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Inhibition of miR-21 in glioma cells 
using catalytic nucleic acids
Agnieszka Belter*, Katarzyna Rolle*, Monika Piwecka*, Agnieszka Fedoruk-Wyszomirska, 
Mirosława Z. Naskręt-Barciszewska & Jan Barciszewski

Despite tremendous efforts worldwide, glioblastoma multiforme (GBM) remains a deadly disease for 
which no cure is available and prognosis is very bad. Recently, miR-21 has emerged as a key omnipotent 
player in carcinogenesis, including brain tumors. It is recognized as an indicator of glioma prognosis 
and a prosperous target for anti-tumor therapy. Here we show that rationally designed hammerhead 
ribozymes and DNAzymes can target miR-21 and/or its precursors. They decrease miR-21 level, and thus 
silence this oncomiR functions. We demonstrated that anti-miRNA catalytic nucleic acids show a novel 
terrific arsenal for specific and effective combat against diseases with elevated cellular miR-21 content, 
such as brain tumors.

Glioblastoma multiforme is the most common type of malignant primary brain tumors, accounting more than 
50% of all gliomas1. Its localization in the brain, invasive and aggressive behavior, and extremely poor progno-
sis make it one of the most deadliest form of cancer2. Despite recent advances in surgical and radiotherapeutic 
techniques, it is one of the most incurable form of cancer3,4. The average prognosis for GBM patients is between 
7 and 12 months5.

Over the past decade, a great progress in genome-wide techniques have allowed for reconstruction of genetic 
and molecular networks involved in tumorigenesis and provide significant insights into the mechanism of gli-
omas6–8. Comparative analysis of the genetic landscape and the transcriptome of GBM has shown that the gene 
expression profile is not a direct reflection of genetic background of glioblastoma but reflects also epigenetic 
alterations, such as miRNA level fluctuations9,10.

miRNAs are short non-protein coding RNAs that regulate gene expression. They are implicated in cell growth, 
tissue differentiation, cell proliferation, embryonic development, apoptosis and cellular signaling11–14. It is pro-
posed that up to 90% of human transcripts are potential targets of miRNAs15–22. Therefore even slight modulation 
of miRNA levels can have impact on cell phenotype.

A number of studies have shown that miRNAs display precise tissue-specific expression patterns and their 
aberrant profile may result in substantial tissue re-organization and the development of disease23. Altered miR-
NAs expression profiles have been found so far in over 160 diseases24, including brain tumors25,26. It has become 
clear that microRNAs deregulation is implicated in different steps of the tumorigenic process, from the initiation 
and development to progression toward the acquisition of an invasive phenotype.

High-throughput clustering analysis of miRNAs expression revealed a specific subset of miRNAs that provide 
a candidate molecular signature of glioblastoma25. miRNAs have been showed to be altered not only in glioblas-
toma multiforme tissue11–13, but also in body fluids of patients28, in brain tumors of different grades27, and even 
subdivide high- versus low-risk patients29. Therefore miRNAs can be used as real-time biomarkers and possess 
a prognostic value for GBM survival28,29. Additionally, miRNAs represent an abundant class of targets for GBM 
intervention30.

miR-21 has been the first miRNA reported as deregulated in human glioblastoma31. Its expression level cor-
relates with malignancy of tumor25,32. It is also highly expressed in other tumor types such as neuroblastoma, 
glioma, colorectal, lung, breast, pancreas, leukaemia, lymphoma. It is the only miRNA upregulated in all types of 
cancer33. The level of miR-21 can be used for diagnosis and prognosis of GBM32.

miR-21 is well known as an oncomiR and is involved in all steps of tumor development, including initiation, 
maintenance and survival34. Some cancers are dependent on miR-21, termed ‘oncomiR addiction’, in order to 
maintain a malignant phenotype. Taking into consideration that miR-21 is the omnipresent miRNA in human 
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tumors, it seems that its inhibition might have significant therapeutic value and provide new choices for cancer 
therapy35.

The idea of miRNA inhibition has been born a long time ago. It has been shown that miR-21 downregulation 
in glioma cell lines resulted in inhibition of cell proliferation, enhanced apoptosis, decreased cell invasiveness, 
sensitized resistant cells to standard treatment36–38, and inhibition of tumor growth in a mouse model39.

A method, which causes 100% eradication of a specific miRNA is just the deleting of a miRNA gene. This 
method is useful for determination of miRNA function in a lab, but it is technologically difficult to use in a 
clinical therapy40,41. Other approaches involve blocking miRNA processing and maturation at the posttranscrip-
tional level. Small molecule inhibitors42–44 as well as 12-mer DNAs can selectively regulate miRNA production 
by targeting pre-miRNA and human Dicer45. Antisense oligonucleotides (AS-ON) targeting mature miR-21 were 
used in glioblastoma cells to verify and identify their potential target sequences and to study the effects of miR-21 
inhibition46. All of these approaches, although being very effective, have several disadvantages and the mecha-
nism of their action is poorly understood, which prevents their testing in clinical trials47–50. Because there is a 
constant need for new anti-cancer remedies, other approaches such as miRNA sponges51, catalytic nucleic acids52 
and miRNA supplementation53–55 are still under evaluation. Catalytic nucleic acids, both hammerhead ribozymes 
and DNAzymes directed against miRNA are a subject of our interest.

Ribozymes are RNA motifs with autocatalytic cleavage capability. They were found in viroids and viral satellite 
RNAs which are self-cleaved while replicated56,57. Although natural hammerhead ribozymes perform a single 
intramolecular RNA bond hydrolysis reaction in cis, trans-acting ribozymes capable of multiple turnover cleavage 
of RNAs have been developed58. At the same time, to date no DNA catalysts have not been found in nature, how-
ever DNAzymes were isolated by in vitro selection59. The highly conservative ribozyme and DNAzyme catalytic 
cores are flanked by arms of any sequence. This property allows for a rational design of catalytic nucleic acids for 
targeting of virtually any RNA. Both ribozymes and DNAzymes hydrolyze the single phosphodiester bond of 
RNA similarly to RNase A, giving products with a 5′ -hydroxyl group and a 2′ ,3′ -cyclic phosphate60,61. Thus, ribo-
zymes and DNAzymes provide simple and a highly specific tool for targeting RNA of a determined sequence62. 
Ribozymes and DNAzymes are commonly used to down-regulate gene expression by hydrolyzing particular 
mRNAs63–65. Here we show that they may also be used to down-regulate miRNA expression. Due to their catalytic 
capacity, ribozymes and DNAzymes are expected to be more efficient and specific in miRNA inhibition than 
anti-miRNA antisense oligonucleotides66. Recently, antagomirzymes directed to miRNA precursors have been 
described52,67. However, no ribozyme activity against mature miR-21 has been shown52. Here, we describe for 
the first time the application of hammerhead ribozymes and DNAzymes to inhibit a miR-21, its precursors and 
therefore its function in glioma cells.

