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MicroRNAs (miRNAs) are small noncoding transcripts 
that regulate gene expression. Aberrant expression of 
miRNAs can affect development of cancer and other 
diseases. Synthetic miRNA mimics can modulate gene 
expression and offer an approach to therapy. Inside cells, 
mature miRNAs are produced as double-stranded RNAs 
and miRNA mimics typically retain both strands. This 
need for two strands has the potential to complicate 
drug development. Recently, synthetic chemically modi-
fied single-stranded silencing RNAs (ss-siRNA) have been 
shown to function through the RNAi pathway to induce 
gene silencing in cell culture and animals. Here, we test 
the hypothesis that single-stranded miRNA (ss-miRNA) 
can also mimic the function of miRNAs. We show that ss-
miRNAs can act as miRNA mimics to silence the expres-
sion of target genes. Gene silencing requires expression 
of argonaute 2 (AGO2) protein and involves recruitment 
of AGO2 to the target transcripts. Chemically modi-
fied ss-miRNAs function effectively inside cells through 
endogenous RNAi pathways and broaden the options 
for miRNA-based oligonucleotide drug development.
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publication 22 March 2016. doi:10.1038/mt.2016.39

INTRODUCTION
RNAi is associated with gene silencing by duplex RNAs.1–3 miR-
NAs are endogenously-expressed gene-silencing agents that reg-
ulate cellular gene expression. miRNAs are synthesized as long 
single-stranded RNAs that can fold into hairpin loop structure. 
These hairpins are processed by the enzymes drosha and dicer 
into double-stranded mature species that can bind to argonaute 
(AGO) protein.3 The guide strand complementary to target tran-
scripts is loaded into AGO proteins while the passenger strand is 
removed. The guide strand:AGO complex then binds sequence-
specifically to target sequences that are typically located within 
3’-untranslated regions (3’-UTR) of mRNAs.

miRNAs contribute to the regulation of many cellular pro-
cesses and levels of miRNA expression can affect normal physi-
ology and diseases.3 Synthetic duplex RNAs that mimic miRNAs 
increase the effective concentration of miRNAs within cells and 
enhance silencing of target genes. This ability to control networks 
of genes involved in disease makes miRNA mimics a promising 
approach for therapy.

While the use of duplex miRNA mimics is promising, RNA 
duplexes have potential drawbacks as therapeutic agents. The need 
for a passenger strand increases the complexity of the molecule. 
Both strands must be synthesized and the passenger strand has 
the potential to cause off-target effects.4 Duplex RNAs are less able 
to enter tissues in vivo than are single-stranded oligonucleotides, 
necessitating use of targeting ligands or nanoparticles.5,6 Single-
stranded miRNA (ss-miRNA) mimics might combine the power 
of function through the RNAi pathway with the more favorable 
pharmacological properties of single stranded oligonucleotides.

Recently, synthetic single-stranded silencing RNAs (ss-
siRNA) that are fully complementary to their targets have been 
demonstrated to function through the RNAi pathway and silence 
gene expression in cell culture and in animals.7,8 These ss-siRNAs 
can be successfully loaded into RNA-induced silencing complex 
and the AGO2/ss-siRNA complex can cleave target transcripts in 
vitro and in vivo. ss-siRNAs that target CAG repeats were shown 
to allele-selectively inhibit the expression of mutant huntingtin 
(HTT),9 ataxin-3 (ATXN3),10 and atrophin-1 (ATN1).11 Inhibition 
of expression for these trinucleotide repeat genes was dependent 
on expression of AGO2. An ss-siRNA targeting nuclear antisense 
transcripts for progesterone receptor gene (PR) can cause tran-
scriptional gene silencing and was also AGO2-dependent.12

These experiments established that ss-siRNAs could function 
through the RNAi pathway and control gene expression inside 
animals when delivered in a saline solution. In vivo effects in the 
liver were achieved after systemic administration.8 For a variety of 
tissues within the brain, inhibition of HTT gene expression was 
achieved after intraventricular administration.7,9

One previous study examined chemically modified single-
stranded miRNAs as mimics for miR-124 and miR-122.13 These 
synthetic miRNAs were fully or partially modified with 2’-fluoro or 
2’-O-methyl groups and appeared to function as miRNA mimics. 
While these findings were promising, potency was substantially 
reduced relative to unmodified RNA mimics and involvement of 
the RNAi pathway was not demonstrated. The findings were not 
followed up and the potential for single-stranded mimics to effi-
ciently act through the RNAi pathway remained obscure.

Here, we report the design of chemically modified single-
stranded miRNA mimics for miR-34a and let-7a. The mimics con-
tain 2’-fluoro, 2’-O-methyl, and 2’-O-methoxyethyl nucleotides 
and a 5’-phosphate group, with phosphorothioate substitutions at 
the internucleotide linkages. We show that the mimics suppress 
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expression of their direct target genes. The characteristics of inhi-
bition by the ss-miRNA mimics are similar to unmodified duplex 
miRNA mimics. Inhibition of gene expression by the ss-miRNA 
mimic is dependent on expression of AGO2 and AGO2 is asso-
ciated with target transcripts, demonstrating involvement of the 
RNAi pathway. We find that silencing of specific target genes 
depends on the nature of the chemical modification (type and 
position of modification), or whether a duplex or single-stranded 
RNA is used.

RESULTS
Design of miRNA mimics
ss-miRNAs are designed to contain chemical modifications to 
stabilize the RNA strand against digestion by cellular nucleases 
while still permitting efficient entry into the RNA-induced silenc-
ing complex.8 We chose to focus most attention on designing ss-
miRNAs to mimic the action of miR-34a because target genes and 
double-stranded miRNA mimics for that miRNA had been char-
acterized previously.14 The ss-miRNA mimic consists of 2’-methyl, 
2’-fluoro, and 2’-methoxyethyl modified nucleotides and a phos-
phate group at the 5’ end (Figure 1). Two thirds of the backbone 
linkages are substituted with phosphorothioate (PS) bonds, and 
the remaining linkages are phosphodiester.

