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ABSTRACT

FunctionalmicroRNAs (miRNAs) are produced fromboth arms of their precursors (pre-miRNAs). Their abundances vary in context-
dependent fashion spatiotemporarily and there is mounting evidence of regulatory interplay between them. Here, we introduce
chemically synthesized pre-miRNAs (syn-pre-miRNAs) as a general class of accessible, easily transfectable mimics of pre-
miRNAs. These are RNA hairpins, identical in sequence to natural pre-miRNAs. They differ from commercially available miRNA
mimics through their complete hairpin structure, including any regulatory elements in their terminal-loop regions and their
potential to introduce both strands into RISC. They are distinguished from transcribed pre-miRNAs by their terminal 5′ hydroxyl
groups and their precisely defined terminal nucleotides. We demonstrate with several examples how they fully recapitulate the
properties of pre-miRNAs, including their processing by Dicer into functionally active 5p; and 3p-derived mature miRNAs. We
use syn-pre-miRNAs to show that miR-34a uses its 5p and 3p miRNAs in two pathways: apoptosis during TGF-β signaling, where
SIRT1 and SP4 are suppressed by miR-34a-5p and miR-34a-3p, respectively; and the lipopolysaccharide (LPS)-activation of
primary human monocyte-derived macrophages, where TNF (TNFα) is suppressed by miR-34a-5p indirectly and miR-34a-3p
directly. Our results add to growing evidence that the use of both arms of a miRNA may be a widely used mechanism. We further
suggest that syn-pre-miRNAs are ideal and affordable tools to investigate these mechanisms.
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INTRODUCTION

MiRNAs are noncoding RNAs that regulate gene expression
(Bartel 2009; Krol et al. 2010). Their biogenesis begins
with transcription of a primary transcript (pri-miRNA).
Processing of the pri-miRNA to an approximate 70-nucleo-
tide (nt) pre-miRNA hairpin is performed by the micropro-
cessor, a complex of the RNase III Drosha with the DiGeorge
syndrome critical region gene 8 (DGCR8) (Denli et al. 2004;
Gregory et al. 2004; Han et al. 2004). Pre-miRNAs are export-
ed to the cytoplasm (Lund et al. 2004), where their terminal
loops are excised by the RNase III Dicer as part of a com-
plex with Argonaute proteins (Ago1–4), trans-activation
RNA-binding protein (TRBP), and chaperone proteins
(Hutvágner et al. 2001). This yields a stem composed of 5′

and 3′ strands representing 5p and 3p miRNAs, respectively.
Human Dicer is a large protein composed of several do-

mains, including a helicase/ATPase domain, a PAZ (Piwi,
Argonaute, Zwille) domain, a dsRBD, and two RNase III do-
mains (Zhang et al. 2004; Lau et al. 2012; Ma et al. 2012). The
PAZ domain grips the termini of the pre-miRNA and posi-
tions it for double cleavage ∼22 nt into the stem, producing
a double-stranded RNA (dsRNA) with 3′ overhangs (Macrae
et al. 2006; Park et al. 2011). The RNase IIIA domain cleaves
in the 3′ arm of the pre-miRNA, while the RNase IIIB
domain cleaves in the 5′ arm (Gurtan et al. 2012). The over-
hang on the pre-miRNA plays an important role in cleav-
age, as blunt-ended stems show shifted cleavage patterns
(Vermeulen et al. 2005). Dicer is assisted by TRBP, which af-
fects its kinetics and can also facilitate production of miRNA
isoforms, leading to changes in loading of the RNA-induced
silencing complex (RISC) (Lee and Doudna 2012). The
cleaved pre-miRNA forms part of a pre-miRISC in which
one of the RNA strands (the guide) is subsequently main-
tained, while the other strand (the passenger or miRNA∗) is
discarded. Precisely how this occurs is not fully understood.
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Often the strand with the 5′ end engaged in the least stable
base-pairing is selected for RISC incorporation: However,
where the ends of the dsRNA exhibit similar stability, either
miRNA can be taken into a RISC (Khvorova et al. 2003;
Schwarz et al. 2003). Fully activated RISCs recognize sites in
the 3′ UTR of mRNAs via the seed region at the 5′ end of the
miRNA and induce mRNA degradation or translational inhi-
bition (Mathonnet et al. 2007; Djuranovic et al. 2012).