Results
Designing of the anti-miR-21 hammerhead ribozymes and DNAzymes. Recently, using miRNA 
microarrays, we analysed the miRNA expression pattern in malignant glioma tissues, tumor margins and normal 
human brain and found 35 miRNAs whose expression is frequently deregulated in GBM patients25. miR-21 is 
significantly upregulated miRNA in glioblastoma tissues, as well as in peritumoral areas, in comparison with nor-
mal human brain25. Additionally, we showed that miR-21 levels differ in low-grade gliomas (grade II), anaplastic 
astrocytomas and oligodendrogliomas (grade III), and glioblastoma multiforme (grade IV). It is significantly 
lower in grade II gliomas and in most abundant grade III tumors than in the most malignant glioblastoma multi-
forme25. Many other independent studies confirmed at consistency5,68.

Recently, to understand specificity of miRNA action, we looked for structure of mature miRNAs69. Using spe-
cific nucleases, T1, V1 and S1 as well as NMR, UV/Vis and CD spectroscopies, we found that not only pre-miR-21 
but also mature miR-21 can adopt hairpin structure, which affects their turnover and function69. Considering 
miR-21 and it precursors as therapeutic targets, we investigated how their structures affect their accessibility for 
oligonucleotide binding.

Out of eight designed oligonucleotides (O1–O8) complementary to different regions of pre-miR-21, only 
O5 binds to G35-C41 region (pre-miR-21 loop) and forms a complex with pre-miR-21 cleaved with RNase H1 
(Supplementary Fig. 1a,b). In case of mature miR-21, one can see RNA cleavage with RNase H1 in presence of 
each designed oligonucleotides (O1, O9–O12). Only slight differences in intensity of RNA products of reactions 
in the presence of oligo DNAs were observed. The lowest RNase H1 activity was observed in presence of O1 and 
O11. That indicated that miR-21 regions complement to oligos (A7-C13 and G11-U17) are slightly less prompt to 
complex oligodeoxynucleotides (Supplementary Fig. 1a,c).

Although, our results showed that pre-miR-21 hairpin has limited accessibility to oligodeoxyribonucleotides, 
taking into account that RNAs could be cleaved with catalytic nucleic acids not only within single but also double 
stranded regions70, we designed a set of hammerhead ribozymes and DNAzymes targeting both mature miR-21 
and its precursor.

The hammerhead ribozymes have been designed according to the rules suggested ealier58,71,72. The cleavage 
specificity of the hammerhead ribozyme is generally described as the NUH↓  rule, where N can be any nucleo-
tide and H cannot be G73. AUC and GUC sequences are the most efficiently cleaved with ribozymes thus they 
have been chosen as targets for anti-miR-21 ribozymes. There are two AUC and three GUC sequences within 
pre-miR-21, one AUC within mature miR-21. Two GUC were ignored while designing ribozymes because they 
are located in the vicinity of pre-miRNA ends, thus may preclude binding of ribozyme arms to target RNA. 
(Fig. 1, Supplementary Fig. 2, Supplementary Table 1).

We found AUG and GUC sequences are located within hairpin stem and AUG within pre-miR-21 hairpin 
loop (Supplementary Fig. 2). As mentioned above, RNase H1 assay showed low availability of pre-miR-21 hairpin 
stem for oligonucleotides binding, but a cleavage reaction occurred in presence of oligo DNA complement to 
pre-miR-21 hairpin loop (G35-C41). Despite that, taking into account that nucleic acids may force the availability 
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of other sequences74, ribozymes for all these sites were designed (Fig. 2). For mature miR-21, a similar efficiency 
of RNA cleavage by RNase H1 was observed in presence of all designed oligonucleotides complement to different 
regions of this miRNA. It seems that miR-21 structure is prompt for oligonucleotides invasion and suggests that 
it can be better therapeutic target than its precursors.

The ribozymes comprised of 34 nucleotides, including 22 nt catalytic core and 6 nt flanking complement 
sequence at its 3′  and 5′  hybridizing arm, were designed (Fig. 1). The catalytic domain of ribozymes was selected 
based on our previous experience with catalytic RNAs and well-studied hammerhead ribozyme sequence 
motifs71. The ribozymes contain two stretches of conserved nucleotides, one of the three double helices (helix II)  
and flanking arms (stem I and II). The ribozymes activity and specificity depends on the length of flanking arms 
and 6 nt arms is a balance between these two parameters75. The ribozymes bind to the target RNA through com-
plementary base pairing with stems I and III. Ribozymes with their substrates form three double helices and 
single-stranded regions encompass the catalytic core of the ribozyme. Cleavage of the substrate RNA occurs at 
nonpaired residue positioned between stems I and III. The site of cleavage occurs at the 3′  site of C of sequence 
AUC (ribozyme miR21rz1 and miR21rz2) or GUC (ribozyme miR21rz3). Ribozyme miR21rz1 can simultane-
ously cleave both mature and precursor miRNA.

The limitation of catalytic RNAs is their low activity at physiological Mg2+ concentrations. It has been found 
that TSMs (tertiary stabilizing motifs) occurring in natural hammerhead ribozymes play an important role in 
acquiring the catalytically active conformation76. These so called extended of full-length ribozymes are highly 
active at physiological Mg2+ concentrations in contrast with minimal variants, which require 10 mM Mg2+ for 

Figure 1. Secondary structure of anti-miR-21 ribozymes: miR21rz1, miR21rz2, miR21rz3 (a), miR21rz1_
TLR (b) and mutated miR21rz1 (miR21rz1_mut) (c) in a complex with their substrates (pre-miR-21 or 
miR-21). Mature miRNA sequence is underlined, ribozyme sequence marked in grey, TLR sequence in dark 
grey, AUC and GUC target sites for ribozymes in grey boxes, arrows point the sites of cleavage, circles mutated 
nucleotides within catalytic core of miR21rz1_mut. A stands for adenosine, U – uridine, C – cytosine,  
G – guanosine. See also Table S1 and Fig. S3.
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efficient catalysis77. Previously, we showed that the TLR (tetraloop receptor) can be used as a stabilizing element 
that increases ribozyme catalytic activity even at low magnesium71. Thus TLR-extended hammerhead ribozyme, 
miR21rz1_TLR was designed (Fig. 1b, Supplementary Table 1). Additionally mutated ribozyme with three substi-
tutions within catalytic core was used as a negative control for above mentioned anti-miR-21 ribozymes (Fig. 1c, 
Supplementary Table 1).