In parallel with testing the ss-miRNA, we also tested a corre-
sponding 5’-phosphorylated single-stranded RNA with no nucle-
otide modifications (Unmodified ss-miR-34a-5p) and two types 
of unmodified double-stranded miRNA mimics for miR-34a 
(Figure 1a). One mimic is a double-stranded RNA consisting of 
a 5’-phosphorylated miR-34a-5p guide strand and an unmodified 
miR-34a-3p passenger strand (Unmodified ds-miR-34a(mm)), 
which contains internal bulges or mismatch bases in the duplex. 
The other is a double-stranded RNA that consists of a 5’-phos-
phorylated miR-34a-5p guide strand and a perfectly complemen-
tary passenger strand (Unmodified ds-miR-34a(fc)) except for the 
3’ overhang.

For comparison, we also tested single-stranded modified 
RNAs based on the design for single-strand miRNA mimics 
described by Lim and coworkers.13 These RNAs (modified ss-
miR-34a-5p 2’-F(GU)/2’-F(AA)) were primarily composed of 

2’-F nucleotides but also contained two 3’ terminal 2’-O-methyl 
modifications (Figure 1a). All linkages were phosphodiester. 2’-
F(AA) contained 3’ adenosine bases so as to be directly compa-
rable to the other ss-siRNAs used in this study. 2’-F(GU) retains 
the original sequences of miR-34a-5p at the 3’ end (GU) like the 
miRNA mimics reported by Lim and coworkers.13

Chemically modified ss-miR-34a-5p inhibits SIRT1 
gene expression
We tested ss-miRNA and ds-miRNA mimics of miR-34a in HeLa 
cells. HeLa cells were used for this assay because it was previously 
reported that the miR-34a level is low,14 enabling us to see effects 
of miRNA mimics more definitively. We chose SIRT1 as a target 
gene for monitoring effects on expression because SIRT1 gene is 
one of the direct targets for miR-34a14 and there are at least two 
potential binding sites for miR-34a within the 3’-UTR of SIRT1 
mRNA (Supplementary Figure S1). We delivered the mimics 
using a cationic lipid into HeLa cells and evaluated inhibition of 
SIRT1 gene expression by western blot.

We found that chemically modified ss-miR-34a-5p mimic can 
knock down SIRT1 expression in HeLa cells to a level similar to 
unmodified double-stranded miRNA mimics ds-miR-34a(mm) 
and ds-miR-34a(fc) (Figure 2a). Unmodified ss-miR-34a-5p did 
not inhibit SIRT1 expression, consistent with the expectation that 
an unmodified single-stranded RNA would not be stable upon 
addition to cell culture media or within cells. Non-complementary 
control ssRNAs (ss-Ctrl1, ss-Ctrl2) (Figure 1a) containing a simi-
lar chemical modification pattern as ss-miR-34a-5p did not affect 
SIRT1 expression, nor did a non-complementary duplex RNA 
(ds-Ctrl). Single-stranded mimics 2’-F(GU) and 2’-F(AA) were 
also active but less potent when tested at 50 nmol/l (Figure 2b). 
Similar SIRT1 inhibition by the mimics was observed also in A549 
and HepG2 cells (Figure 2c).

We then examined knockdown of SIRT1 as a function of oli-
gonucleotide concentration (Figure 2d). Noncomplementary 
control ssRNA (ss-Ctrl1) did not affect SIRT1 expression at any 
concentration. Fully complementary duplex RNA ds-miR-34a(fc) 
and mismatch-containing duplex ds-miR-34a(mm) inhibited 
protein expression with IC50 values of 21 ± 0.3 and 30 ± 1 nmol/l, 

Figure 1  Design of chemically modified single-stranded and unmodified single-stranded/double-stranded miR-34a mimics. (a) Sequences 
and chemical modifications for miR-34a mimics. Modifications: 2-fluoro (2’-F, green), 2’-O-methyl (2’-O-Me, blue), 2’-O-methoxyethyl (2’-O-MOE, 
orange), phosphorothioate (PS) linkage (s, black), 5’-phosphate (P, red), unmodified RNA (black). (b) Structure of modified nucleotides.
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Figure 2 Inhibition of SIRT1 gene expression by modified ss-miR-34a-5p and unmodified ds-/ss-miR-34a mimics. (a, b) Western blot analysis 
showing the effect of ss- and ds-miRNA mimics (50 nmol/l) on Sirt1 expression in HeLa cells. An siRNA specific for SIRT1 mRNA (siSirt1) was used 
as a positive control. Cells were harvested 3 days after transfection for western blot analysis. Error bars are mean ± SD. n = 4 (a), n = 3 (b). (c) 
Inhibition of Sirt1 by single stranded and double-stranded miR-34a mimics in A549 and HepG2 cells. The oligomers were transfected at 50 nmol/l 
into A549 cells and at 30 nmol/l into HepG2 cells. (d) Dose response profiles for Sirt1 inhibition by modified ss-Ctrl1, modified ss-miR-34a-5p, 
modified ss-miR-34a-5p 2’-F(GU) and unmodified ds-miR-34a(mm)/(fc). Western blots and their quantitation from three to four independent experi-
ments are presented. Error bars are mean ± SD. (e) Time course profiles of Sirt1 protein levels in HeLa cells treated with modified ss-Ctrl1, modified  
ss-miR-34a-5p, or unmodified ds-miR-34a(fc) (50 nmol/l). Western blots are representative from two independent experiments. *P < 0.05; **P < 0.01; 
***P < 0.001 (relative to ss-Ctrl1, paired t-test).
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respectively. Single-stranded ss-miR-34a-5p also inhibited with 
an IC50 value of 30 ± 3 nmol/l, while ss-miR-34a-5p 2’-F(GU) 
based on the design of Lim et al. possessed an IC50 > 50 nmol/l.

