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MicroRNAs (miRNAs) are a class of small non-coding RNAs that negatively regulate gene expression at
post-transcriptional level via translational repression and/or mRNA degradation. miRNAs are associated
with many cellular processes, and down-regulation of miRNAs causes numerous diseases including
cancer, neurological disorders, inflammation, and cardiovascular diseases, for which miRNA replacement
therapy has emerged as a promising approach. This approach aims to restore down-regulated miRNAs
using synthetic miRNA mimics. However, it remains a critical issue that miRNA mimics are unstable and
transient in cells. Here, we first show that miRNA mimics are rapidly degraded by a mechanism different
from Tudor-staphylococcal/micrococcal-like nuclease (TSN)-mediated miRNA decay, which degrades
endogenous miRNAs, and newly identified 20-50-oligoadenylate synthetase (OAS)/RNase L as key factors
responsible for the degradation of miRNA mimics in human cells. Our results suggest that the OAS1
recognizes miRNA mimics and produces 20-50-oligoadenylates (2e5A), which leads to the activation of
latent endoribonuclease RNase L to degrade miRNAmimics. A small-molecule inhibitor that blocks RNase
L can stabilize miRNA mimics. These findings provide a promising method for the stabilization of miRNA
mimics, as well as for the efficient miRNA replacement therapy.

© 2019 Elsevier Inc. All rights reserved.
1. Introduction

MicroRNAs (miRNAs) are a class of small non-coding RNA
molecules and highly conserved in most eukaryotes [1]. In general,
miRNAs negatively regulate gene expression by recruiting Argo-
naute (AGO) proteins to the 3’ untranslated regions (UTR) of the
target mRNAs through base-pairing interactions [2]. The miRNA-
loaded AGO forms the miRNA-induced silencing complex (RISC),
which plays critical roles in translational repression and degrada-
tion of the target mRNAs [3]. The miRNA repository miRBase con-
tains 1917 annotated hairpin precursors and 2654 mature miRNAs
in Homo sapiens [4], and computational prediction suggests that
over 60% of human protein-coding genes contain miRNA target
sites [5]. miRNAs function in many cellular processes such as pro-
liferation, differentiation, apoptosis, stress response and viral
infection [6]. Therefore, down-regulation of miRNA expression is
related to numerous diseases including cancer, neurological disor-
ders, inflammation, and cardiovascular diseases [7], suggesting that
miRNAs could be considered as therapeutic targets.

One strategy to miRNA-based therapies is to restore miRNA
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function, which is called miRNA replacement therapy [8]. Although
viral vectors are commonly used to transfer miRNA sequences into
target cells, the use of viral vectors raises concerns about safety of
genomic integration and potential immunogenicity. Meanwhile,
synthetic miRNA mimics have emerged as new tools for miRNA
replacement therapy. miRNA mimics are artificial double-stranded
RNAs consisting of the guide strand that is designed to mimic the
function of the endogenous miRNA and the passenger strand that is
partially complementary to the guide strand. miRNAmimics cannot
be integrated into genome and therefore do not pose the risk of
insertional mutagenesis, whereas the instability of miRNA mimics
is one of the obstacles toward clinical trials. In endogenousmiRNAs,
the guide strand is recognized by AGO and loaded efficiently into
RISC complex. Thus, endogenous miRNAs are protected from nu-
cleases in cells. While exogenous miRNA mimics introduced
directly into cell cytosol cannot undergo these processes that lead
to stable complex formation, which seems to make miRNA mimics
unstable in cells. Therefore, it is necessary to develop a method
stabilizing miRNA mimics in human cells.

Here, we identify factors associated with the decay of miRNA
mimics. We show that miRNA mimics are rapidly degraded by a
mechanism different from TSN-mediated miRNA decay, which
degrades endogenous miRNAs [9]. The antiviral OAS/RNase L
pathway discriminates and eliminates exogenous miRNA mimics.
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Additionally, we show that curcumin, an RNase L inhibitor, stabi-
lizes miRNA mimics in human cells.
2. Materials and methods

2.1. Cell culture and transfection

HeLa cells were cultured in Dulbecco's modified Eagle's medium
(Nissui) supplemented with 5% fetal bovine serum. Transfection of
siRNA and miRNA mimic was performed using Lipofectamine
RNAiMAX (Invitrogen) according to the manufacturer's instruction.
2.2. siRNAs and miRNA mimics

The sequence of siRNAs for luciferase, RNase L, OAS1 and OAS3
was previously described [10]. TSN siRNA consisted of 50- r(GAU
UAU UAG CUC UCA UGC C) d(TT)-3’. miRNA mimics used in this
study were the following: let-7a 50-UGA GGU AGU AGG UUG UAU
AGU-3’ (sense) and 50-UAU ACA AUC UAC UGU CUU UCC-3’ (anti-
sense), miR-122 50-UGG AGU GUG ACA AUG GUG UUU G-3’ (sense)
and 50-AAC GCC AUU AUC ACA CUA AAU A-3’ (antisense).
2.3. Northern blotting