Most of the early characterization of miRNAs focused
on the guide strands (usually the 5p), because these were
typically found to be more abundant than their miRNA∗

counterparts in humans (Hu et al. 2009). However, many
miRNA∗ strands have conserved seed sequences and have
been isolated from RISC complexes, therefore suggesting
that they are functional (Okamura et al. 2008a; Yang et al.
2011). Indeed, the ratios of 5p to 3p strands from subsets
of miRNAs vary in a cell-context and tissue-dependent fash-
ion (Ro et al. 2007; Ruby et al. 2007; Azuma-Mukai et al.
2008; Okamura et al. 2008b; Chiang et al. 2010). In addition,
there is increasing evidence of interplay between 5p and 3p
strands from the same precursor. This is most prominent
in arm-switching, where the dominant miRNA is switched
from one arm of the precursor to the other (Griffiths-Jones
et al. 2011), or where the abundance of both miRNAs from
a human precursor is similar, in which case they are predicted
to target overlapping sets of genes/functional classes (Marco
et al. 2012).

Examples of miRNAs from which functional 5p and 3p
miRNAs have been characterized include: miR-9 (Packer
et al. 2008), miR-17 (Shan et al. 2009), miR-19 (Yang et al.
2011), miR-28 (Almeida et al. 2012), miR-30c (Byrd et al.
2012), miR-125a (Jiang et al. 2010), miR-142 (Wu et al.
2009), miR-155 (Zhou et al. 2010), miR-199 (Kim et al.
2008; Sakurai et al. 2011), miR-223 (Kuchenbauer et al.
2011), miR-342 (Montag et al. 2009), miR-2015 (Grimson
et al. 2008), miR-18a (Tsang and Kwok 2009), and miR-
582 (Uchino et al. 2013). In some cases the two strands of
the miRNA may have opposing functions (miR-28
[Almeida et al. 2012], miR-125 [Jiang et al. 2010]). In others,
for example, miR-199 (Sakurai et al. 2011), miR-155 (Zhou
et al. 2010), and miR-582 (Uchino et al. 2013), the two
arms were shown to function in a joint fashion, reinforcing
a phenotype. It seems likely therefore that interplay between
miRNAs from the same precursor is a reoccurring theme.

Deciphering the function of miRNAs has been aided by
synthetic miRNA “mimics”—sometimes inappropriately
named dsRNA reagents that are chemically modified in one
strand to force only the desired 5p or 3p miRNA into RISC
(Birmingham et al. 2007). However, with increasing evidence
of the dual activity of 5p and 3p miRNAs, so the need for a
convenient-to-use chemical mimic of the miRNA precursor
(i.e., pre-miRNA mimic), which produces both 5p and 3p,
has arisen.

Herewe propose chemically synthesized pre-miRNAs (syn-
pre-miRNAs) as a general class of pre-miRNAmimics. These

are RNA hairpins with terminal hydroxyl groups, identical in
sequence to naturally occurring pre-miRNAs. We demon-
strate with examples how they fully recapitulate the properties
of pre-miRNAs, including their processing by Dicer into
simultaneously active 5p- and 3p-derived mature miRNAs.
We use syn-pre-miRNAs to show that miR-34a uses both
strands in two pathways: apoptosis during TGFβ signaling
in HeLa cells, where SIRT1 and SP4 are suppressed by miR-
34a-5p and miR-34a-3p, respectively; and the lipopolysac-
charide (LPS) activation of primary human monocyte-de-
rived macrophages, where TNF (TNFα) is suppressed by
bothmiR-34a-5p andmiR-34a-3p.Our results provide an ex-
ample of a prominent miRNA using both strands to drive a
pathway, and add to the growing evidence that the use of
both arms of a miRNA may be a widely used mechanism.
We further suggest that syn-pre-miRNAs are ideal tools to in-
vestigate such mechanisms, especially as they can be acquired
from commercial vendors at similar cost to routine biological
reagents.