We also examined inhibition of SIRT1 expression as a function 
of time. We did not observe inhibition by a noncomplementary 
control ss-Ctrl1 at any time point (Figure 2e). The time course 
assay showed that SIRT1 inhibition by modified ss-miR-34a-5p 
or unmodified ds-miR-34a(fc) was similar. Inhibition of SIRT1 
expression was evident after one day and was still observable 6 
days after transfection, after which expression returned to the 
basal level. These results suggest that ss-miRNAs can mimic the 
activity of endogenous miRNAs in repressing gene expression.

After examining inhibition of SIRT1 by mimics of miR-34a-5p, 
we analyzed inhibition of a second miRNA, let-7a-5p (Figure 3a). 
We examined expression of five known let-7a-5p targets using 
quantitative PCR (qPCR) and observed significant inhibition of 
HMGA2, FIGN, and PLAGL2 (Figure 3b). Dose response analy-
ses revealed IC50 values for inhibition of FIGN and PLAGL2 by 
unmodified ds-let-7a(fc) are 25 ± 7 and 22 ± 2 nmol/l, respectively 
(Figure 3c). Modified ss-let-7-5p also inhibited expression of 
these genes, but with a lower efficacy, > 50 nmol/l.

Modified ss- and unmodified ds-miR-34a share 
targets for gene expression regulation
Unlike fully complementary siRNAs that are used as laboratory 
tools for knocking down the expression of a single chosen gene, 
miRNAs generally are not fully complementary to their targets 
and have the potential to control the expression of multiple genes 
based on recognition of complementary seed sequences. The phe-
notypes miRNAs produce, therefore, are derived from individual 
effects on many genes. It is important, therefore, to determine how 

single-stranded and double stranded miRNA mimics compare for 
their ability to knock down expression of a range of potential tar-
get genes.

To address this question, we evaluated expression levels of 
SIRT1 and 19 other miR-34a target genes for modified ss-miR-
34a-5p- and unmodified ds-miR-34a(fc)-treated samples by 
RT-qPCR. These genes had been identified in previous reports of 
miR-34 activity15 and it is important to note that some target genes 
have been more thoroughly validated than others and the miRNA 
activity is dependent on cell context.

We evaluated knockdown relative to effects on gene expres-
sion of two noncomplementary ss-miRNA controls (Figure 4a,  
Supplementary Figure S2). We found that 10 of the genes 
(ARHGAP1, E2F5, CDK6, CDK4, MET, CCND1, E2F3, NOTCH2, 
AXL, SNAI1) were inhibited by both modified ss-miR-34a-5p and 
unmodified ds-miR-34a(fc) (24–77%, Figure 4a). Little or no inhi-
bition was shown for six genes (MYC, CREB1, AXIN2, BIRC5, 
BCL2, YY1) by either single or duplex mimics in HeLa cells under 
the conditions used in this assay (Supplementary Figure S2). These 
results indicate that many of the target genes for the unmodified 
duplex miR-34a mimic can be targeted by modified ss-miR-34a-5p, 
suggesting that the rules governing target recognition by single-
stranded and double-stranded miRNA mimics are similar.

We note, however, that mRNA levels for FOSL1, SIRT1, and 
CD44 were significantly reduced by duplex RNA ds-miR-34a(fc) 
but not by single-stranded mimic ss-miR-34a-5p, while CCNE2 
mRNA level was significantly reduced only by modified ss-miR-
34a-5p. These observations suggest that although the targets are 
mostly shared between the modified ss- and unmodified ds-
miRNA mimics, the target preference could be changed depend-
ing on the chemical modifications.

Figure 3 Single-stranded and double-stranded let-7a mimics reduce mRNA levels of let-7a target genes. (a) Sequences and chemical modifications 
for modified ss-let-7a-5p and unmodified ds-let-7a(fc). (b) Quantitative polymerase chain reaction (qPCR) data showing the effect of modified ss-let-7a-5p 
and unmodified ds-let-7a(fc) (50 nmol/l) on expression of let-7a target genes (HMGA2, FIGN, PLAGL2, NRAS, SOX9) relative to ss-Ctrl1 treatment. Cells 
were harvested 2 days after transfection for qPCR analysis. Error bars are mean ± SD. n = 3. (c) Dose response profiles for FIGN and PLAGL2 expression by 
modified ss-let-7a-5p and unmodified ds-let-7a(fc) mimics. Cells were harvested 2 days after transfection for qPCR analysis. n = 3, Error bars are mean ± SD.
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Consistent with this suggestion, although we observed sig-
nificant reduction of Sirt1 protein level for both modified ss-
miR-34a-5p- and unmodified ds-miR-34a(fc)-treated samples  
(Figure 2), we observed significant reduction of SIRT1 mRNA 
level only for unmodified ds-miR-34a(fc)-treated samples. This 
finding suggests that the mechanism of gene knockdown may also 
be affected by the chemical modifications necessary to achieve 
ss-miRNA activity. This conclusion is supported from data 
describing inhibition by ss-miRNAs patterned after the designs 
of Lim and coworkers. In general, both ss-miR-34a-5p 2’-F(AA) 
and 2’-F(GU) were less active than ss-miR-34a-5p with regards to 
blocking gene expression (Figure 4a, Supplementary Figure S2).  
For several gene targets (e.g., CCND1, AXL, FOSL1), however, ss-
miR-34a-5p 2’-F(GU) exhibited greater potency than the other 
miRNA mimics.