The DNAzymes for miR-21 were designed according to Santoro and Joyce suggestions78. The ‘10–23’ 
DNAzyme requires G(C/U), A(C/U) dinucleotides with the highest cleavage efficiency at AU and GU, whereas 
the ‘8–17’ deoxyribozymes solely AG as recognition sequence. AG and GU dinucleotides were chosen as cleavage 
sites for our ‘8–17’ and ‘10–23’ DNAzymes (Supplementary Fig. 2 and Supplementary Table 1).

The catalytic loop structure of the ‘8–17’ and ‘10–23’ deoxyribozymes contain 15 and 13 nucleotides, respec-
tively. Like in case of hammerhead ribozymes, it is surrounded by sequence-specific flanking arms. Both types of 
catalytic DNA, 3′  and 5′  hybridizing arm have been designed to form 7 and 8 Watson-Crick base pairs with tar-
gets, respectively. miR21dz1-5 DNAzymes arms are complement to miR-21 precursor, miR21dz1 and miR21dz2 
could recognize also mature miRNA. ‘8–17’ and ‘10–23’ deoxyribozymes have been design to cleave targets at the 
5′  site of free A and G, respectively79.

The sequences of anti-miR-21 catalytic nucleic acids are shown in Supplementary Table 1.

In vitro activity of hammerhead ribozymes and DNAzymes. In vitro assays showed that miR21rz1, 
miR21rz2, miR21rz3 ribozymes cleave pre-miR-21 with different efficiency (Fig. 3a,d). miR21rz3 ribozyme is the 
most and miR21rz2 the last active one. In all cases, the efficiency of ribozymes depends on the Mg2+ concentra-
tion and ribozyme:substrate ratio. The in vitro activity of ribozymes was checked in the range from 0.5 to 50 mM 
Mg2+. The reaction took place smoothly at 50, 25, 10 and 5 mM Mg2+, slightly at 1 mM magnesium ions (physio-
logical concentration), but not below.

Although originally thought that only Mg2+ are obligate for folding and activity of ribozymes64, it has been 
shown that a wide variety of metal ions may support their catalysis80. Nuclear magnetic resonance and crystal-
lographic studies have indicated that Na+, Li+ and NH4

+ facilitate tertiary structure formation, which is similar 
or identical to that observed in the presence of Mg2+ 81. Moreover, in vitro catalytic reaction at monovalent ions 
concentration of 1–4 M, in absence of magnesium ions has been observed81. Metal ions seems to neutralizalize 
the charge of RNA allowing better RNA folding, rather than playing essential chemical role in catalysis. This has 

Figure 2. Secondary structure of anti-miR-21 DNAzymes: miR21dz1 (‘8–17’), miR21dz2, miR21dz3, 
miR21dz4, miR21dz5 (‘10–23’) in a complex with their substrates (pre-miR-21 or miR-21). Mature miRNA 
sequence is underlined, DNAzyme sequence in grey, AG and GU target sites for DNAzymes in grey squares, 
arrows point the sites of cleavage. A stands for adenosine, U – uridine, C – cytosine, G – guanosine. See also 
Table S1 and Fig. S3.
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Figure 3. Pre-miR-21 hydrolysis by hammerhead ribozymes and DNAzymes. (a,b) Magnesium effect 
on RNA hydrolysis by hammerhead ribozymes. 0.1 pmole pre-miR-21 and 10 000 cpm [32P]pre-miR-21 was 
incubated with 2.5 pmol of hammerhead ribozyme and 1, 5, 10, or 25 mM MgCl2. For miR21rz2 only the 
reaction at 25 mM magnesium ions is shown. (c,d) Ribozyme:substrate ratio dependence of RNA hydrolysis by 
ribozymes. 0.1 pmole pre-miR-21 and 10 000 cpm of [32P]pre-miR-21 was incubated with 0.3125, 0.625, 1.25, 
2.5 and 5 pmole ribozyme and 10 MgCl2. (e) RNA hydrolysis by ribozyme in different metal ions and molecular 
crowding mimicking compounds. 0.1 pmole pre-miR-21 and 10 000 cpm [32P]pre-miR-21 was incubated with 
2.5 pmol of miR21rz3 and 10 mM MgCl2 (2–7, 16), 10 mM NaCl (10), 10 mM NH4Cl (11), 10 mM LiCl (12), 
KCl (13), CaCl2 (14), SrCl2 (15), 16% PEG200 (3), 16% PEG400 (4), 16% PEG 3350 (5), PEG4000 (6), 40 mM 
spermine (7), 40 mM spermidine (8). (f,g) Magnesium effect on RNA hydrolysis by miR21rz1 and miR21rz1_
TLR. 0.1 pmole pre-miR-21 and 10 000 cpm [32P]pre-miR-21 was incubated with 5 pmol of miR21rz1 and 
miR21rz1_TLR and 10 mM MgCl2. (h,i) Magnesium effect on RNA hydrolysis by DNAzymes. 0.1 pmole pre-
miR-21 and 10 000 cpm [32P]pre-miR-21 was incubated with 2.5 pmol of DNAzymes in 50 mM Tris-HCl, pH 
7.5, containing 1, 5 and 10 mM MgCl2. As no cleavage for miR21dz1, miR21dz4 and miR21dz5 were observed 
they were omitted in the graph (g). All reactions was performed in 50 mM Tris-HCl buffer, pH 7.5, in 10 μl total 
reaction volume for 16 h at 37 °C. C, L, T1, V1, S1 as in the Fig. 2.
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led to a generally accepted model in which a variety of monovalent or divalent metal ions can function to stabi-
lize ribozyme structure, whereas one or more divalent metal ions play a direct role in active-site chemistry80,81. 
Additionally, the formation of RNA active conformation, which determine its activity, is driven by water struc-
ture, which has been shown at high hydrostatic pressure and high monovalent salt concentrations82.

We checked weather designed ribozymes hydrolyze RNA targets in absence of Mg2+, at physiological concen-
trations of other ions and additionally in presence of molecules, which mimic cellular crowding. We showed that 
milimolar concentrations of monovalent (Na+, NH4

+, Li+) or divalent ions (Ca2+, Sr2+) are not sufficient for ribo-
zymes’ catalytic activity. Moreover, their activity is inhibited by polyethylene glycols of low molecule mass (200 
and 400 Da), but remains almost unchanged in presence of PEG3350 and PEG4000. Spermine and spermidine at 
40 mM concentration slightly increase catalytic activity of this RNA (Fig. 3e).

