductions in initial cleavage rates,
but the percentages of final cleavage with 2′-O-methyl-modified
DNAzymes were lower than those obtained with unmodified
DNAzymes. Such a loss of efficiency could be due to an
increase in the stability of the DNAzyme−RNA substrate com-
plex, which would inhibit product release, reducing multiple-
turnover cleavage activity.
To improve nuclease resistance, 2′-O-methyl ribonucleotides

were introduced into the catalytic core at nonconserved
positions following published guidelines.14 Under single-
turnover conditions and with the exception of FRSGC, the
presence of 2′-O-methyl ribonucleotides in the catalytic core
reduced deoxyribozyme activity compared to that of
DNAzymes with 2′-O-methyl flanking sequences (Table 1).
However, under multiple-turnover conditions, FRSGU9

m/8mLm

DNAzyme cleaved faster (1.45 ± 0.02 nM min−1) than
unmodified FRSGU9/8 when initial rates of cleavage (v0) were
compared (0.3 ± 0.01 nM min−1). The introduction of six 2′-O-
methyl ribonucleotides into the catalytic core of DNAzymes
containing 2′-O-methyl ribonucleotides at the end of binding
arms slightly decreased the cleavage activity (FRSGC9

m/10mLm)
or increased it (FRSGC9

m/9mLm and FRSGU9
m/8mLm) com-

pared to the value of their counterpart with 2′-O-methyl-
containing flanking sequences. The estimated values of kcat

MT

under multiple-turnover conditions obtained after dividing v0

Figure 1. DNAzymes targeting IGF-I mRNA. (A) Schematic
representation of GAEL and FRS target sites on pGEM-T7-rIGF-I.
T7 indicates the T7 RNA polymerase promoter. B, C, A, and D
domains of mature IGF-I protein are shown at the top. The position of
target sites (arrows) is also indicated as nucleotides from the
transcription start. (B) Sequences of 10−23 DNAzymes that are all
3′-modified with an inverted 3′−3′ thymidine (Tinv). Cleavage
occurred at the positions marked with arrows on short complementary
oligoribonucleotides used for catalytic activity studies: 25ST-GAEL
and 24ST-FRS for GAEL and FRS DNAzymes, respectively. Only
DNAzymes with the longest hybridizing sequences are shown. (C)
Schematic representation of 2′-O-methylnucleotide-containing DNA-
zymes. Positions of modified nucleotides in the flanking sequences and
catalytic core are labeled with asterisks.

Table 1. Catalytic Activities of DNAzymesa

DNAzyme kcleav (min−1)b kobs (min−1)c vo (nM min−1)d

GAEL9/9 − 0.064 ± 0.009 0.21 ± 0.01
GAEL9/9I 0.48 ± 0.06 0.310 ± 0.050 1.23 ± 0.02
GAEL9m/9mI 0.5 ± 0.1 0.400 ± 0.030 0.82 ± 0.02
GAEL9m/9mILm 0.22 ± 0.04 0.230 ± 0.010 0.5 ± 0.01
FRSGC9/9 − 0.015 ± 0.002 0.081 ± 0.001
FRSGC9

m/9m 0.033 ± 0.004 0.026 ± 0.004 0.068 ± 0.002
FRSGC9

m/9mLm 0.030 ± 0.003 0.031 ± 0.004 0.084 ± 0.002
FRSGC9/10 − 0.024 ± 0.004 0.09 ± 0.002
FRSGC9

m/10m 0.035 ± 0.004 0.031 ± 0.007 0.075 ± 0.001
FRSGC9

m/10mLm 0.033 ± 0.003 0.032 ± 0.005 0.062 ± 0.001
FRSGC10/10 − 0.026 ± 0.005 0.071 ± 0.001
FRSGU9/8 − 0.18 ± 0.01 0.30 ± 0.01
FRSGU9