RESULTS

TGF-β1 RNAi induces miR-34a-5p and miR-34a-3p

Recently we described how suppression of latent TGFB1
(TGF-β1) restores growth inhibitory TGF-β signaling
through miRNAs in some cell types (Dogar et al. 2011).
We screened a large number of miRNAs for their response
to TGF-β1 RNAi. Whereas most miRNAs remained un-
changed or were suppressed, miR-34a-5p was induced and
caused apoptosis. Apoptosis was partly rescued by miR-
34a-5p antimiR. Further examination of this mechanism
showed that TGF-β1 RNAi in HeLa cells in fact caused
more than fourfold increases in both miR-34a-5p and
miR-34a-3p at the highest treatment concentration (Fig.
1A), suggesting that both arms of miR-34a were functional.
Although the activity of miR-34a-5p is well documented
(Chen and Hu 2012), the properties of miR-34a-3p are not
well described. In one account miR-34c-3p was shown to in-
duce caspase activity in cervical carcinoma cells, though no
targets were identified (López and Alvarez-Salas 2011). In an-
other, miR-34a-3p was found to inhibit XIAP, an inhibitor of
apoptosis, in synovial fibroblasts (Niederer et al. 2011b).
Evidence for an extensive activity of miR-34a-3p (as well as
miR-34a-5p) was also seen in expression data from cells in-
fected with a miR-34a expression construct (Yang et al.
2011).
A straightforwardway to assay for the activity of amiRNA is

bydual-reporter assays (Doench et al. 2003) expressingRenilla
and firefly luciferase. We generated two (“sensor”) plasmids,
each bearing a single complementary site to miR-34a-5p and
miR-34a-3p in the 3′ UTR of Renilla. These were transfected
separately into HeLa cells after induction of endogenous
miR-34a via TGF-β1 RNAi (siTGF). An especially potent
siRNA targeting the Renilla luciferase (siRen) served as a
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control for transfection efficiency and a
commercially available, unrelated dou-
ble-stranded RNA (Con) served as a con-
trol for siRNAs and miRNAs to indicate
nonspecific effects or toxicity. We ob-
served a sequence-specific suppression
of Renilla activity of both sensors up to
70% (Fig. 1B), suggesting a simultaneous
activity of RISC complexes bearing en-
dogenous miR-34a-5p and miR-34a-
3p. An empty vector was unaffected
by siTGF treatment, confirming a se-
quence-specific effect (Fig. 1B, bottom
panel). To examine the activity of 5p and
3p miRNAs from miR-34a independent-
ly, we used commercially available
miRNA mimics (34a-5p, 34a-3p). These
are typically dsRNA, which are modified
so as to allowonly guide strand incorpora-
tion into RISC. We transfected 34a-5p
and 34a-3p separately into cells and ob-
served that both mimics induced caspase
3/7 activity in a concentration-dependent
manner to a similar extent (Fig. 1C).
Taken together, the experiments suggest-
ed that both arms ofmiR-34a contributed
to the apoptotic phenotype resulting from
TGF-β1 RNAi. It implied that further in-
vestigation of miR-34a in this pathway
would be better served using reagents for
pre- or pri-mir-34a, either of which could
be expected to producemiRISC complex-
es from both 5p and 3p miRNAs. As we
preferred not to use expression vectors
because of their inefficient transfection
of routinely used cell lines, we turned
therefore to synthesis of pre-miRNAs.