The weakness of catalytic RNAs and DNAs is their low activity at physiological Mg2+ concentrations. It has 
been found that TLR (tetraloop receptor motif) occurring in natural hammerhead ribozymes play an important 
role in acquiring the catalytically active conformation76. These so called extended of full-length ribozymes are 
highly active at low Mg2+ in contrast with minimal variants that often require 10 mM Mg2+ for efficient cataly-
sis77. As we identified previously, the TLR can be used as a stabilizing element that increases ribozyme catalytic 
activity even in low magnesium71, we designed and tested TLR-extended anti-miR-21 hammerhead ribozyme 
(miR21rz1_TLR) (Supplementary Table 1). Its activity toward pre-miR-21, same as miR21rz1, depends on Mg2+ 
concentration and ribozyme: substrate ratio. It turn out that miR21rz1_TLR hydrolyze pre-miR-21 less efficiently 
than the primary ribozyme (miR21rz1) (Fig. 3f,g). For example, under 50-fold excess of ribozyme over substrate, 
after 15 h, 3.3 and 5.3% pre-miR-21 is hydrolyzed with miR21rz1 at 5 and 10 mM Mg2+, respectively. For com-
parison, only 1.1 and 3.5% with miR21rz1_TLR. miR21rz1_TLR is also less active than miR21rz1 toward miR-21 
(Fig. 4c,d). For example, at 10-fold excess of ribozyme over substrate, after 1 h, 9.19, 22.42, 73.23 and 93.96% 

Figure 4. miR-21 hydrolysis by hammerhead ribozymes and DNAzymes. (a,b) Magnesium, time and 
ribozyme:substrate ratio dependence of RNA hydrolysis by ribozyme miR21rz1. 0.1pmole miR-21 and  
10, 000 cpm [32P]miR-21 was incubated in 50 mM Tris-HCl, pH 7.5, buffer containing (i) 1 pmol miR21rz1 and 
0, 0.5, 5, 10, 25 and 50 mM MgCl2 (ii) 1 pmol miR21rz1 and 10 mM MgCl2, (iii) 0.1, 0.3, 0.6, 1 and 2.5 pmole 
miR21rz1 and 10 mM MgCl2. Reaction were carried in in 10 μl total reaction volume at 37 °C for 1 h (i and 
iii) or for 0.5, 1, 2, 3, 5 h (ii). (c,d) Magnesium and ribozyme:substrate ratio dependence of RNA hydrolysis 
by ribozyme miR21rz1 and miR21rz1_TLR. 0.1 pmole miR-21 and 10 000 cpm of [32P]miR-21 was incubated 
with 0.1 and 1 pmole hammerhead ribozyme (miR21rz1, and miR21rz1_TLR) in 50 mM Tris-HCl, pH 7.5, 
buffer containing 0.5, 1, 5, 10 mM MgCl2 in 10 μl total reaction volume for 1 h at 37 °C. (e) Comparison of anty-
miR-21 ribozyme and DNAzymes activity toward miR-21. 0.1 pmole miR-21 and 10 000 cpm of [32P]miR-21 
was incubated with 1 pmole miR21rz1 (1), miR21dz1 (2) and miR21dz2 (2) in 50 mM Tris-HCl, pH 7.5, buffer 
containing 10 mM MgCl2 in 10 μl total reaction volume for 1 h at 37 °C. C, L, T1 as in the Fig. 2. Reactions were 
stopped with 10 μl of a loading buffer. Reaction products were separated on a 20% polyacrylamide gel with 7 M 
urea and quantified using the ImageQuant software.
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miR-21 is hydrolyzed with miR21rz1 and 1.81, 11.99, 27.8 and 43.78% with miR21rz1_TLR at 0.5, 1, 5 and 10 mM 
Mg2+, respectively (Figs 3f,g and 4c,d).

Also, we determined DNAzymes activities against pre-miR-21 and miR-21. miR21dz2 and miR21dz3 hydro-
lyze pre-miR-21 in Mg2+ concentration-dependent manner. At 25-fold excess of DNAzymes, after 15 h, both 
miR21dz2 and miR21dz3 hydrolyze RNA with a similar efficiency, almost 4, 8 and 22% pre-miR-21 at 1, 5, 10 mM 
Mg2+, respectively. miR21dz1, miR21dz4 and miR21dz5 do not hydrolyze pre-miR-21 at all under tested con-
ditions (Fig. 3h,i). Interestingly, one of them, miR21dz1 although does not hydrolyze pre-miR-21, cut efficiently 
mature miRNA. At 10-fold excess of DNAzyme over miR-21, at 10 mM Mg2+, after 1h over 60% RNA was hydro-
lyzed (Fig. 4e). Surprisingly, miR21dz2 although having only four nucleotides at its 5′  arm complement to miR-21 
hydrolyzed mature miRNA. At 10-fold excess of miR21dz2 over substrate, and at 10 mM Mg2+ 15% miR-21 after 
1 h was hydrolyzed (Fig. 4e). Designed DNAzymes are less active toward miR-21 than miR21rz1 ribozyme. At 
mentioned above conditions, miR21rz1 hydrolyze over 90% miR-21 (Fig. 4e).

The obtained results show that both ribozymes and DNAzymes are significantly more effective hydrolyze 
mature miR-21 than pre-miR-21, which indicates that mature miRNA seems to be better target for therapeu-
tic intervention. Thus in further study we will focus on these catalytic nucleic acids, which hydrolyse mature 
miR-21. To proper and straightforward comparison of these catalytic tools we performed descent kinetic analy-
ses. The observed cleavage rate constant (kobs) value were determined for ribozymes miR21rz1, miR21rz1_TLR 
and DNAzymes miR21dz1, miR21dz2 in the presence of 100-fold excess of ribozyme/DNAzymes over miR-21 
(Table 1).

The cleavage rate constants in single turnover reaction measured at 10 mM Mg2+ were 0.8265 and 
0.73033 min−1 for miR21rz1 and miR21rz1_TLR respectively. For DNAzymes in the same conditions were 4-fold 
lower than for ribozymes and were 0.25198 and 0.19304 min−1 for miR21dz1 and miR21dz2 respectively. The kobs 
values for mentioned catalytic nucleic acids are summarized in Table 1.

Furthermore, as we noticed that both ribozymes and DNAzymes more easily hydrolyze mature miRNA than 
its precursor, we decided to check if the activity of catalytic nucleic acids depends on the structure of RNA tar-
get. We designed 13-nt RNA substrates complement to miR21rz1, miR21rz2 and miR21rz3, pre-miR-21_S1, 
pre-miR-21_S2 and pre-miR-21_S3, respectively. It is highly probable that in vitro they exist as single stranded 
molecules, thus they might be easily bound and cleaved by ribozymes. As expected all ribozymes hydrolyze short 
substrates with similar efficiency, which is much higher than in case of pre-miR-21 and mature miR-21 as a sub-
strate (data not shown).