We compared dose responses for target genes ARHGAP, E2F5, 
and CDK6 (Figure 4b). In all cases, the AA variant performed 
poorly (IC50 value > 50 nmol/l), similar to the noncomplemen-
tary control (Figure 4b). By contrast, modified ss-miR-34a-5p 
and unmodified ds-miR-34a(fc) showed similar activities for 
ARHGAP1, E2F5, and CDK6 mRNA inhibitions (modified ss-
miR-34a-5p: IC50(ARHGAP1) = 18 ± 3 nmol/l; unmodified ds-
miR-34a(fc): IC50(ARHGAP1) = 16 ± 1 nmol/l). The GU variant 
has similar or a little less potency for silencing E2F5 and CDK6. 
Inhibition of ARHGAP expression by the GU variant was at an 
intermediate level (IC50(ARHGAP1) = ~75 nmol/l).

As a control, we examined expression of a panel of genes that 
lack target sequences complementary to the seed sequence of miR-
34a-5p (Figure 4c). Expression of these genes was unchanged 
upon addition of ss-miR-34-5p variants or the duplex miRNA 

Figure 4 Single-stranded and double-stranded miR-34a mimics reduce mRNA levels of miR-34a target genes. (a) Quantitative polymerase 
chain reaction (qPCR) data showing the effect of modified ss-mR-34a-5p, ss-miR-34a 2’-F(GU), ss-miR-34a 2’-F(AA), and unmodified ds-miR-34a(fc) 
(50 nmol/l) on expression of miR-34a target genes relative to ss-Ctrl1 treatment. Cells were harvested 2 days after transfection for qPCR analysis. 
Error bars are mean ± SD. n = 4. Complete qPCR data for 20 potential miR-34a target genes are presented in Supplementary Figure S2. (b) Dose 
response profiles for ARHGAP1, E2F5, and CDK6 inhibition by ss- or ds-miR-34a mimics. Cells were harvested 2 days after transfection for qPCR analy-
sis. Error bars are mean ± SD. n = 4. (c) qPCR data showing expression of genes that lack target sites for miR-34a after treating HeLa cells with miR-34a 
mimics (50 nmol/l). Cells were harvested 2 days after transfection for qPCR analysis. Error bars are mean ± SD. n = 4.
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mimic. These data support the conclusion that inhibition is seed-
sequence dependent.

The action of ss-miRNA mimic is dependent on AGO2
Argonaute (AGO) is a critical protein factor involved in RNAi.16–18  
There are four argonaute proteins (AGO1–4) in human cells. 
AGO1 and AGO2 can be involved in gene regulation by endog-
enous miRNAs, but functional differences between AGO proteins 
remain unclear. ss-siRNA/miRNAs contain chemical modifica-
tions that are similar to those found within antisense oligonucle-
otides that do not silence gene expression through RNAi. Because 
it is plausible that the single strands tested in these studies might 
function through a mechanism that is independent of RNAi, it 
was essential to establish the involvement of RNAi factors in gene 
silencing mediated by ss-miRNAs.

To gain mechanistic insights into action of ss-miRNA mimics, 
we performed AGO1 and AGO2 knockdown experiments using 
siRNAs designed to reduce expression of either AGO. In the first 
transfection, HeLa cells were treated with ds-Ctrl or anti-AGO1 

(siAGO1) or anti-AGO2 (siAGO2) siRNA to reduce AGO1 or 
AGO2 expression. Two days after the first transfection, cells were 
treated with noncomplementary control ss-Ctrl1, ss-miRNA 
ss-miR-34a-5p, or unmodified RNA duplex ds-miR-34a(fc). We 
then analyzed Sirt1, AGO1, and AGO2 protein levels by western 
blot to investigate how SIRT1 inhibition is affected by knockdown 
of AGO1 or AGO2.

We observed efficient silencing of AGO1 or AGO2 expression 
by siRNAs delivered in the initial transfection (Figure 5a,c,d). 
Reduced AGO1 expression did not affect silencing of SIRT1 by 
modified ss-miR-34a-5p or unmodified ds-miR-34a(fc) (Fig 5a). 
By contrast, silencing AGO2 reversed silencing of SIRT1 expres-
sion by both the ss-miRNA and duplex miRNA mimics. We also 
checked ARHGAP1 mRNA levels by RT-qPCR. Inhibition of 
ARHGAP1 expression by the mimics was also reversed by knock-
down of AGO2 relative to knockdown of AGO1 (Figure 5b).  
These results are consistent with silencing by the ss-miRNA 
mimic being dependent on expression of AGO2. We also noticed 
that treatment with miR-34a mimics significantly increase AGO2 

Figure 5 Involvement of AGO2 during inhibition of SIRT1 and ARHGAP1 expression by single-stranded and double-stranded miR-34a mimics. (a) 
Western blot data showing involvement of AGO2 in SIRT1 inhibition by miR-34a mimics. Data are representative from three independent experiments. 
(b) qPCR data showing involvement of AGO2 in ARHGAP1 inhibition by miR-34a mimics. (c) qPCR data confirming that AGO1 mRNA levels were reduced 
after the double transfection with anti-AGO1 siRNA. (d) qPCR data conforming that AGO2 mRNA levels were reduced after the double transfection with 
anti-AGO2 siRNA. ds-Ctrl, siAGO1, or siAGO2 was transfected into HeLa cells at 25 nmol/l (Day 0). Two days after the first transfection, cell was treated 
with ss-Ctrl1, modified ss-miR-34a-5p, or unmodified ds-miR-34a(fc) (second transfection, 50 nmol/l) (Day 2) and then harvested for qPCR (Day 4) and 
western blot (Day 5) analysis. Error bars in panel b–d are mean ± SD. n = 3. *P < 0.05; **P < 0.01; ***P < 0.001 (relative to ds-Ctrl/ss-Ctrl1, unpaired t-test).
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expression (Figure 5a,d). Increased AGO2 might cause positive 
feedback and enhance activity of miR-34a.