Design and use of syn-pre-miRNA
mimics

Pre-miRNAs can be prepared by in vitro
transcription from DNA templates, al-
though the method suffers several limita-
tions including the promoter-derived
constraints at the 5′ end of the sequence,
a heterogeneous incorporation of un-
templated nucleotides at both termini
(Helm et al. 1999) and the inclusion of a
5′ triphosphate (Milligan and Uhlenbeck
1989). One solution to obtain homoge-
neous 5′ and 3′ ends is the use of dual cis-
cleaving ribozymes cotranscribed with
the desired RNA (Birikh et al. 1997); how-
ever, we experienced irregular cleavage
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FIGURE 1. MiR-34a-5p and miR-34a-3p show antiproliferative activity. (A) siTGF was trans-
fected into HeLa cells in increasing doses (0, 2, 9, and 36 nM). RNA was isolated and qPCR was
performed for miR-34a-5p and miR-34a-3p. The y-axis shows the relative RNA abundance
(normalized against miR-16 and an untransfected control). Error bars, SD of four replicates.
(B) Endogenous miR-34a-5p and miR-34a-3p, induced during TGFB RNAi, suppress luciferase
reporter genes bearing complementary target sites. Transfections of Con (negative control
siRNA), siTGF (siRNA against TGFB), and siRen (siRNA against Renilla luciferase) into HeLa
cells were performed at increasing concentrations (0, 2, 9, and 36 nM). Luciferase reporter plas-
mids bearing no (psiCHECK2) or a single reverse complementary target site (TS) for the
miRNA (origin of the TS shown in the inset) were transfected. Renilla luminescence values
were normalized against firefly luminescence and then to the value from the corresponding
0-nM transfection for each treatment. Error bars, SD of three transfections. (C) MiR-34a-5p
and miR-34a-3p, induced during TGFB RNAi, contribute to apoptosis. HeLa cells were trans-
fected with Con (negative control), syn-pre-34a, miRNA mimics 34a-5p and 34a-3p, and
siRen at increasing concentrations (0, 2, 9, and 36 nM). Caspase 3/7 activity was measured
from lysates of HeLa cells 72 h post-transfection. Error bars, SD of three transfections (∗) P
< 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.001.
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activity by the ribozymes and a difficult
purification of the desired hairpin. The
expression of complete pre-miRNAs in
cells from a DNA plasmid has been de-
scribed (McManus et al. 2002; Terasawa
et al. 2011); however, DNA vectors do
not have the convenience of use of an eas-
ily transfectable small dsRNA. Given
these limitations, we turned to a chemical
synthesis of pre-miRNAs (syn-pre-
miRNA). The length of human pre-
miRNAs (50–90 nt) is challenging for
routine laboratory synthesis (Shiba et al.
2007). Consequently, reports of the use
of syn-pre-miRNAs as miRNA mimics
are rare (see, e.g., Macrae et al. 2008;
Koscianska et al. 2011; Starega-Roslan
et al. 2011) (see Siolas et al. 2005 for a
synthesis of shRNAs). To our surprise,
the synthesis of pre-miRNAs using stan-
dard reagents (2′-O-tert-butyldimethyl-
silyl [TBS]-protected phosphoramidites)
proved rather straightforward if an appro-
priate controlled pore glass (CPG) solid
support was used (1000 Å universal sup-
port). Yields of full-length pre-miRNAs
are low (1–8 nmol), but are sufficient for
many transfections. Product purification
by reverse-phase high-performance liq-
uid chromatography (RP-HPLC) sepa-
rates failure sequences (see Fig. 2A) and
characterization by electrospray mass
spectrometry (MS) provides an unambig-
uousproofof product. To characterize the
general properties of syn-pre-miRNAs,
∼40 sequences were prepared, using se-
quences from miRBase (Griffiths-Jones
2006; Supplemental Table 1).

To ensure that syn-pre-miR-34a (syn-
pre-34a) was recognized by Dicer, we
performed in vitro processing assays.
Syn-pre-34a was incubated with recom-
binant Dicer, using a similar protocol as
previously described (Davies and Arenz
2008) and analyzed by RP-HPLC-MS
(Fig. 2B). Syn-pre-34a was processed
into the terminal loop, miR-34a-5p and
miR-34a-3p (Fig. 2C). The main 5p 23-
nt product was one of the two most
abundant miR-34a-5p strands cataloged
in miRBase. Two product sequences
matched closely the miR-34a-3p se-
quences, one of which was identical to
the second most abundant sequence in
miRBase. The second sequence had an