Furthermore, to verify if he structure of RNA substrate may hamper the activity of catalytic nucleic acids, 
we used transcript of fused pre-miR-21 and EGFP genes as substrate for ribozymes. A reporter system based 
on green fluorescent protein (GFP) was used (Supplementary Fig. 3). pre-miR-21 cDNA sequence was cloned 
into pEGFP-N3 in-frame of the EGFR protein, under the control of cytomegalovirus (CMV) promoter. HeLa 
and T98G cells were transfected simultaneously with pEGFP-N3 plasmid containing the pre-miR-21 sequence 
(pEGFP-N3-pre-miR-21) and individual ribozymes (miR21rz1, miR21rz2 and miR21rz3). Cells transfected only 
with pEGFP-N3-pre-miR-21 and with plasmid and non-specific ribozyme (not complement to pre-miR-21) 
served as controls. Ribozyme-catalyzed hydrolysis of pre-miR-21-EGFP transcript prevents synthesis of EGFP 
protein.

The maximum EGFP silencing is similar with all tested ribozymes and accounts 76% and 69% in HeLa and 
T98G cell line, respectively (Supplementary Figs 4 and 5). The lowest IC50 has miR21rz2, 53 and 91.2 nM in HeLa 
and T98G cells, respectively (Supplementary Table 2). The activity of each ribozyme is slightly higher in the T98G 
than the HeLa cells (Supplementary Table 2). HeLa and T98G cells have similar susceptibility of nucleic acids 
uptake. The transfection efficiency of both lines with fluorescein-labeled dsRNA oligomer was almost the same 
(~45%), with only a small predominance (2%) for T98G and HeLa cells (Supplementary Fig. 6). One can speculate 
that ribozymes within the cells hydrolyze both endogenous pre-miR-21, mature miR-21 and pre-miR21-EGFP 
transcript, thus a decrease in EGFP level and consequently fluorescence do not fully reflect a degree of hydrolysis 
induced by ribozymes. We postulate that the differences in silencing effect observed in each cell lines after treat-
ment with ribozymes is a result of significantly higher miR-21 and its precursor level, in glioblastoma derived 
T98G cells, than in HeLa cells. In T98G cells, miR-21 and its precursors level is respectively 50 and 65% higher 
than in HeLa cells (Supplementary Fig. 6C).

Finally, we observed that the fused pre-miR-21-EGFP transcript is hydrolyzed with all designed ribozymes 
with similar efficiency. We think that the structure of pre-miR-21 being a part of fused transcript is not hairpin as 
in case of bare pre-miR-21, thus is more available for all designed ribozymes.

The obtained results showed that the structure of RNA substrate may hamper its cleavage with catalytic nucleic 
acids. Based on that we imply that mature miR-21, as easy cleaved by ribozymes and DNAzymes, is better target 
for therapeutic intervention than highly structured pre-miR-21.

Ribozyme/DNAzyme kobs Standard error

miR21rz1 0.8265 0.01323

miR21rz1_TLR 0.73033 0.01235

miR21dz1 0.25198 0.01063

miR21dz2 0.19304 0.00992

Table 1.  The cleavage rate constants (kobs) values for anti-mature miR-21 ribozymes and DNAzymes in the 
presence of 100-fold excess of ribozyme/DNAzymes over miR-21 and at 10 mM Mg2+.
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Activity of hammerhead ribozymes and DNAzymes in T98G cells. We check the effect of cell cul-
ture supplementation with anti-miR-21 ribozymes and DNAzymes on the level of endogenous miR-21, its precur-
sors, both pre-miR-21 and pri-miR-21, and PTEN being a well-known, direct and functional target of miR-2183,84. 
The effect of different catalytic nucleic acids in not the same. Cell supplementation with miR21rz1, miR21rz2 and 
miR21dz1 have the biggest impact on the level of both miR-21 and PTEN (Fig. 5). MiR-21 level was decreased of 
80% and 49% upon treatment with miR21rz1 and both miR21rz2 and miR21dz1, respectively. It results in PTEN 
upregulation of 4.3, 3.6 and 3.1 times for miR21rz1, miR21dz1 and miR21rz2. Similar effect was observed in the 
cells treated with LNA, which anti-miR-21 activity was previously positively verified in literature85,86. Slightly 
lower, 2.6 times increase of PTEN level was observed in the cells transfected with miR21dz2. As we did not 
observed miR-21 depletion in cells treated with this ribozyme, we think that in this case PTEN upregulation is 
miR-21 independent. Similarly may be in case of miR21rz3 treatment, which results in 5.7 times elevated level 
of PTEN, while only 20% decrease of miR-21 was observed. Other catalytic nucleic acids, miR21dz3, miR21dz4 
and miR21dz5 as well as negative controls (miR21rz1_mut and Block-iT), as expected do not cause depletion of 
neither miR-21 or its precursor, and upregulation of PTEN expression (Fig. 5).

In conclusion, we have demonstrated that oligonucleotide enzymes, both ribozymes and DNAzymes, which 
recognize mature miR-21 effectively and specifically decrease miR-21 level, and thus silence their respective func-
tions, which we showed on PTEN protein as the example of direct miR-21 target. The vast majority of designed 
catalytic nucleic acids which were expected do hydrolyzed pre-miRNA, but not mature miRNA are inert towards 
miR-21, pre-miR-21 and PTEN level in the cells. The interesting example is miR21rz2, which supplementation 
result in 49% depletion of miR-21 level, despite pre-miR-21 level is not lowered (even slightly increased). We pos-
tulate that although this ribozyme does not hydrolyze pre-miR-21, it recognizes pre-miR-21 hairpin loop, inhibit 
its maturation, which is observed as miR-21 depletion.

The obtained results provide an argument that, miR-21 is a good target for intervention with catalytic nucleic 
acids. Designed hammerhead ribozymes and DNAzymes decrease miRNAs level effectively and specifically, and 
thus silence their respective functions. This will provide means to modulate miRNA expression for therapeutic 
interventions.

Discussion
Although over the past decade, significant progress in understanding mechanism of glioblastoma multiforme 
has been made7,8, still there is no remedy for this the most deadliest disease2. Thus new effective approaches in 
glioblastoma diagnosis and therapy are highly desired.

Recently, it have been shown that not only genetic background but also epigenetic alterations, such as miRNA 
level fluctuations, guide gliomas development and establishment9,10. This discovery gave new perspectives in 
GBM prognosis and treatment. Indeed, we found that expression of many miRNAs in human glioblastoma and 
glioblastoma derived cell lines is boosted and correlate with tumor grade and stage of disease25. Additionally, it 
has been shown that precise diagnosis of glioma tumors, determination of the stage of the disease, prediction of 
patients survival, selection of suitable treatment and monitoring its course can based on the profile of a single 
miRNA, such as miR-21 in postoperative tissue, as well as cerebrospinal fluid and blood serum32.