To further test the potential for the involvement of AGO2 in 
the action of ss-miRNA mimics, we used RNA immunoprecipita-
tion to examine whether AGO2 was recruited to transcripts tar-
geted by miR-34a including ARHGAP1, E2F5, CDK6, and SIRT1 
mRNAs (Figure 6). These genes were chosen for analysis because 
they are among those that can be knocked down by addition of 
modified ss-miR-34a-5p (Figures 2 and 4). After treatment with 
duplex miRNA or ss-miRNA mimics, AGO2-associated tran-
scripts were immunoprecipitated using anti-AGO2 antibody and 
then quantified by RT-qPCR.

Analysis of RNA immunoprecipitation results revealed that 
AGO2 was recruited to the ARHGAP1, E2F5, CDK6, and SIRT1 

mRNA at an enrichment of from 2.5- to 27-fold relative to non-
complementary control ss-miRNA (Figure 6; Supplementary 
Figure S3). In all cases, enrichment by the duplex RNA mimic 
was higher than that observed for the ss-miRNA mimic.

Destabilizing effect of ss-miRNA mimics on target 
mRNAs
miRNAs inside cells can trigger either or both translational 
repression or/and mRNA destabilization for gene regulation.19 
To investigate how chemically modified ss-miRNA mimics can 
regulate expression of each target gene, we examined the effects of 
miRNA mimics on target mRNA stability. After transfection of ss- 
or ds-miRNA mimics or a control oligomer (ss-Ctrl1) into HeLa 
cells, cells were treated with actinomycin D to stop transcription. 

Figure 6 RNA immunoprecipitation (RIP) after treatment with miR-34a mimics reveals recruitment of AGO2. The oligomers were transfected 
into HeLa cells at 50 nmol/l. Three days after transfection, cells were harvested for AGO2-RIP experiments. Error bars are mean ± SD. n = 4. *P < 0.05; 
**P < 0.01; ***P < 0.001 (relative to ss-Ctrl1, paired t-test).
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Cells were then harvested at the different time points and mRNA 
levels of miR-34a targets, ARHGAP1, E2F5, CDK6, and SIRT1, 
were analyzed by RT-qPCR to reveal decay profiles and half-lives 
of each transcript.

Unmodified ds-miR-34a mimic yielded the greatest reduction 
on mRNA stability of all of the four genes (Figure 7) and half-
lives of the mRNAs were 1.7–2.9-fold shorter relative to those in 
ss-Ctrl1-treated cells (Table 1). These results are consistent with 
significant reductions of target transcripts upon unmodified ds-
miR-34a(fc) transfection (Figure 3). Modified ss-miR-34a-5p also 
destabilized ARHGAP1, E2F5, and CDK6 mRNAs but less effi-
ciently than unmodified ds-miR-34a(fc) mimic. Consistent with 
the lack of reduction of SIRT1 mRNA observed in qPCR analy-
sis (Figure 3a), SIRT1 mRNA stability was not decreased upon 
treatment with modified ss-miR-34a-5p (Figure 7, Table 1). This 
finding may be suggesting that modified ss-miR-34a-5p regu-
lates SIRT1 expression through translational repression with little 
reduction of SIRT1 mRNA rather than mRNA destabilization.

These data suggest that, chemically modified ss-miRNA mim-
ics have the potential to decrease stability of target transcripts like 
unmodified ds-miRNA mimics. However, the data also reinforce 
the conclusion that the exact mechanism of gene expression regu-
lation by each miRNA mimic can be altered depending on targets 
and chemical modifications incorporated into mimics.

DISCUSSION
Oligonucleotide-based therapeutics provides a promising approach 
for managing unmet medical needs. The use of oligonucleotides 
began to draw broad attention during the 1970s20,21 with commer-
cial developing beginning in the late 1980’s and 1990’s. Progress was 
slow because of the need to develop insights into new fields of scien-
tific investigation involving nucleic acid chemistry, in vivo nucleic 
acid drug delivery, and mechanisms of action of oligonucleotide 
drugs. After three decades, steady experimental progress is leading 
to promising clinical successes. Several oligonucleotide drugs are 
offering encouraging signs of efficacy in clinical trials and one drug, 
Kynamro (mipomersen sodium), was approved by the United States 
Food and Drug Administration in 2013 for systemic administration 
to patients with familial hypercholesterolemia.22

One of the strengths inherent in nucleic acids as an approach 
to drug development is that they can act through many different 
mechanisms. Many clinical trials use antisense oligonucleotides 
that recognize sequences within mRNA and block translation. The 
mechanism of these antisense oligonucleotides generally involves 
inducing cleavage of the target mRNA by RNase H. Other trials 

employ duplex RNAs that induce cleavage of the mRNA target by 
RNA-induced silencing complex.

The primary strength of duplex RNAs as a tool for control-
ling gene expression is their potent gene silencing. The weak-
ness of duplex RNAs for drug development is that they are not 
as readily delivered into target tissues in vivo as are analogous 
single-stranded antisense oligonucleotides.5,6 A nucleic acid that 
combines the favorable delivery properties of single-stranded anti-
sense oligonucleotides with the robustness of function through 
an RNAi mechanism would be a valuable addition to the options 
available for controlling gene expression.