m/8m 6.8 ± 0.5 1.5 ± 0.2 1.25 ± 0.02
FRSGU9

m/8mLm 4.1 ± 0.3 1.2 ± 0.1 1.45 ± 0.02
FRSGU9/9 − 0.70 ± 0.07 1.27 ± 0.06
FRSGU9

m/9m 8.3 ± 0.7 2.4 ± 0.2 2.10 ± 0.04
FRSGU9

m/9mLm 4.0 ± 0.3 1.7 ± 0.1 0.91 ± 0.02
FRSGU10/10 − 2.0 ± 0.2 2.2 ± 0.2

aAll parameters were determined for cleavage of IGF-I short synthetic
RNA targets by DNAzymes in a buffer containing 50 mM Tris-HCl
(pH 7.5) and 10 mM MgCl2 at 37 °C. The DNAzyme name indicates
the target site, the type of targeted dinucleotide, and the length of the
3′ and 5′ arms flanking the catalytic loop. L represents the sequence of
the DNAzyme catalytic core (5′-GGCTAGCTACAACG-3′); I stands
for deoxyinosine. A superscript m indicates 2′-O-methyl modifications
(positions denoted with asterisks on the DNAzyme structure in Figure
1C). All DNAzymes contained either an unmodified catalytic core (no
letter L) or a modified core indicated by Lm. bIn 10 nM RNA and
8 μMDNAzyme. cIn 10 nM RNA and 100 nM DNAzyme. dIn 100 nM
RNA and 10 nM DNAzyme.
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by the catalyst concentration (10 nM) were 10 times lower
than those obtained under single-turnover conditions
(Table 1). DNAzyme inactivation or the presence of competi-
tive secondary structures of target RNA could have an impact
on this kcat

MT. Moreover, these discrepancies suggested that
the slow product release was likely the rate-limiting step at
saturating concentrations of the RNA target.37 However, lower
cleavage activities were observed for single and multiple
turnovers in the case of FRSGU DNAzymes with longer
substrate binding domains (FRSGU9

m/9mLm vs FRSGU9
m/9m)

and GAEL DNAzymes (GAEL9m/9mILm vs GAEL9m/9mI)
(Table 1). In both cases, the cleavage rate (kcat) was decreased
by half (Table 2). The Km value also decreased because of the
2′-O-methyl modification in the catalytic core.
In Vitro Cleavage Activities and Specificities of

DNAzymes for Rat IGF-I mRNA. A 360-nucleotide fragment
of IGF-I mRNA was used to further test DNAzyme cleavage
activities. Cleavage reactions were performed under single-
turnover conditions with in vitro transcribed RNA and a series
of DNAzymes (Figure 2). GAEL and FRS DNAzymes
recognized binding sites and induced specific cleavage (Figure
1A). FRS DNAzymes produced expected fragments of 170 and
190 nucleotides, and GAEL DNAzymes produced fragments of
305 and 55 nucleotides.
DNAzyme binding and cleavage efficiency are highly

sensitive to RNA secondary structure.38 We performed an
RNase H cleavage assay to determine the accessibility of IGF-I
mRNA for binding of complementary oligonucleotides (Figure
S3 of the Supporting Information). In vitro transcribed RNA
and RNase H were incubated with antisense oligodeoxyr-
ibonucleotides fully complementary to IGF-I mRNA and
mutated DNAzymes, which were inactivated by a replacement
of deoxyguanosine with deoxyadenosine in the catalytic loop.39

We used these mutated DNAzymes in the RNase H assay to
display only the antisense effect due to DNAzyme substrate
binding domains. As expected, the RNA cleavage rate was
higher with fully complementary duplexes between antisense
oligonucleotides and IGF-I RNA. Although the target
accessibility for DNAzymes may differ from that for antisense
oligonucleotides,38 we found that the target site accessibility for
inactive DNAzyme also decreased in the following order:
GAEL ≥ FRSGU > FRSGC. These results were not in agreement
with calculated secondary structures of IGF-I mRNA, because
the FRS site was expected to be more accessible than the GAEL
site (Figure S1 of the Supporting Information). The antisense
activity of unmodified mutated DNAzyme was low compared
to those of fully complementary antisense oligomers. Indeed,
we observed a strong destabilizing effect caused by the loop
sequences. The introduction of 2′-O-methyl ribonucleotides to

the substrate binding domains greatly improved target binding
and RNase H-mediated cleavage efficiencies: MutGAEL9m/9m