Figure 5. The effect of anti-miR-21 agents on the endogenous miR-21, miR-21 precursors and PTEN 
pools in T98G cells. T98G cells were transfected using Lipofectamine 2000 Transfection Reagent with: anti-
miR-21 ribozymes (miR21rz1, miR21rz2, miR21rz3, miR21rz1_mut, 100 nM each), anti-miR-21 DNAzymes 
(miR21dz1, miR21dz2 and miR21dz3, miR21dz4, miR21dz5, 100 nM each) and antisense anti-miR-21 
antagomir with LNA modifications (LNA, 50 nM). Non-transfected T98G cells treated only with Lipofectamine 
2000 served as negative control. 24 h post-transfection cells were harvested and total RNA was isolated. RNA 
samples were treated with DNase I and assessed in terms of quantity and quality. They were polyadenylated 
and reverse-transcribed. Relative expression of miR-21 and pre-miR-21 was quantified using miR-21 forward 
primer and Universal Reverse Primer in qPCR using LightCycler 480 System and normalized using 18S rRNA 
as reference and E-Method for calculation of relative expression of miR-21 and pre-miR-21. Additionally, 24 h 
post-transfection cells were harvested and total protein lysate was prepared. Samples were assessed in terms 
of quantity and quality. Relative expression of PTEN was quantified in Western Blot and normalized using 
GAPDH as reference.
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As, miR-21 being important in all steps of tumor development, from initiation, maintenance and survival, it is 
thought to be a good therapeutic target38. Till the idea of miRNA inhibition was born, several methods of miRNA 
downregulation have been investigated. miRNA blocking strategies include small molecule inhibitors to regulate 
miRNA precursors processing, antisense oligonucleotides to inhibit mature miRNAs, miRmasks to compete with 
endogenous miRNAs for mRNA binding sites, and miRNA sponge constructs to “soak up” miRNA complement 
to them83. All of these molecular tools and approaches, although being very effective, have numerous weaknesses 
which retard their submission to clinical trials50.

In this paper, we addressed the question of the possibility to regulate the level of miR-21 and its precursors 
with catalytic nucleic acids, hammerhead ribozymes and DNAzymes. Previously, these small nucleic acids have 
been successfully used to inhibit mRNA molecules to regulate their expression58. Since miRNA regulatory poten-
tial was observed, we decided to design catalytic RNAs and DNAs to inactivate these tiny regulatory RNAs.

We provided the hammerhead ribozymes and DNAzymes, specifically and efficiently cleaving miR-21 and/or 
its precursors in vitro and decreasing miR-21 level in the glioblastoma derived cells. The obtained results provide 
a strong argument that the invasion of both miR-21 and its precursors with catalytic nucleic acids is possible, thus 
both mature miRNA and its precursors could be a therapeutic target and anti-miR-21 ribozymes and DNAzymes 
are potential tools to reduce miR-21 pool in the cells. It is though that miRNAs regulate up to 90% of human 
transcripts and it has been shown that even slight modulation of miRNA profile has great impact on expression of 
numerous transcripts and thus on cell phenotype15–22. Indeed, we observed that miR-21 depletion after ribozymes 
and DNAzymes treatment results in significant increase of PTEN, which is a well-known, direct and functional 
target of miR-2183,84. Previously, it has been shown that inhibition of miR-21 and PTEN upregulation limit cellular 
proliferation, enhance apoptosis, decrease cell invasiveness, sensitize the chemo- or radiotherapy-resistant cells to 
standard treatment34–36. As we showed that anti-miR-21 catalitic nucleic acids efficiently decrease miR-21 level in 
the cells, we postulate that they could be possibly used in the treatment of diseases with elevated cellular miR-21 
content, such as brain tumors.

Our studies gave also some general observations, which could be taken into account while designing new 
anti-miRNA catalytic nucleic acid tools. Since very beginning of the studies of catalytic RNAs and DNAs it was 
evident that the key factor for their catalytic activity is the target sequence87. The highest activity of these tools 
is associated with GUC, AUC and AG, GU, respectively for ribozymes and DNAzymes88. We noticed that not 
only sequence but also structure, which in turn depends on RNA concentration, determine efficiency of RNA 
hydrolysis. Mature miRNA is hydrolyzed with both ribozymes and DNAzymes significantly more efficient than 
its precursors. miR-21 structure is prone for oligonucleotides invasion and hydrolysis with catalytic nucleic acids, 
which makes it be better therapeutic target than its precursors. We proved that the structure of RNA should be 
taking into account while choosing therapeutic target and designing anti-miRNA tools.

Another important issue, for designing therapeutic nucleic acids is their limited delivery into the cells and 
susceptibility to degradation. Nucleic acid tools are much larger than conventional drugs and cannot diffuse 
across lipid membranes easily. Additionally, free unmodified nucleic acids are degraded in blood by nucleases and 
rapidly cleared from the bloodstream and would not reach the target cell89. Currently, three strategies to overcome 
these bottleneck are available: (i) chemical oligonucleotide backbone modifications, (ii) covalent conjugation 
with transport vehicles, and (iii) supramolecular assembly into nanosized formulation90. All of them improve 
transport of nucleic acids across cellular membranes, stabilized them against degradation, improve their binding 
to complementary nucleic acid target sequences and reduce the immunogenicity. The progress in this field is very 
fast, which allow us to believe that our and previously described catalytic nucleic acids could be used in clinic.

Methods
Tissue sample collection. Malignant glioma tissues and adjacent peritumoral brain tissues (glioma bor-
ders) were obtained at the time of surgery from 20 patients operated in the Department of Neurosurgery and 
Neurotraumatology of the Poznan University of Medical Sciences, Poland between 2010 and 2011. Tissues were 
flash frozen after surgery. Prior to the procedure, required donors’ approval have been obtained. Total RNA from 
normal human brain pooled from multiple, healthy donors and several brain regions was obtained commercially 
(FirstChoice® Human Brain Reference RNA, Ambion).

Cell culture. HeLa cells and T98G human glioblastoma cells were purchased from ATCC library. HeLa cells 
were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 1% antibiotic solution and 1% 
vitamin solution (all purchased from Sigma). T98G cells were cultured in EMEM (Eagle’s Minimum Essential 
Medium; ATCC) supplemented with 10% fetal bovine serum (Sigma) and 1% antibiotic solution (ATCC). Cells 
were grown in standard conditions (37 °C, 5% CO2).