Total RNA was isolated as described previously [11] and
analyzed by northern blotting using [32P] or [33P] labeled nucleo-
tides. let-7a miRNA was detected using 50-ACT ATA CAA CCT ACT
ACC TCA-3’. miR-122 miRNA was detected using 50-CAA ACA CCA
TTG TCA CAC TCC A-3’. U6 snRNA was detected using 50-TAT GTG
CTG CCG AAG CGA GCA C-30, 50-TAA TCT TCT CTG TAT CGT TCC-30

and 50-TCA CGA ATT TGC GTG TCA TCC-3’.
Fig. 1. miRNA mimics are rapidly degraded independently of the TSN-mediated miRNA
(A) HeLa cells were transfected with let-7a miRNA for 3 h, and cultured in growth medium o
let-7a miRNAwere quantified and normalized to the levels of U6 snRNA, and the normalized
7a miRNA were calculated (average t1/2± SD, n¼ 3).
(B) As in (A), except that the experiments were performed with miR-122 miRNA instead o
(C) HeLa cells were transfected with siRNA against either luciferase (control) or TSN. At 48 h
and cultured in growth medium over time. let-7a miRNA and U6 snRNA were quantified, a
(D) The levels of TSN mRNA under siRNA treated condition were determined by RT-qPCR.
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2.4. RT-qPCR

Total RNAwas treated with DNase I for 1 h at 37 �C. The DNase I-
treated RNA was reverse-transcribed with oligo(dT) primer using
SuperScript III Reverse transcriptase (Invitrogen). Real-time qPCR
analysis was performed using the StepOne real-time PCR system
with Power SYBR Green PCR Master Mix (Applied Biosystems). TSN
mRNAwas amplified using 50-GGT GGA CTA CAT TAG ACC AGC C-30

and 50-AGA CCT TTG CTG ACA AGA GCC TC-3’. ACTB mRNA was
amplified using 50-CAC CAT TGG CAA TGAGCG GTT C-30 and 50-AGG
TCT TTG CGG ATG TCC ACG T-3’.
2.5. Antibodies

Antibodies used for western blotting were as follows: anti-
RNase L [10], anti-GAPDH [12], anti-OAS1 (Sigma, HPA003657)
and anti-OAS3 (abcam, ab154270).
2.6. OAS1 enzyme activity assay

A colorimetric method was performed to measure the amount
of pyrophosphate (PPi) with the production of 2e5A by recombi-
nant 6�His-OAS1 as described previously [10].
2.7. Statistical analysis

P-values were determined using the two-tailed Student's t-test
for paired samples. *P < 0.05, **P< 0.01. Error bars represent
mean± SD.
decay pathway.
ver time. let-7a miRNA and U6 snRNA were analyzed by northern blotting. The levels of
levels of 0-hr time point were defined as 100% (mean ± SD, n¼ 3). The half-lives of let-

f let-7a miRNA.
after siRNA transfection, the cells were further transfected with let-7a miRNA for 3 h,
nd the half-lives of let-7a miRNA were calculated as in (A).

bilizing microRNA mimics, Biochemical and Biophysical Research



Fig. 2. Endoribonuclease RNase L degrades miRNA mimics.
(A) HeLa cells were transfected with siRNA against either luciferase (control) or RNase
L. At 48 h after siRNA transfection, the cells were further transfected with let-7a miRNA
for 3 h, and cultured in growth medium over time. let-7a miRNA and U6 snRNA were
analyzed by northern blotting. The levels of let-7a miRNA were quantified, and the
half-lives of let-7a were calculated as in Fig. 1
(B) As in (A), except that the experiments were performed with miR-122 miRNA
instead of let-7a miRNA.
(C) The levels of proteins under siRNA treated condition were determined by western
blotting.
(D) HeLa cells were transfected with let-7a miRNA for 3 h. The cells were treated with
or without curcumin (50 mM) and cultured in growth medium over time. let-7a miRNA
and U6 snRNA were analyzed by northern blotting. The levels of let-7a miRNA were
quantified, and the half-lives of let-7a miRNA were calculated as in Fig. 1.
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3. Results