≥ MutFRSGU9
m/9m > MutFRSGC9

m/10m (Figure S3 of the
Supporting Information). The presence of four 2′-O-methyl
ribonucleotides at DNAzyme extremities did not impair RNase
H recognition or cleavage.
The DNAzymes of the GAEL and FRS series were then

evaluated in a kinetic assay for cleavage of rat IGF-I mRNA
(Figure 3). Cleavage rates of GAEL9/9 and GAEL9/9I showed
that deoxyinosine insertion enhanced the kobs value nearly
2-fold (Table 3), similar to the increase observed with a
short RNA substrate. DNAzymes with 2′-O-methyl ribonucleo-
tides in substrate binding domains exhibited the highest
activity. Surprisingly, DNAzymes of the FRSGU series with
2′-O-methyl modifications in the catalytic core, FRSGU9

m/8mLm

and FRSGU9
m/9mLm, were more effective (between 1.7- and

2.3-fold) than their counterparts with unmodified cores,
FRSGU9

m/8m and FRSGU9
m/9m (Table 3 and Figure 3). In

contrast, in GAEL series, such modifications interfered with
DNAzyme catalytic activity, decreasing kobs 1.4-fold. Catalytic
parameters for 2′-O-methyl-containing DNAzymes of FRSGU
series were then determined with long IGF-I RNA (Table 2).
In contrast with results obtained using a short synthetic
RNA substrate, modification in the catalytic core did not
decrease the cleavage rate and the improvement in DNAzyme
catalytic efficiency was explained by a 3.5-fold decrease
in Km (Table 2).

Comparison of the Intracellular Activities and
Specificities of DNAzymes. After selecting the most efficient
modified DNAzymes, we validated their cleavage activities in
cells using reporter assays. We compared intracellular activ-
ities of FRSGU9

m/9mLm and FRSGU9
m/9m that differ only by

2′-O-methyl ribonucleotides in the catalytic loop. We also
designed mutated DNAzymes (MutFRSGU9

m/9mQm and
MutFRSGU9

m/9m) that were unable to cleave because of
replacement of the essential deoxyguanosine with deoxyadeno-
sine in the catalytic core.39 The binding affinities of mutated
inactive DNAzymes on a noncleavable complementary target
were similar to those of their active counterpart (Table 4). The
control DNAzyme had an intact catalytic loop but scrambled
hybridization arms.
We cotransfected DNAzymes with psick-rIGF1(1833)ΔFluc,

a plasmid in which rat IGF-I cDNA was fused to Renilla
luciferase (Figure 4). After FRSGU9

m/9mLm DNAzyme trans-
fection, hR-Luc was reduced by 40−50% in comparison with
samples treated with mutated and scrambled DNAzyme
controls. A comparison with its inactive mutated counterpart,
MutFRSGU9

m/9mQm, suggested that this FRSGU DNAzyme was
able to cleave IGF-I/hR-Luc RNA in cells and led to specific

Table 2. Kinetic Parameters of RNA Cleavage by 2′-O-Methyl-Modified DNAzymesa

DNAzyme targetb kcat (min−1) Km (nM) kcat/Km (M−1 min−1)

GAEL9m/9mI 25ST-GAEL 0.7 ± 0.1 22.9 ± 6.7 3.06 × 107

GAEL9m/9mILm 25ST-GAEL 0.36 ± 0.02 11.9 ± 2.2 3.02 × 107

FRSGU9
m/9m 24ST-FRS 11.5 ± 0.5 312 ± 37 3.7 × 107

FRSGU9
m/9mLm 24ST-FRS 5.6 ± 0.2 201 ± 24 2.8 × 107

FRSGU9
m/9m IGF-I RNA 0.20 ± 0.01 18000 ± 2200 104

FRSGU9
m/9mLm IGF-I RNA 0.17 ± 0.01 5100 ± 600 3.3 × 104

aAll kinetic analyses were conducted under single-turnover conditions. bCleavage reactions were performed in 50 mM Tris-HCl (pH 7.5) and 10
mM MgCl2 at 37 °C with synthetic RNA substrate (1 nM) and DNAzyme concentrations from 5 to 200 nM for GAEL and with RNA (10 nM) and
DNAzyme concentrations from 50 to 1600 nM for FRS. FRSGU DNAzymes (from 1 to 40 μM) were incubated with a 5′-labeled RNA transcript
(100 nM) in 50 mM Tris-HCl (pH 7.5), 200 mM KCl, and 10 mM MgCl2.
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luciferase inhibition. Surprisingly, FRSGU9
m/9m DNAzyme

with no 2′-O-methyl modifications in the catalytic loop but
with 2′-O-methyl-flanking sequences was unable to inhibit
luciferase activity. The FRSGU9

m/9m DNAzyme catalytic
efficiency was 3 times lower than for FRSGU9

m/9mLm,
suggesting that only efficient catalytic 10−23 DNAzyme
can achieve gene inhibition in cells.