time  identity        obs. [Da]    expec. [Da] diff [Da]  diff [%]
6.1  miR-34a-5p 21mer 5' OH, 3' OH  6722   6723  1   0.01
  UGGCAGUGUCUUAGCUGGUUG
6.3  miR-34a-5p 23mer 5' OH, 3' OH  7334   7335  1   0.01
  UGGCAGUGUCUUAGCUGGUUGUU
6.5  miR-34a-3p 23mer 5' OH, 3' OH  7287   7275  12   0.16
  CAAUCAGCAAGUAUACUGCCCUA
6.6  miR-34a-3p 24mer 5' OH, 3' OH  7618   7620  2   0.03
  GCAAUCAGCAAGUAUACUGCCCUA
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additional 5′ guanine. Both 3p strands carried 5′ terminal hy-
droxyl groups according to MS instead of the expected phos-
phate group, possibly due to dephosphorylation after
processing. The 3p strands were seen in similar amounts,
while the 23-nt 5p product was more abundant than the
shorter 21-nt product. Taken together the data indicated
that syn-pre-34a formed a hairpin that was processed in vitro
into miR-34a-5p and miR-34a-3p, even in the absence of
auxiliary factors such as TRBP (Koscianska et al. 2011). We
then transfected syn-pre-34a into HeLa cells. We have shown
recently that a Cy3-labeled pre-miRNA is efficiently delivered
into HeLa cells using the same protocol as for miRNAmimics
(Pradère et al. 2013). We detected a concentration-depen-
dent production of miR-34a-5p and miR-34a-3p strands
by stem–loop quantitative real time PCR (qPCR) and
Northern blotting (Fig. 2, D and E, respectively). The
qPCR analysis and the Northern blotting suggested a higher
abundance for the 5p strand, mirroring strand abundances
reported in miRBase and a large collection of libraries from
many cell types, except T-cells (Landgraf et al. 2007). The
Northern blot showed that at transfection concentrations of
9 nM, syn-pre-34a, and the miR-34a mimic produced com-
parable levels of miR-34a-5p in cells. The pre-miRNA was
also visible on the blot, indicating incomplete processing
(Fig. 2E). Taken together, this data shows that syn-pre-
34a undergoes processing in cells to bona fide miR-34a
miRNAs, and therefore represents a chemical mimic of
pre-miR-34a.

Synthetic pre-miRNAs are processed in cells
to 5p and 3p siRNAs and miRNAs

In order to characterize the properties of syn-pre-miRNAs, we
used dual-luciferase reporter assays. Four plasmids were ini-
tially constructed containing experimentally validated
miRNA target sites flanked by ∼60 nt of natural sequence
from: CDKN1A for miR-17-5p and its family members
(Ivanovska et al. 2008); THBS1 for miR-194 (Sundaram
et al. 2011), GYS1 for miR-122 (Esau et al. 2006), and SIRT1
for miR-34a-5p (Yamakuchi et al. 2008). Cotransfections of
theplasmids and the syn-pre-miRNAs, aswell as a commercial
miRNAmimic were carried out inHeLa cells. Use of the siRen
positive control allows monitoring transfection efficiency,

which can vary between experiments. The 5p strands of all
syn-pre-miRNAs were active and suppressed their targets to
a similar level as themiRNAmimics (Fig. 3A). The level of re-
porter inhibition varied considerably: For example, syn-pre-
34a inhibited its targetweakly,whereas syn-pre-194was as po-
tent as the siRNA-targeting Renilla luciferase. Next, we con-
ducted a comparison of syn-pre-miRNAs of the miR-17-5p
family against target sites in the 3′ UTRs from CDKN1A,
TGFBR2 (Calin 2004), as well as a fully complementary site
to miR-106a-5p. All family members were active as
miRNAs, albeit with small variations in their inhibitory power
(Fig. 3B). In contrast, only syn-pre-106a and syn-pre-17-5p
strongly suppressed themiR-106a-5p sensor, perfectly consis-
tent with the degree of complementarity between the miRNA
and the target site (Fig. 3C). This data was strong evidence for
direct and sequence-specific effects of the syn-pre-miRNAs.
Taken together the experiments showed that syn-pre-
miRNAs make active 5p miRNAs, and that the reagents are
of comparable biological potency to commercial mimics.
A previous study using reporters showed that 14 from 22