RNA isolation and quantification. Total RNA from glioblastoma multiforme, border of cancer and 
T98G cells was isolated using the TriPure Isolation Reagent (Roche) according to the manufacturer’s protocol. 
RNA samples were treated with DNase I using DNA-free DNase Treatement and Removal Reagent (Ambion) 
and assessed in terms of quantity and quality using Agilent 2100 Bioanalyzer and RNA 6000 Nano Kit (Agilent 
Technologies), agarose gel electrophoresis and NanoDrop 2000 Spectrophotometer (Thermo Scientific).

cDNA synthesis and qRT-PCR. 300 ng of each RNA sample was polyadenylated and reverse-transcribed 
using miRNA 1st-Strand cDNA Synthesis Kit (Agilent Technologies). cDNA was further diluted 1:2 with 
RNase-free water prior to quantification by qRT-PCR (quantitative real-time PCR). Relative expression of par-
ticular miRNAs was quantified using miRNAs forward primers (Agilent Technologies) and Universal Reverse 
Primer (Agilent Technologies) in quantitative RT-PCR. qRT-PCR reactions were conducted using LightCycler 
480 System (Roche). miRNA expression was normalized using 18S rRNA. 25 μl reaction mixture was prepared 
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with the DyNAmo HS SYBR Green qPCR Kit (Finnzymes) and included 1×  MasterMix, 0.3×  ROX reference 
dye, 0.3 μM of each primer, 2 μl of template cDNA and water to a final volume of 25 μl. The PCR conditions for 
all genes were as follows: initial denaturation (95 °C, 10 min), a four-step amplification program repeated 40–50 
times [95 °C for 15 s, Tm (melting temperature) for 30 s and 72 °C for 30 s], a melting curve programme (95 °C for 
1 min, 55 °C for 30 s, 55–95 °C with a heating rate of 0.1 °C/s and 95 °C for 30 s). All standard curves were gener-
ated by amplifying series of 5-fold dilutions of cDNA. The quality of PCR products was checked by an analysis of 
the melting curve.

DNA and RNA synthesis. RNA substrates and ribozymes were synthesized by IBA (Germany) and Future 
Synthesis (Poland). DNA oligonucleotides were synthesized by Genomed S.A. (Poland). All the oligonucleotides 
were synthesized following standard procedures, PAGE or HPLC purified.

RNA and DNA labelling. RNA or DNA (1 μg) were labelled at the 5′ -end with [γ -32P]ATP (ICN) and the 
T4 polynucleotide kinase (USB) at 37 °C for 45 min in 1x PNK reaction buffer. Labelled oligonucleotides were 
purified using denaturing polyacrylamide gel electrophoresis. The radioactive band was cut off and RNA or DNA 
were eluted overnight at 4 °C with an elution buffer containing 0.5 M sodium acetate and 0.1 mM EDTA, then 
precipitated with 2.5 vol. of 96% ethanol in the presence of 0.1 vol. of 3 M sodium acetate, pH 4.8. The pellet after 
30 min of centrifugation (14000 g) was washed with 70% ethanol, centrifuged again, dried and dissolved in the 
RNase free water (Ambion). The quantification of the labelled RNA was performed by scintillation counting.

RNase H1 assay. Oligonucleotides (5, 6 and 7-mers), complementary to different regions of pre-miR-21 and 
miR-21 were used in RNase H1 in vitro assay. Reactions were performed in 10 μl total volume containing 20 mM 
Tris-HCl, pH 7.8, 40 mM KCl, 8 mM MgCl2, 1 mM DTT, 1 mM pre-miR-21 or miR-21, 30 000 cpm [32P]-labeled 
pre-miR-21 or miR-21, 5 µM or 10 µM antisense DNA oligonucleotides in reactions with pre-miR-21 and 1.25, 
2.5, 5 and 10 µM with miR-21 and 0.4 u E. coli RNase H1 (Fermentas). Samples were incubated at 37 °C for 10 min, 
then supplemented with 70 mM EDTA and incubated for 10 min, on ice. The reactions were stopped with 10 μl 
of a loading buffer (25 mM sodium citrate pH 5.0, 1 mM EDTA, 7 M urea, 0.1% bromophenol blue, 0.1% xylene 
cyanol). Reaction products were run along with the products of alkaline RNA hydrolysis and limited ribonucle-
ase T1 digestion of the same RNA on a 20% denaturing (7 M urea) polyacrylamide gel and quantified using the 
ImageQuant software (Molecular Dynamics). To generate a sequence ladder RNA (60000 cpm), alkaline hydroly-
sis was performed at 95 °C for 2 min in 10 μl of reaction mixture containing 50 mM NaOH, 1 mM EDTA and 4 μg 
of crude tRNA from Vigna angularis as a carrier. In order to perform ribonuclease T1cleavages, the radiolabelled 
RNA (30000 cpm) was treated with 0.3 u RNase T1 (Sigma) performed in a buffer containing 20 mM sodium cit-
rate (pH 5.0), 7 M urea and 1 mM EDTA, at 55 °C for 20 min. The cleavage yield with RNase H1 was estimated by 
treating the density of the control band as 100% and calculating the density of the product band as x%.

RNA hydrolysis with ribozymes and DNAzymes in vitro. Trans-cleavage analysis of RNA with ham-
merhead ribozymes (miR21rz1, miR21rz2 and miR21rz3, miR21rz1_TLR, miR21rz1_mut) and DNAzymes 
(miR21dz1, miR21dz2, miR21dz3, miR21dz4, miR21dz5) were conducted under single-turnover conditions 
using an excess of the catalytic nucleic acids. All of them were analyzed under the same conditions with respect to 
MgCl2 concentration, ribozyme/target and DNAzyme/target ratio, reaction time, temperature, buffer and addi-
tional components. For single-turnover reactions, 0.1 pmol of the substrate miR-21 (22 nt) or pre-miR-21 (72 nt) 
was mixed with 0.1, 0.3, 0.6, 1, 2.5 or 5 pmol of ribozyme in 50 mM Tris/HCl, pH 7.5, heated at 85 °C for 2 min in 
a water bath, then allowed to cool slowly (overnight in case of pre-miR-21, 2 h in case of miR-21) to the reaction 
temperature. Cleavage reactions were initiated by addition of MgCl2 to a final concentration of 0.5, 1, 5, 10 or 
25 mM. Total reaction volume was 10 μl. Reactions were carried out for 0.5–16 h at 37 °C and stopped with 10 μl 
of a loading buffer (25 mM sodium citrate pH 5.0, 1 mM EDTA, 7 M urea, 0.1% bromophenol blue, 0.1% xylene 
cyanol). Reaction products were separated on a 20% denaturing (7 M urea) polyacrylamide gel and quantified 
using the ImageQuant software (Molecular Dynamics). Cleavage yield was estimated by treating the density of 
the control band as 100% and calculating the density of the product band as x%.