Figure 2. Cleavage of in vitro transcribed IGF-I mRNA by
DNAzymes. Cleavage product analysis using denaturing PAGE
shows that DNAzymes induced specific cleavage of internally
radiolabeled RNA with various efficacies. Predicted fragment sizes
are indicated. GAEL and FRS series gave two products. Deoxyinosine
and 2′-O-methyl nucleotides in the flanking sequences and catalytic
core are indicated. In vitro transcribed RNA (0.02 μM) was incubated
for 4.5 h at 37 °C with 1 μM DNAzyme in 50 mM Tris-HCl buffer
(pH 7.5) containing 10 mM MgCl2. Lanes 3 and 8 show radiolabeled
RNA controls.

Figure 3. Time courses of IGF-I RNA cleavage by modified
DNAzymes. (A) RNA cleavage kinetic analysis obtained with
DNAzymes targeting the FRS site: FRSGU10/10 (△), FRSGU9

m/9m

(□), and FRSGU9
m/9mLm (●). (B) Cleavage kinetic analysis of

DNAzymes targeted to GAEL: GAEL9/9 (▼), GAEL9/9I (▲),
GAEL9m/9mI (□), and GAEL9m/9mILm (●). The 360-nucleotide
IGF-I RNA (0.1 μM) was incubated with DNAzymes (5 μM) at 37 °C
in 50 mM Tris-HCl (pH 7.5), 10 mM MgCl2, and 200 mM KCl. Solid
lines represent least-squares fits of experimental data using Origin and
equations described in Experimental Procedures.

Table 3. Rates of Cleavage of DNAzymes on Rat IGF-I
mRNAa

DNAzyme kobs (min−1)

GAEL9/9 0.0024 ± 0.0001
GAEL9/9I 0.0048 ± 0.0003
GAEL9m/9mI 0.043 ± 0.004
GAEL9m/9mILm 0.033 ± 0.002
FRSGC9

m/10m 0.00067 ± 0.00007
FRSGC9

m/10mLm 0.00064 ± 0.00005
FRSGU10/10 0.0012 ± 0.0001
FRSGU9

m/8m 0.0036 ± 0.0006
FRSGU9

m/8mLm 0.010 ± 0.001
FRSGU9

m/9m 0.032 ± 0.004
FRSGU9

m/9mLm 0.073 ± 0.009
aCleavage reactions were performed in 50 mM Tris-HCl (pH 7.5), 10
mM MgCl2, and 200 mM KCl at 37 °C with in vitro transcribed 5′-
labeled RNA substrate (100 nM) and DNAzymes (5 μM).

Table 4. Stabilities of DNAzymes on a Short RNA Targeta

DNAzyme C50 (nM)

FRSGU9
m/9m 19.2 ± 2.8

MutFRSGU9
m/9m 15.1 ± 1.9

FRSGU9
m/9mLm 22.8 ± 3.2

MutFRSGU9
m/9m Qm 25 ± 3.7

aIncreasing concentrations of DNAzymes (from 10 to 250 nM) were
incubated at 37 °C with a noncleavable short RNA target, NC-FRS
(38 nM), and analyzed by native gel electrophoresis. C50 represents the
concentration of DNAzymes at which 50% of the complex was formed.
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■ DISCUSSION