Previous studies have shown that fully complementary ss-siR-
NAs can mimic the action of duplex RNAs and inhibit the expres-
sion of target genes in both cell culture and animals.7,8 In animals, 
gene knockdown was observed both in the liver and throughout 
the central nervous system. Inhibition by ss-siRNAs generally 
proceeded through an RNAi mechanism, although in at least 
one case it was shown that ss-siRNAs could function in parallel 
as antisense oligonucleotides. This latter result emphasizes the 
need to always investigate the mechanism of action. One previous 
report had described the action of single-stranded miRNA mim-
ics consisting of a different pattern of chemical modifications.13 
These mimics repressed expression of target genes but mechanis-
tic characterization was limited.

MRX34 (Mirna Therapeutics) is a double-stranded miR-34 
mimic that was developed for treatment of primary liver cancer 
and entered in phase 1 clinical trial to evaluate its safety, toler-
ability, pharmacokinetic profile, biological activity, and clinical 
outcomes.15 MRX34 is formulated by liposome for delivery and 
is intravenously administered in patients. It is possible that an ss-
miRNA might have some advantages and provide a useful option 
for future development.

In this study, we tested the effect of ss-miRNA mimics of miR-
34a. We have shown that ss-miRNA mimics of miR-34a reduce 
expression of SIRT1 (Figure 2) and other target genes (Figure 4). 
ss-miRNA mimic of let-7a inhibits expression of the let-7a target 
genes FIGN, PLAGL2, and HMGA2 (Figure 3). This inhibition 
requires AGO2 expression (Figure 5) and AGO2 is recruited to tar-
get transcripts (Figure 6). AGO1 expression does not appear to be 
required. Similar to the unmodified ds-miR-34a mimic, the modi-
fied ss-miR-34a-5p mimic reduces stability of ARHGAP1, E2F5, and 
CDK6 mRNA (Figure 7). Taken together, these data indicate that 
the ss-miRNA mimic can function through the RNAi pathway and 
possess potencies similar to those of analogous duplex RNA mimics.

While the actions of ss-miRNA and duplex miRNA mimics are 
similar, they are not identical. This conclusion is consistent with 
previous comparisons of ss-siRNAs and duplex RNAs that were 
complementary to CAG trinucleotide repeats.11 Our data show that 
although target genes are mostly common between modified ss- 
and unmodified ds-miR-34a mimics, the target preference could 
be changed depending on the chemical modifications (Figure 4). 
FOSL1, SIRT1, and CD44 mRNA levels were reduced more pref-
erentially by the unmodified ds-miR-34a mimic, while CCNE2 
mRNA level was reduced only by the modified ss-miR-34a-5p 
mimic. Target specificity of miRNAs is primarily determined 
by seed sequence complementarity to target transcripts, but our 
results suggest that chemical modification incorporated into 

Table 1 Half-lives of miR-34a target mRNAs after treatment with  
miR-34a mimics in HeLa cells

Treatmentb

Half-life (t1/2)/houra

ARHGAP1 
mRNA

E2F5 
mRNA

CDK6 
mRNA

SIRT1 
mRNA

ss-Ctrl1 8.8 ± 1.2 3.2 ± 0.1 6.0 ± 0.3 2.5 ± 0.1

ss-miR-34a-5p 4.5 ± 0.4 1.6 ± 0.2 3.9 ± 0.1 2.2 ± 0.3

ds-miR-34a(fc) 3.3 ± 0.2 1.1 ± 0.0 2.9 ± 0.2 1.5 ± 0.1
at1/2 ± SE of the fit. n = 3. bEach oligomer was transfected into HeLa cells at 50 
nmol/l. Two days after transfection, each sample was treated with actinomycin 
D (5 μg/ml).
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miRNA sequences can alter target specificity depending on the 
local sequences and structures surrounding target sites.

A previous study had examined inhibition of gene expression 
by single-stranded miRNA mimics but provided only indirect 
evidence for involvement of RNAi.13 We have tested ss-miRNAs 
patterned after these previous designs. ss-miR-34a-5p 2’-F(AA) 
consistently performed poorly. ss-miR-34a-5p 2’-F(GU) was more 
active. For most genes, ss-miR-34a-5p 2’-F(GU) was less active 
than ss-miR-34a-5p, but for a few it was more active. This varia-
tion reinforces the conclusion that the identity of the chemical 
modification affects the exact potency and efficacy of inhibition in 
a target dependent manner.

There are four mammalian AGO proteins (AGO1-4).16 We had 
previously examined the importance of AGO1-4 for transcriptional 
silencing by duplex RNAs that target a noncoding transcript over-
lapping the progesterone promoter and found that AGO2 was the 
primary AGO variant involved in modulating expression.23 We now 
examine the relative roles for AGO1 and AGO2 in the action of ss-
miRNAs and find, once again, that AGO2 is the primary AGO vari-
ant. Why AGO2 appears more critical is not fully defined, but may 
be partially due to the fact that AGO2 is expressed fivefold highly 
than AGO1 in HeLa cells (unpublished result). More broadly, the 
relative roles of AGO1–AGO4 and biological reasons for cells pos-
sessing multiple AGO variants remain a general question for the 
RNAi field. It is also important to realize that non-AGO dependent 
mechanisms may also contribute to the action of ss-siRNAs in some 
cases, a result that we have observed previously for inhibition of 
ataxin-3 by ss-siRNAs that target CAG trinucleotide repeats.10

Our studies suggest several potentially significant insights into 
the use of ss-miRNA mimics as a therapeutic platform. Our data 
confirm the earlier conclusion that ss-miRNAs could act as gene-
silencing agents13 and substantiate their role as mimics that act 
through the RNAi pathway. The choice of chemical modification 
pattern is critical, as is whether the mimic contains one or two 
strands. Not only do the mimics vary in potency, they also possess 
different profiles for inhibition of target genes.