plasmid-expressing pre-miRNAs produced 3p miRNAs ac-
tive against artificial complementary and bulged targets
(Yang et al. 2011). We generated sensor constructs for the
3p strands of pre-miR-106a, pre-miR-34a, pre-miR-107,
and pre-miR-122. We cotransfected these plasmids as well
as their cognate syn-pre-miRNAs and the controls into cells.
For the miR-106a target site plasmid we observed a strong se-
quence-specific repression from syn-pre-106a, but no effects
from the other family members, presumably because of in-
sufficient 3p strand complementarity to the target (Fig.
3C). As expected, we saw no effects from the mimics, pre-
sumably due to their inactivated counterstrands. Similarly,
the 3p sensors for syn-pre-107 and syn-pre-34a were equally
suppressed, as was the reporter for syn-pre-122 (data not
shown). These experiments confirmed that the processing
of syn-pre-miRNAs produced a 3p miRNA active against ar-
tificial target sites, in broad agreement with the previous re-
port (Yang et al. 2011). However, because these targets were
fully complementary it did not confirm that Dicer cleaved the
syn-pre-miRNAs precisely to natural 3p miRNAs strands
with the correct seed sequences. Dicer cleavage is influenced
by the overhang of the pre-miRNA (Vermeulen et al. 2005;
Park et al. 2011) andmiRNAs show considerable heterogene-

ity at their 3′ termini (Newman et al.
2011), so defining the sequence of the
3′ overhang of syn-pre-miRNAs can be
ambiguous, and therefore critical.

Identification of new targets
for miR-34a-3p

Many targets of miR-34a-5p involved in
cell growth/death have been identified,
including BCL2, CD44, CDK6, CCND1,
E2F3, MET, MYB, MYC, SIRT1, VEGF,

FIGURE 2. Properties of chemically synthesized pre-miRNAmimics. (A) HPLC-MS chromato-
gram of syn-pre-34a. The x-axis represents column retention time; the y-axis shows UV-peak in-
tensity. (B) Syn-pre-34a was incubated with recombinant Dicer for 2 h at 37°C in buffer. Analysis
by HPLC-MS indicates processing of the precursor (slowest migrating product) into distinct
product groups: the pre-miR-34a terminal loop, the miR-34a-5p, and miR-34a-3p strands. (C)
Table of predicted products generated by Dicer cleavage of syn-pre-34a, including observed mo-
lecular masses and predicted molecular masses. (D) Abundance of miR-34a-5p and miR-34a-3p
strands after transfection of syn-pre-miR34a into HeLa cells at increasing doses (2, 9, and 36 nM),
followed by RNA isolation and qPCR using primers formiR-34a-5p andmiR-34a-3p strands. The
y-axis shows the relative RNA abundance (normalized against internal miR-16 and an untrans-
fected control). (E) Syn-pre-34a (0, 0.5, 2, 9, and 36 nM) and ds-34a (9 nM) were transfected into
HeLa cells. Total RNA was isolated and probed by Northern blotting for miR-34a-5p and miR-
34a-3p, as well as U6 snRNA, with radioactively labeled probes.
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WNT, and SIRT1 (Yamakuchi et al. 2008).We examined the
effects of syn-pre-34a on endogenous SIRT1. Both 34a-5p
mimic, as well as siTGF suppressed a luciferase reporter con-
taining the validated target site of the SIRT1 3′ UTR, whereas
the 34a-3pmimic was inactive (Fig. 4A). Syn-pre-34a showed
a particularly strong inhibition of the SIRT1 reporter, and
also endogenous SIRT1 protein in HeLa cells (Fig. 4B).
To our knowledge, the only experimentally validated target