Several approaches using nucleic acids to downregulate cellular
IGF-I or IGF-IR expression have been developed, such as
antisense oligonucleotides or short interfering RNAs. Here, we
designed a series of 10−23 DNAzymes to target IGF-I mRNA
in tumor cells. We found that increasing the length of
DNAzyme substrate binding domains from 8 to 10 nucleotides
improved the cleavage efficiency of target RNAs. This is in
accordance with the literature; previous studies demonstrated
that DNAzyme arms longer than 9 or 10 nucleotides may be
detrimental because of the decreased rate of turnover as a
consequence of slow dissociation of products from DNA-
zyme.6,40 Unmodified DNAzymes are prone to nucleolytic
degradation in biological media. Several modifications, such as
2′-O-methyl ribonucleotides or a 3′−3′ inverted thymidine at
the 3′ end, have been successfully used to protect DNAzyme
extremities from nucleolytic degradation.8,41,42 Although these
modifications increase the nuclease resistance of DNAzymes,
they also influence their catalytic activity, either positively by
strengthening binding to structured RNA targets or negatively
by interfering with the cleaved product release rates.43 In our
study, we introduced 2′-O-methyl nucleosides first into
DNAzyme substrate binding domains and then into the
catalytic core. We replaced four deoxyribonucleotides in the
substrate binding domains with 2′-O-methyl analogues to
increase the DNAzyme half-life in cells.14 This modification
increased the cleavage efficiency of short RNAs and long IGF-I
mRNA. We also introduced six 2′-O-methyl modifications at
the nonconservative positions of the IGF-I DNAzyme catalytic
core. This substitution was expected to improve 10−23
DNAzyme stability and reduce endonucleolytic degradation,
without a substantial loss of catalytic activity.14,39 These
modifications of IGF-I DNAzymes either had no effect
(FRSGC) or resulted in a decrease in catalytic activity when
studied on short RNA fragments. A reduction in cleavage
efficiency was observed with DNAzymes GAEL9m/9mILm and
FRSGU9

m/9mLm, whereas in the case of activity on the long
IGF-I mRNA substrate, we observed a slight inhibition of
GAEL9m/9mILm activity and a near 2-fold enhancement of the
observed cleavage rate for DNAzyme FRSGU9

m/9mLm.

Kinetic parameters of GAEL9m/9mILm and FRSGU9
m/9mLm

were then analyzed on both targets. A large excess of DNAzyme
was used on short target RNAs to determine kcleav values: under
such conditions, the chemical cleavage reaction was the limiting
step. Interestingly, the kcat values were equivalent to kcleav values
and thus can be considered as the true cleavage rate. Insertion
of 2′-O-methyl nucleotides into the DNAzyme catalytic core
inhibited the cleavage rate; we assume that this modification led
to distortion of the favorable active conformation of the
DNAzyme−RNA substrate complex. In contrast, we did not
observe such a decrease in the cleavage efficiency of the long
IGF-I transcript because of the presence of 2′-O-methyl
nucleotides in the catalytic core in the case of FRSGU9

m/
9mLm. Here, the kobs parameter cannot be considered as the true
cleavage rate of the phosphodiester bond of the structured long
RNA target, because conformational changes of the DNA-
zyme−RNA complex are mandatory for efficient cleavage
catalysis. The formation of an active DNAzyme−RNA complex
was the limiting step of the reaction.
The DNAzyme catalytic loop plays a critical role in folding of

the DNAzyme−RNA complex, and therefore, the presence of
2′-O-methyl-modified nucleotides in the core may contribute to
stabilization of the active conformation and to cleavage
reactivity by inducing favorable kinks in the mRNA−DNAzyme
complex. The extent of kinking will depend on bulged
nucleotides and on the sequence of the flanking base pairs.
The loop may generate kinks inducing a favorable in-line
conformation of the cleavable RNA phosphodiester bond.44

Some knowledge about the structure of the catalytic core of
active 10−23 DNAzyme is available.45−47 Upon binding, the
DNAzyme bends its RNA substrate away from the cleavage
point, exposing the reactive site to the DNAzyme catalytic
core.48,49 Such bending can induce enough stretch to partially
unstack the unpaired base in the DNAzyme−RNA complex.
Using a coarse-grained Brownian dynamics simulation, it was
shown that mutations in the catalytic core changed the bending
angle, but no correlation was found with DNAzyme catalytic
activities. Central nucleotides (C7−A12) in catalytic core could
provide a scaffold that keeps the key bases for catalysis (G1, G2,
T4, G6, and G14) in the proximity of the cleavage site (Figure
1C).49 In the case of short RNA targets, we assume that 2′-O-
methyl nucleotides in the DNAzyme catalytic core led to less
favorable bending of the substrate. When nucleotides in the
central part of the catalytic core are 2′-O-methyl analogues, the
catalytically preferred conformation of the DNAzyme bound to
short RNAs may be destabilized. The DNAzyme catalytic
efficiency of FRSGU9

m/9mLm had a nearly 3-fold lower Km value
compared to that of FRSGU9

m/9m in the reaction with IGF-I
RNA (Table 2). This was likely due to an increase in the
stability of the DNAzyme−RNA complex and to a favorable
folding to obtain efficient binding induced by the presence of
2′-O-methyl modifications in the catalytic core.
The design of efficient antisense oligonucleotides, short

interfering RNA, or nucleic acid enzymes such as DNAzymes
and hammerhead ribozymes is usually guided by the acces-
sibility of the target site. To help the design of efficient
antisense oligomers, a number of theoretical and practical
approaches have been developed to identify accessible regions
in these RNAs.50 For example, efficient DNAzymes have been
identified from combinatorial libraries or oligonucleotide
scanning arrays.51,52 In the case of rat IGF-I mRNA, we
identified two target sites using in silico prediction with specific
folding algorithms that could be hybridized in vitro in the