3.1. miRNA mimics are rapidly degraded in human cells

In general, most endogenous miRNAs are stable molecules with
long half-lives > 24h [13,14]. To investigate the stability of exoge-
nous miRNA mimics in human cells, we have examined the half-
lives of well-known let-7a and miR-122 mimics as a representa-
tive model. HeLa cells were transfected with let-7a or miR-122
miRNA mimic, and RNA isolated from the cells was analyzed by
northern blotting (Fig. 1A and B). In sharp contrast to the endoge-
nous miRNAs, let-7a and miR-122 mimics displayed short half-lives
of 2.8± 0.5 h and 2.2± 0.4 h, respectively. A recent study reported
that endogenous mature miRNAs are degraded by endonuclease
TSN, which is called TSN-mediated miRNA decay (TumiD) [9].
TumiD functions against AGO2-loaded miRNAs in the duplex with
target mRNAs, and requires UPF1 helicase mediated dissociation of
miRNAs from their targets [15]. This led us to speculate that TSN
may also degrade miRNA mimics. Thus, we next monitored the
decay kinetics of let-7a mimic under TSN knockdown condition.
HeLa cells were depleted of TSN for 48 h and then transfected with
let-7a mimic. RNA isolated from the cells was analyzed by northern
blotting (Fig.1C). Down-regulation of TSN expressionwas confirmed
by RT-qPCR (Fig. 1D). Unexpectedly, decay of let-7a mimic was not
affected by the depletion of TSN. These results suggest that the rapid
degradation of miRNA mimics is independent of TSN and the decay
pathway is totally different from that of endogenous miRNAs.

3.2. Endoribonuclease RNase L degrades exogenous miRNA mimics

In mammals, OAS/RNase L system constitutes an innate immune
system that responds to double-stranded RNA (dsRNA) to induce
degradation of exogenous viral and bacterial RNAs [16]. In response
to the dsRNA, OAS catalyzes the oligomerization of ATP into 2e5A,
which acts as a second messenger to trigger activation of latent
endoribonuclease RNase L. Since miRNA mimics are double-
stranded RNAs, we surmised that miRNA mimics are detected and
eliminated by OAS/RNase L system. Thus, we monitored the decay
kinetics of let-7a and miR-122 mimics under RNase L knockdown
condition. HeLa cells were depleted of RNase L for 48 h and then
transfected with either let-7a or miR-122 mimic. RNA isolated from
the cells was analyzed by northern blotting (Fig. 2A and B). Down-
regulation of RNase L expression was confirmed by western blot-
ting (Fig. 2C). Depletion of RNase L increased the half-lives of let-7a
and miR-122 mimics. To further confirm that RNase L functions in
the decay of miRNA mimics, we examined the effect of a previously
reported RNase L inhibitor, curcumin [17], on the decay of trans-
fected let-7a. Curcumin inhibited RNase L activity with an IC50 of
~30 mM in an in vitro enzyme assay [10]. At the near IC50 concen-
tration, curcumin stabilized let-7a mimic: the half-life of let-7a
mimic was increased 3.5-fold from 2.2± 0.3 h to 7.8± 1.5 h
(Fig. 2D). The result further substantiates our conclusion that RNase
L is involved in the degradation of miRNA mimics.

3.3. OAS1 functions in the decay of exogenous miRNA mimics

As described above, RNase L endoribonuclease is activated in
response to 2e5A, which is produced by the dsRNA-activated OAS.
In humans, four genes: OAS1, OAS2, OAS3 and OASL have been
identified as 20-50-oligoadenylate synthetase family members [18].
Among these, OAS1 can be activated by short dsRNA (less than 50-
bp) [19]. Thus we speculated that miRNAmimics (~22 bp) might be
detected by OAS1, which leads to the production of 2e5A and
activation of RNase L. Thus, we examined whether OAS1 is involved
in the decay of exogenous miRNA mimic. HeLa cells were depleted
Please cite this article as: T. Nogimori et al., A novel method for sta
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of OAS1 for 48 h and then transfected with let-7a. RNA isolated
from the cells was analyzed by northern blotting (Fig. 3A). Down-
regulation of OAS1 expression was confirmed by western blotting
(Fig. 3B). As expected, depletion of OAS1 increased the half-life of
let-7a mimic, suggesting that OAS1 is involved in the decay of
miRNA mimics. In contrast to this, depletion of OAS3 did not
significantly affect the half-life of let-7a mimic. To investigate if
OAS1 recognizes miRNA mimics and produces 2e5A, we purified
recombinant OAS1 and measured the activity of OAS1 in the
presence of let-7a mimic or poly(I:C) as a positive control. The
enzyme activity of OAS1 was stimulated by let-7a mimic with a
potency comparable to the well-known activator poly(I:C) (Fig. 3C).
Taken together, these results suggest that OAS1 recognizes
bilizing microRNA mimics, Biochemical and Biophysical Research