of miR-34a-3p is XIAP, although the location of the target
site in the 3′ UTR was not identified (Niederer et al.
2011a). In a search for candidate miR-34a-3p targets, which
may have contributed to cell death during TGF-β1 RNAi, we
used the miRanda-mirSVR algorithm (Betel et al. 2010). We
identified potential target sites in the 3′ UTRs of SP4, JUN,
and TNF (two sites) (Fig. 4C). It has been postulated previ-
ously that miR-34a-3p regulates JUN, but no target site for
the miRNA was proposed (Guled et al. 2009). We therefore
generated reporter constructs bearing these sites, as well as
mutated analogs, embedded in ∼120 nt of natural flanking
sequence. We cotransfected them into cells together with
the 34a-5p and 34a-3p mimics, syn-pre-34a, and siTGF.
The SP4 and TNFα reporters were inhibited by 34a-3p mim-
ic, suggesting that their 3′ UTRs are targets of miR-34a-3p,
but not of miR-34a-5p (Fig. 4C, left panels). Mutation of
the putative binding sites in the reporters abolished the activ-
ities of the mimics (Fig. 4C, right panels). Syn-pre-34a also
suppressed these reporters, showing for the first time that
the synthetic hairpin indeed produced a bona fide 3p
miRNA. The potency of the syn-pre-34a was less than that
of the individual 3p mimic, but similar to that of siTGF.
The JUN target site showed a lower level of suppression by
the miR-34a-3p mimic, and mutation of the site also abol-
ished its activity. Here, syn-pre-34a was inactive, possibly
because of a reduced sensitivity of the reporter, or from
an inherently lower level of activity at this target site.
Importantly, cotransfection of all three reporters separately
with siTGF also led to their suppression at the highest con-
centrations and implied that these genes are regulated by in-
duced endogenous miR-34a-3p during apoptosis from TGF-
β1 RNAi (Fig. 4C). Finally, a Western blot analysis on protein
lysates using an antibody specific for SP4 confirmed its regu-
lation by 34a-3p and syn-pre-34a (Fig. 4D). Taking together
the data generated using exogenously delivered commercial
mimics and syn-pre-34a, we confirmed that the increased

levels of endogenous miR-34a-5p and miR-34a-3p during
TGF-β1 RNAi suppress target sites in the 3′ UTRs of SIRT1
(miR-34a-5p) and SP4, JUN, and TNFα (miR-34a-3p).
Hence, we conclude that miR-34a demonstrates a dual func-
tional activity from both of its miRNAs in HeLa cells.
The suppression of the TNFα reporter by syn-pre-34a was

the most robust of the three (Fig. 4C). A similar trend of this
activity extended to the endogenous target, secreted TNFα, in
spite of very low levels of TNFα produced by HeLa cells (data
not shown). Consequently, we looked for other systems in
which miR-34a might use both of its 5p and 3p strands in
TNFα signaling. Specifically, we examined whether miR-
34a might play a role during the lipopolysaccharide (LPS)-in-
duced secretion of TNFα in macrophages.

The dual activity of miR-34a-5p and miR-34a-3p
strands in TNF signaling

TNFα protein is secreted by activated, monocyte-derived
macrophages during bacterial infections (Beutler et al.
1985). Increased TNFα derives from transcription as well as
post-transcriptional regulation of its 3′ UTR (Raabe et al.
1998). MiR-34 has been linked with the TNFα pathway pre-
viously (Jiang et al. 2012). We hypothesized therefore that
miR-34a-3p may also play a role in monocyte-derived mac-
rophages, by suppressing TNFα levels directly.
We used primary human monocyte-derived macrophages

because of their ease of transfection in comparison to, for ex-
ample, the THP1 cell line, which requires harsh electropora-
tion methods. In five samples generated from the blood of
individual donors we measured baseline expression of miR-
34a, miR-16, andmiR-191. Several genes have been proposed
for the normalization of miRNA expression levels under
changing conditions. Stably expressed miRNAs are reported-
ly superior internal controls to other small RNAs, e.g.,
snoRNAs (Wotschofsky et al. 2011). We and other groups
have found that expression of miR-16 and miR-191 are in-
variant under a variety of conditions and therefore can be
useful as internal controls for normalization (Lindsay 2008;
Peltier and Latham 2008; Mestdagh et al. 2009). MiR-191
showed similar expression across all five human samples,
whereasmiR-16 expression was constant, but distinct in sam-
ples 1 and 3, and in 4–6, which were processed in two groups.
In the five samples we found expression of miR-34a-5p and