Figure 4. Functional validation of intracellular cleavage activities of
DNAzymes. DNAzymes (150 ng, 50 nM) were cotransfected in
LFCL2A rat hepatocarcinoma cells with psick-rIGF1(1833)ΔFluc
(100 ng, 100 pM) and pGL2-CMV (25 ng, 28 pM). Cells were
harvested and luciferase activities measured 24 h post-transfection.
Plasmids were cell-transfected with control DNAzyme (Scr),
MutFRSGU9

m/9m (Q), FRSGU9
m/9m (L), MutFRSGU9

m/9mQm

(Qm), or FRSGU9
m/9mLm (Lm). Data are means of four independent

experiments ± SEM. **P < 0.01 refers to a comparison to Scr.
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absence of intracellular proteins. An estimate of target site
accessibility may also be obtained from RNase H assays. In our
system, the FRS sites were predicted to be more hybridiz-
able than the GAEL site. Nevertheless, RNase H induced more
efficient cleavage on the duplexes formed by GAEL DNAzyme
and IGF-I mRNA, in contrast with what was expected if
we considered only accessibility. Therefore, it was difficult to
determine whether differences in cleavage efficiency were due
to RNase H, which does display minimal sequence preferences
for certain nucleotide stretches formed upon binding to mRNA
target, or to thermodynamic stabilities of displaced secondary
structures that differed from that predicted. As expected, we
found that DNAzymes with 2′-O-methyl-modified arms led to a
better cleavage rate of IGF-I mRNA as compared to those of
unmodified DNAzymes, confirming the important role of 2′-O-
methyl nucleotides in disrupting local secondary structures.
Divalent metal ions such as Mg2+ play a dual role in 10−23
DNAzyme catalysis, because they stabilize folded RNA
structures and the active conformation of DNAzymes and are
also essential for efficient cleavage of RNA phosphodiester
bonds. Most of the in vitro studies of 10−23 DNAzymes have
used Mg2+ concentrations ranging from 10 to 25 mM, much
higher than the concentration of 0.5 mM available in cells.53

Several groups have isolated new DNAzymes that cleave RNA
in the presence of low concentrations of Mg2+ or in the absence
of Mg2+ using SELEX procedures in the presence of synthetic
nucleotides bearing reactive groups able to cleave RNA.54−56

Structural requirements and mechanisms of these new
DNAzymes have been explored in vitro. These Mg2+-
independent DNAzymes have not yet been evaluated in cells,
but they may represent interesting alternatives for degrading
mRNA. Recently, it was shown that 10−23 DNAzymes have a
very weak Mg2+ ion dependence, with DNAzyme activity
observed at 0.01 mM Mg2+.57 Therefore, we investigated if
DNAzymes can cleave a short complementary target under
physiological conditions of 0.5 mM Mg2+, 150 mM NaCl, pH
7.4, and 37 °C.58 Our results confirmed that modified FRSGU
DNAzymes were able to cleave their RNA target under these
conditions, but to a lesser extent as compared to conditions
with 10 mM Mg2+ (Table S3 of the Supporting Information).
Consequently, because modified FRSGU DNAzymes exhibited
cleavage activity under physiological conditions, we can expect
that RNA cleavage occurs also in cells.
The effect of anti-IGF-I DNAzymes was analyzed using

transient transfection assays with reporter plasmids.18,59 We
demonstrated that FRSGU9

m/9mLm DNAzyme was able to
inhibit reporter activity upon recognition of its target on IGF-I
mRNA fused to R. reniformis luciferase. In previous cell studies,
several DNAzyme controls were used: a scrambled control with
arms of unrelated sequences, a DNAzyme with a reverse
catalytic core sequence, a mismatch control in which a base is
changed in the flanking sequences, and a mutated core control
in which a nucleotide in the catalytic loop is replaced to
inactivate cleavage activity.43 The observed inhibition obtained
with FRSGU9