Fig. 3. OAS1 functions in the decay of exogenous miRNA mimics.
(A) HeLa cells were transfected with siRNA against either luciferase (control), OAS1 or OAS3. At 48 h after siRNA transfection, the cells were further transfected with let-7a miRNA for
3 h, and cultured in growth medium over time. let-7a miRNA and U6 snRNAwere analyzed by northern blotting. The levels of let-7a miRNAwere quantified, and the half-lives of let-
7a were calculated as in Fig. 1
(B) The levels of proteins under siRNA treated condition were determined by western blotting.
(C) Activation of recombinant OAS1 by let-7a mimic. Purified OAS1 and either poly(I:C) or let-7a mimic were incubated in the presence of ATP (1mM) and MnCl2 (5mM) at 37 �C for
1 h. OAS1 activity was quantified by measuring the amount of pyrophosphate (PPi), a byproduct of 2e5A synthesis.
(D) Model for the OAS1/RNase L-mediated decay of miRNA mimics (see Discussion).
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exogenous miRNA mimics and produces 2e5A, which leads to the
activation of RNase L and degradation of miRNA mimics.

4. Discussion

Here, we demonstrated that miRNAmimics are rapidly degraded
Please cite this article as: T. Nogimori et al., A novel method for sta
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by a mechanism different from TSN-mediated endogenous miRNA
decay, and newly identified OAS/RNase L as key factors responsible
for the degradation of miRNA mimics in human cells. Among OAS
family members, OAS1 functions in the decay of miRNA mimics.
Actually, miRNA mimic can activate OAS1 enzyme that catalyzes
oligomerization of ATP to produce 2e5A. From these results,
bilizing microRNA mimics, Biochemical and Biophysical Research
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together with previous observations, we propose the following
model (see also Fig. 3D); when miRNA mimics enter into the cell
cytosol, OAS1 activated by the miRNA mimics releases 2e5A, which
in turn activates RNase L. The activated RNase L rapidly degrades
miRNA mimics. Therefore, miRNA mimics can be stabilized by
inhibiting OAS1-RNase L pathway.We showed that a small molecule
inhibitor that blocks RNase L can stabilize miRNAmimic. Our results
provide a useful method for stabilizing miRNA mimics in cells.

In general, endogenous miRNAs are transcribed by RNA poly-
merase II as primary miRNAs (pri-miRNAs), followed by cleavage of
pri-miRNA into precursor miRNAs (pre-miRNAs) by Drosha and
DGCR8. Once exported to the cytoplasm, pre-miRNAs are processed
into mature miRNAs by the RNase III enzyme Dicer. Dicer forms a
complex with TAR RNA-binding protein (TRBP), which facilitates
assembly of RISC by recruiting AGO [20]. Thus, endogenous miRNAs
are loaded efficiently into AGO, which protects miRNAs from nu-
cleases [21]. On the other hand, exogenous miRNA mimics directly
introduced into the cytosol cannot undergo either endogenous
miRNA processing or efficient AGO-loading. Therefore, miRNA
mimics are free from such stable complex formation in the cyto-
plasm, resulting in the rapid degradation.

Transcriptome studies reported that miRNAs are aberrantly
expressed in various human diseases including cancer [22,23].
Hence, considerable efforts have been made to develop miRNA
replacement therapy as a promising therapeutic approach for such
diseases. Synthetic miRNA mimics developed for this approach
commonly harbor chemical modifications to improve stability and
cellular uptake [24,25]. However, since the guide strand needs to be
recognized as amiRNA by AGO, chemical modifications to the guide
strands are limited. Therefore, it is necessary to develop an alter-
native method for stabilizing miRNA mimics in human cells. Our
methodology developed in this study might be a promising
candidate for such alternative approach.

Previous studies demonstrated that activation of OAS by sensing
dsRNA leads to production of 2e5A, which activates latent endor-
ibonuclease RNase L. OAS3 can be activated by long dsRNA or ssRNA
with secondary structures, but not by short dsRNA with 18 base
pairs [19]. On the other hand, OAS1 can be efficiently activated by
the short dsRNA. Considering this, together with the fact that
depletion of OAS1 increases the half-life of miRNA mimic, it is
reasonable to conclude that OAS1 detects miRNA mimics and acti-
vates RNase L. However, an important question as to how RNase L is
recruited to miRNA mimics has yet to be elucidated. We recently
demonstrated that RNase L degrades exogenousmRNAs in amanner
dependent on translation [10]. Since miRNA mimics are not trans-
lated, it is reasonable to think that RNase L is recruited to themiRNA
mimics by a mechanism other than that dependent on translation.
Recent findings have demonstrated that numerous RNA-binding
proteins interact directly with miRNAs to regulate miRNA levels
[26]. Some kind of RNA-binding proteins might be involved in the
process between OAS1 activation and RNase L recruitment. This
possibility is now under investigation in our laboratory.
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