In the future, development programs that employ ss-miRNAs 
are likely to benefit from extensive structure activity analysis to 
identify compounds that are both potent and modulate a benefi-
cial range of physiologic target genes. For example, in this study, 
we focused on 2’-O-methyl, 2’-O-methoxyethyl, and 2’-fluoro 
modifications, with phosphorothioate internucleotide substitu-
tions. Many other substitutions are available for tailoring ss-miR-
NAs,24 providing wide scope for developing improved agents.

ss-siRNAs have been used to affect expression of several dif-
ferent classes of RNA targets including mRNA coding regions,8 
expanded trinucleotide repeats,7,9–11 and promoter RNAs.12 Our 
data show that they can also act as miRNA mimics. In all these 
studies, activity has been robust and dependent on AGO2 expres-
sion, suggest that chemically modified single-stranded RNAs will 
often be valuable molecular tools and have the potential to be 
useful starting points for therapeutic development. More broadly, 
RNAi-active single stranded RNAs continue to be a robust tech-
nology for modulating diverse cellular processes and their sen-
sitivity to chemical modifications suggests that more effort 
developing their basic recognition properties may be rewarded 
with even higher biological activities.

MATERIALS AND METHODS
Cell culture and ssRNA/dsRNA transfection. HeLa and HepG2 cells (ATCC, 
Manassas, VA) were cultured in minimum essential medium eagle (MEM; 
Sigma-Aldrich, St. Louis, MO) supplemented with 1% MEM nonessential 
amino acids (Sigma-Aldrich) and 10% FBS (Sigma-Aldrich). A549 cells 
(ATCC) were cultured in F-12K media containing 10% FBS. ss-miRNA 
mimics and dsRNAs were reverse transfected into cells at 50 nmol/l (HeLa 
and A549) or 30 nmol/l (HepG2) using Lipofectamine RNAiMAX (Thermo 
Fisher Scientific (Invitrogen), Waltham, MA). Three days after transfection, 
cells were harvested for western blot analysis. For AGO1 or AGO2 knock-
down experiments, ds-Ctrl, siAGO1, and siAGO2 were reverse transfected 
into HeLa cells at 25 nmol/l. Two days after the first transfection, cells were 
trypsinized, split at the ratio of 1:2 in another six-well plate with ss-/ds-
miRNA mimics or a control (ss-Ctrl1) (50 nmol/l). Cells were harvested 2 
days after the second transfection for RT-qPCR and 3 days after the second 
transfection for western blot. Sequences of the ss-miRNAs and ss/dsRNAs 
are listed in Figures 1a and 2a and Supplementary Table S1.

Western blot Analysis. Three days after transfection, cells were harvested 
using lysis buffer (50 mmol/l Tris-HCl, 120 mmol/l NaCl, 0.5% NP-40, 1 
mmol/l ethylenediaminetetraacetic acid (EDTA) (Thermo Fisher Scientific 
(Ambion)), 1 mmol/l dithiothreitol (Sigma-Aldrich), and 1× protease inhib-
itor cocktail set I (EMD Millipore, Billerica, MA)). Protein concentrations in 
each sample were determined using micro BCA protein assay kit (Thermo 
Fisher Scientific (Thermo Scientific)). Twenty micrograms of total protein 
were analyzed by SDS-PAGE (4–20% TGX gels (Bio-Rad, Hercules, CA)). 
Gels were run at 110 V for 80 minutes. After gel electrophoresis, proteins 
were transferred to nitrocellulose membrane (Amersham Protran Supported 
0.45 μm NC (GE Healthcare Life Science, Pittsburgh, PA) at 100 V for 1 hour. 
After blocking the membrane with 5% non-fat dry milk (Lab Scientific, 
Livingston, NJ)/Tris-buffered saline with Tween 20 (50 mmol/l Tris-HCl pH 
7.4, 150 mmol/l NaCl, 0.1% Tween 20) at room temperature for 1 hour, the 
membrane was incubated with primary antibodies at the following dilution 
ratio: anti-Sirt1 antibody (EMD Millipore; 07-131; 1:5,000), anti-AGO1 anti-
body (Cell Signaling Technology, Danvers, MA; #5053; 1:2,000), anti-AGO2 
antibody (Wako Chemicals USA, Richmond, VA; 015-22411; 1:2,000), anti-
β-actin antibody (Sigma-Aldrich; A5441; 1:15,000). Horseradish peroxidase 
(HRP)-conjugated anti-mouse IgG (#715-035-150) or anti-rabbit IgG (#711-
035-152) (Jackson ImmunoResearch, West Grove, PA; 1:1,000–10,000) sec-
ondary antibody was used for visualizing proteins using SuperSignal West 
Pico Chemiluminescent Substrate (Thermo Fisher Scientific (Thermo 
Scientific)). Protein bands were quantified using ImageJ software (U.S. 
National Institutes of Health, Bethesda, MD).

Quantitative Reverse Transcription Polymerase Chain Reaction 
(RT-qPCR). Two days after transfection, cells were harvested using TRI 
reagent (Sigma-Aldrich) to extract total RNAs. Total RNAs were treated 
with DNase I (Worthington Biochemical, Lakewood, NJ) at 25 °C for 20 
minutes, followed by heating for deactivation at 80 °C for 15 minutes. 
cDNAs were prepared using High Capacity cDNA Reverse Transcription 
Kit (Thermo Fisher Scientific (ABI)). qPCR was performed using iTaq 
Universal SYBR Green Supermix or iTaq Supermix (for TaqMan primers) 
(Bio-rad) and specific primer sets. 18S ribosomal RNA levels were mea-
sured for normalization. The sequences of the qPCR primers are listed in 
Supplementary Table S2.