m/9mLm was sequence-specific because a DNA-
zyme with scrambled flanking arms did not inhibit luciferase
activity. Results obtained with the mutated core control
strongly suggest that FRSGU9

m/9mLm inhibited luciferase
activity through the induction of RNA cleavage. It is difficult
to determine why FRSGU9

m/9m, its counterpart without a
modified catalytic loop, has no effect in cells. The catalytic
activities of FRSGU9

m/9m measured in vitro may not be
sufficiently high to provide efficient cleavage. FRSGU9

m/9m

DNAzyme might be more sensitive to nucleases than
FRSGU9

m/9mLm.14 We can also hypothesize that folding of
FRSGU9

m/9m in cells was not appropriate for inducing RNA
cleavage, in contrast to FRSGU9

m/9mLm, which likely exhibited
constraint in its catalytic core due to the six 2′-O-methyl
ribonucleotides. DNAzyme approaches have been successfully
applied in cells and in vivo; however, their inhibitory
mechanisms were often unexplored.8,43 Cellular cleavage
activities of nucleic acid enzymes such as ribozymes were
previously supported by the use of inactive mutants that
exhibited weak inhibitory effects.60,61 Moreover, the biological
action of ribozymes or 10−23 DNAzyme could be mainly
caused by the antisense effect of substrate binding domains.26,48

A recent comparison of catalytically active and inactive 10−23
DNAzymes harboring large DNA flanking sequences (>12
nucleotides) suggested that the inhibitory mechanism was
mainly mediated by RNase H recognition and cleavage of
DNAzyme−RNA complexes in cells.62 It was also shown that
some 10−23 DNAzyme activities were due to cytotoxicity or to
the presence of specific motifs such as a G-rich stretch.63 In
cells, RNase H that recognizes flanking sequences bound to
mRNA can contribute to the inhibition observed with IGF-I
DNAzymes (Figure S3 of the Supporting Information),
provided that they contained desoxyribonucleotides and not
2′-O-methyl-RNA nucleotides. The stability of complexes
formed between RNA targets and mutated DNAzymes was
similar to the stability of those formed with active DNAzymes
(Table 4). Moreover, RNA−DNA complexes formed by active
and inactive DNAzymes differing by only one nucleotide in the
catalytic loop were equally sensitive to Escherichia coli RNase H
cleavage activity (data not shown), suggesting that RNase H
may cleave mRNA in cells with the same efficiency when bound
to active or mutated DNAzymes. One example for that was
mRNA complexes formed with FRSGU9

m/9mLm or
MutFRSGU9

m/9mQm. Our results obtained with two DNAzyme
controls, one with a mutated catalytic core and the other with
scrambled flanking arms, strongly suggest that the 2′-O-methyl
nucleotide-containing active DNAzyme specifically recognized
its RNA target and cleaved it in a Mg2+-dependent manner in
cells. The cellular RNase H likely contributed to the observed
inhibition. However, the presence of an active catalytic core in
DNAzyme improved the inhibition as compared to its inactive
counterpart. Further studies are needed to unravel inhibitory
mechanisms, for instance, via analysis of cellular cleavage
products after transfection of cells silenced for RNase H.64

Indeed, the ubiquitous RNase H could be transiently knocked
down using specific short interfering RNA.65−67 Transfection of
DNAzymes in cells devoid of ribonuclease H would allow
determination of the relative contribution of protein-free
DNAzyme and ribonuclease H catalysis to the observed
inhibition.
Here, efficient 10−23 DNAzymes with 2′-O-methyl nucleo-

tides in flanking sequences and in the catalytic core were
identified to cleave rat IGF-I mRNA in vitro and subsequently
were shown to inhibit specifically the expression of a reporter
gene fused to IGF-I mRNA. These modified DNAzymes could
be useful for blocking the secretion of IGF-I from prostate
stroma primary cells and may inhibit prostate tumor develop-
ment as previously shown using siRNA transfection.68,69 As for
neutralizing antibodies, we can expect to block hepatic metas-
tasis by inhibiting the expression of IGF-I in liver, which is the
major source of serum IGF-I.70 The development of these
modified 10−23 DNAzymes, which were effective against IGF-I
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mRNA, opens opportunities to inhibit IGF-I expression in
tumor models and to explore its role in tumorigenesis and
immune response triggering.21
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