Hammerhead ribozyme and DNAzyme kinetic analysis. The observed rate constant (kobs) value were 
determined in the presence of 10- and 100-fold excess of ribozyme/DNAzymes which are complement to mature 
miR-21 (miR21rz1, miR21rz1_TLR, miR21dz1, miR21dz2). Reactions were carried out in 50 mM Tris-HCl, pH 
7.5 and in presence of 10 mM MgCl2. Prior to reaction, probes were denatured in 85 °C for 5 min and cooled 
slowly (1 °C/min) down to 37 °C. Next the reactions were quenched at different time points by adding equal value 
of loading solution (25 mM sodium citrate, pH 5.0, 1 mM EDTA, 1M urea, 0.1% xylene cyanol and 0.1% bromo-
phenol blue). The reaction was initiated by adding MgCl2 to the final concentration 10 mM. Reaction products 
were analyzed on denaturing 20% polyacrylamide gels. Kobs values were calculated by fitting to ft =  1 −  exp(kobst), 
where ft is the function cleaved at a fime t. For this purpose the Orgin Pro 8.5 software was used.

Ribozymes and DNAzymes activity in HeLa and T98G cells. Activity of ribozymes and DNAzymes 
was evaluated (i) using EGFP (enhanced green fluorescent protein) reporter system, (ii) based on endogenous 
miR-21 and pre-miR-21 level and (iii) PTEN (phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase) level 
(miR-21 target protein) in T98G and HeLa cells treated with ribozymes and DNAzymes. Changes in GFP fluores-
cence were monitored with a microscope (Leica) and plate reader, miR-21 and pre-miR-21 level was estimated by 
qRT-PCR, and EGFP and PTEN level by Western Blot, 24 h after transfection.
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Cells transfection. Cells were grown on 6-, 24- or 96-well multidish (Nalge Nunc International) in RPMI 
1640 or EMEM medium, in standard conditions. After having reached ~80% confluence, the medium was 
changed for a non-supplemented counterpart medium, 1.5, 0.4 ml or 80 μl medium for 6-, 24- and 96-well dish 
respectively. Cell lines were transfected with the LipofectamineTM 2000 Reagent (Invitrogen) simultaneously 
with pEGFP-N3 plasmid containing the pre-miR-21 sequence and individual ribozymes and DNazymes directed 
against miR-21 or merely ribozymes or DNAzymes (without plasmid). 5, 1 and 0.25 μl LipofectamineTM 2000 
Reagent were used for 6-, 24- and 96-well dish respectively. Deoxyribonucleic acids and/or ribonucleic acids 
and separately, LipofectamineTM were diluted in 125, 25 and 5 μl Opti-MEM (Gibco) for respectively, 6-, 24- and 
96-well dish transfection and incubated for 5 min at room temperature (22 °C). LipofectamineTM mixture was 
added to the DNA and/or RNA mixture and incubated together for 20 min at room temperature and afterwards 
added to each well. The final concentration of pEGFP-N3-pre-miR-21 plasmid was 0.6 nM, ribozymes and deox-
yribozymes up to 250 nM for the GFP reporter system series and up to 100 nM for others. Cells treated with anti-
sense anti-miR-21 antagomir with LNA modifications (Exiqon, 50 nM final concentration) was used as positive 
control, whereas T98G/HeLa cells treated only with LipofectamineTM 2000 Reagent served as negative control. 
The level of EGFP protein and thus the relative activity of ribozymes were determined 24 h after transfection by 
(i) observation of the cell line using a Leica fluorescence microscope, (ii) fluorescence measurement using the 
Multi-mode BioTek Microplate Reader Synergy2 and (iii) assessment of EGFP protein levels using Western blot 
technique. The level of miR-21 and its precursors were determined 24 h after transfection by qRT-PCR.

Western blot. EGFP and PTEN level of total protein of HeLa and T98G cells 24 h after transfection was 
estimated by Western blot with use of a ‘wet’ transfer system with the PVDF membrane and monoclonal anti-
bodies specific against GFP, PTEN and GAPDH (glyceraldehyde 3-phosphate dehydrogenase) as reference. Cells 
(~2.5 ×  106 cells) were washed with PBS, scraped into 10 mM Tris, pH 7.5, and sonicated under the following 
conditions: 4 ×  15 s with 1 min intervals 75% amplitude followed by centrifugation for 10 min at 4 °C and 14 000 g. 
Supernatant containing soluble proteins were used for Western blot analysis. Protein concentrations were meas-
ured by Nanodrop spectrophotometer. Each sample was denaturized by heating at 95 °C for 10 min. Total protein 
extract (50 μg of protein) were separated on 15% SDS/PAGE in a presence of protein molecular weight marker. 
Separated proteins were transferred (1 h, 350 mM, 100 V) on to a PVDF membrane 0.45 μm pore size (Perkin 
Elmer) using Western Unit (Bio-Rad Laboratories) in Towbin buffer (25 mM Tris, pH 7.5, 190 mM glycine and 
20% (v/v) methanol). The membrane was blocked with 10% (w/v) dried skimmed milk powder in 1 ×  PBS/0.05% 
Tween 20 at 4 °C overnight, washed three times in 1 ×  PBS/0.05% Tween 20 at room temperature and incubated 
with the mouse monoclonal antibodies (Santa Cruz Biotechnology) against PTEN (sc-A2B1, 1:500 dilution in 3% 
BSA), GFP (sc-81045, 1:500 dilution in 3% BSA) and GAPDH (sc-47724, 1:1000 dilution in 3% BSA) overnight 
at 4 °C. After washing three times in 1 ×  PBS/0.05% Tween 20, the membrane was treated with the secondary 
biotinconjugated anti-(mouse Ig) antibody (1:5000 dilution, Sigma) for 2 h at room temperature. The membrane 
was washed three times and then incubated with the streptavidin–alkaline phosphatase conjugate (Amersham 
Biosciences) for 15 min at room temperature. After washing, membrane was developed using the BCIP (5-bromo-
4-chloroindol-3-ylphosphate) NBT (Nitro Blue Tetrazolium) liquid substrate system (Sigma). Bands were quan-
tified using ImageQuant software. The quality of proteins was checked by electrophoresis. Western blot analysis 
was quantified by treating the density of the control band as 100% and calculating the density of the product band 
as x%.

Statistics. miRNA and it precursors level were normalized using 18S rRNA, PTEN and EGFP expression 
using GAPDH as reference. Error bars represent the mean ±  SD of three independent experiments (biological 
repeats) performed in triplicate. Statistical analysis was performed using GraphPad Prism (GraphPad Software) 
using one-way ANOVA and Tuckey’s post hoc test. Significant differences between control and treatment groups 
are indicated *P <  0.05; **P <  0.01; ***P <  0.001.
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