RNA Immunoprecipitation. ss- and ds-miRNA mimics were reverse trans-
fected into HeLa cells (3.5 million cells/15-cm dishes) at 50 nmol/l using 
Lipofectamine RNAiMAX. Three days after transfection, cells were har-
vested by scraping in Dulbecco's phosphate-buffered saline (PBS) (Sigma-
Aldrich) and centrifuged at 500 × g for 10 minutes. The supernatant was 
removed from each sample and then resuspended in 1 ml of lysis buffer (20 
mmol/l Tris-HCl (pH 7.4), 3 mmol/l MgCl2, 150 mmol/l KCl, 0.5% NP-40) 
containing 1× EDTA-free protease inhibitor cocktail (Roche, Basel) and 
RNasin Plus RNase inhibitor (Promega, Madison, WI). Each sample 
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was sonicated (20% power, 20 seconds, 1 pulse) and then centrifuged at 
13,000 rpm (18,928 × g) for 10 minutes. The supernatant was kept as whole 
cell lysates and used for the subsequent RNA immunoprecipitation. To 500 
μl of lysis buffer, 60 μl of whole cell lysates and 2 μg of anti-AGO2 anti-
body (Wako) or normal mouse IgG (EMD Millipore) were added and then 
incubated at 4 °C overnight. After that, 50 μl of Protein G Plus/Protein A 
Agarose Beads (EMD Millipore) were added to each sample and the sam-
ples were incubated at 4 °C for 2 hours. The beads were washed with wash 
buffer I (50 mmol/l Tris-HCl (pH 7.4), 2 mmol/l MgCl2, 300 mmol/l NaCl, 
0.05% NP-40) and wash buffer II (50 mmol/l Tris-HCl (pH 7.4), 2 mmol/l 
MgCl2, 500 mmol/l NaCl, 0.05% NP-40) twice.

Antibody-protein-DNA/RNA complexes were eluted from the beads with 
250 μl of elution buffer (1% SDS, 0.1 mol/l NaHCO3) containing RNasin Plus 
RNase inhibitor twice (500 μl in total). For input samples, 10 μl of whole cell 
lysates were mixed with 500 μl of elution buffer. To each sample, 20 μl of 5 mol/l 
NaCl, 20 μl of 1 mol/l Tris-HCl (pH 7.4), 10 μl of 0.5 mol/l EDTA, and 20 μg of 
proteinase K (Thermo Fisher Scientific (Ambion)) were added and then the 
samples were incubated at 42 °C for 50 minutes, followed by phenol extraction 
to remove proteins. Nucleic acids in each sample were further purified by 
ethanol precipitation. Each pellet was resuspended in nuclease-free water. 
Each sample was treated with DNase I for 20 minutes to remove genomic 
DNA. cDNAs were made through reverse transcription using High Capacity 
cDNA Reverse Transcription Kit. Samples without reverse transcription were 
also prepared as negative (no RT) controls. qPCR was performed for each 
sample using primers specific for SIRT1, ARHGAP1, E2F5, or CDK6 mRNA. 
qPCR data for each sample were normalized by qPCR data for input. qPCR 
products were also analyzed by agarose gel electrophoresis to check specificity 
in amplification (Supplementary Figure S3).

Measuring mRNA stability.  ss- and ds-miRNA mimics were transfected 
into HeLa cells at 50 nmol/l using Lipofectamine RNAiMAX. Two days after 
transfection, cells were treated with actinomycin D (stock solution: 4 mg/ml 
in DMSO; final concentration: 5 μg/ml in 2 ml of MEM). At the indicated 
time points (0, 1, 2, 4, and 6 hours for ARHGAP1 and CDK6 mRNA; 0, 
1, 2, and 3 hours for E2F5 and SIRT1 mRNA), cells were harvested using 
TRI reagent for RT-qPCR analysis. mRNA decay profiles were shown as 
%mRNA remaining as a function of the treatment time of actinomycin D.

Statistical analysis and curve fitting.  Data were analyzed using 
KaleidaGraph Ver4.1 software (Synergy Software, Reading, PA). Data for 
dose response were fitted to the following equation (only when inhibition 
was observed): y = 1−xn/(IC50

n+xn), where x is the oligomer concentration 
and y is the ratio of remaining proteins or transcripts. n (Hill co-efficient) 
and IC50 are fitting parameters. IC50 values are reported as IC50 ± SE of the 
fit. Student’s two-tailed unpaired (Figure 5) or paired t-test (Figures 2a,b 
and 6) was performed to evaluate statistical significance relative to ss-Ctrl1 
or ds-Ctrl treatment. Data for mRNA decay (Figure 7) were fitted to the 
following equation: y = 100*exp(-ln(2)/t1/2*t), where y is %mRNA remain-
ing and t is the treatment time of actinomycin D. t1/2 (half-life) is a fit-
ting parameter. Half-lives of transcripts are reported as t1/2 ± SE of the fit.  
P values less than 0.05 were considered statistically significant.

SUPPLEMENTARY MATERIAL
Figure  S1.  Potential target sites for miR-34a-5p on the 3’ UTRs of 
SIRT1, ARHGAP1, E2F5, and CDK6 mRNAs.
Figure  S2.  qPCR data showing the effect of miR-34a mimics on 
mRNA expression of 20 different miR-34a target genes.
Figure  S3.  Analysis of qPCR products from AGO2-RIP experiments 
by agarose gel electrophoresis.
Table  S1.  Sequences of duplex RNAs used in this study.
Table  S2.  Sequences of qPCR primers used in this study.
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