FIGURE 3. Syn-pre-miRNAs are processed in cells to functional 5p and 3p miRNAs. (A) Syn-pre-miRNAs and their corresponding miRNAmimics
were compared for inhibitory activity in dual-luciferase reporter assays. Transfections of Con, syn-pre-miRNAs, corresponding miRNA mimics, and
siRen into HeLa cells were performed at increasing concentrations (0, 2, 9, and 36 nM). Luciferase reporter plasmids bearing a single validated target
site (TS) for the miRNA (origin of the TS shown in the inset) were transfected. Renilla luminescence values were normalized against firefly lumines-
cence, and then to the value from the corresponding 0 nM transfection. Error bars, SD of three transfections (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.001.
(B) Syn-pre-miRNAs from the miR-106 family show varying levels of inhibition of luciferase reporters containing target sites from CDKN1A and
TGFBR2. Transfections and work-up were performed as in A. Error bars, SD of three transfections (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.001. (C)
Syn-pre-miRNAs (miR-106a, miR-107, miR-34a) are processed to functional 5p and 3p miRNAs in HeLa cells and suppress luciferase reporters con-
taining a single complementary target site. Syn-pre-miRNAs and controls were transfected with increasing concentrations (0, 2, 9, and 36 nM) into
HeLa cells. Work-up and data analysis were performed as in A. Error bars, SD of three transfections (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.001. (D)
Sequence homology between the 5p and 3p miR-17 family members.

The dual-strand activity of miR-34a

www.rnajournal.org 67



0 

1 

TS 34a-5p (SIRT1)

SIRT1

ACTIN

C      3' ucccguCAUAUG-AACGACUAAc 5' hsa-miR-34a-3p
              ||||:: ||||||||| 
2877:5' guuuguGUAUGUGUUGCUGAUUa 3' SP4

0 

1 

     3' ucccgucaUAUGAACGACUAAc 5' hsa-miR-34a-3p
                ||:   ||||||| 
 534:5' uuaauuugAUGAAAGCUGAUUa 3' JUN

     3' ucccgucaUAUGAA-CGACUAAc 5' hsa-miR-34a-3p
                |||:||  |||||| 
 648:5' uuuuuaaaAUAUUUAUCUGAUUa 3' TNF

     3' ucccgucAUAUG-AACGACUAAc 5' hsa-miR-34a-3p
               || ||  |||||||| 
 671:5' aguugucUAAACAAUGCUGAUUu 3' TNF

A B
N

or
m

. l
um

in
es

ce
nc

e
(R

en
ill

a/
fir

ef
ly

)

34a-5p 34a-3p syn-pre-34a

N
or

m
. d

en
si

to
m

et
ry

(S
IR

T1
/A

C
TI

N
) 

N
or

m
. l

um
in

es
ce

nc
e

(R
en

ill
a/

fir
ef

ly
)

TS 34a-3p (SP4)

TS 34a-3p (JUN)

*
**

**

*
**

*** ***

***

***

*

1 1 1.33.44.69 .69 .53 .501.031.11.97

SP4

ACTIN

34a-5p 34a-3p syn-pre-34a

N
or

m
. d

en
si

to
m

et
ry

(S
P

4/
A

C
TI

N
) 

1 1 1.78.96.88 .74 .70 .67.40.46.74

1

0

1

0

Con 

syn-pre-34a 
34a-5p

34a-3p
siRen 

siTGF

untreated

TS 34a-3p (SP4 mut)

N
or

m
. l

um
in

es
ce

nc
e

(R
en

ill
a/

fir
ef

ly
)

N
or

m
. l

um
in

es
ce

nc
e

(R
en

ill
a/

fir
ef

ly
)

TS 34a-3p (JUN mut)

*

D

**
***

*
**

***

***

0 

1 
*

* ** **

***

******

N
or

m
. l

um
in

es
ce

nc
e

(R
en

ill
a/

fir
ef

ly
)

Con 

syn-pre-34a 
34a-5p

34a-3p
siRen 

siTGF

Con 

syn-pre-34a 
34a-5p

34a-3p
siRen 

siTGF

syn-pre-34a 
34a-5p

34a-3p
siRen 

siTGF

0 

1 

TS 34a-3p (TNF)

N
or

m
. l

um
in

es
ce

nc
e

(R
en

ill
a/

fir
ef

ly
) *

* *
**

***
******

***

*
**

***

***

Con 

syn-pre-34a 
34a-5p

34a-3p
siRen 

siTGF

TS 34a-3p (TNF)

0 

1 

***

******

N
or

m
. l

um
in

es
ce

nc
e

(R
en

ill
a/

fir
ef

ly
)

Con 

syn-pre-34a 
34a-5p

34a-3p
siRen 

siTGF

Con 

syn-pre-34a 
34a-5p

34a-3p
siRen 

siTGF

untreated

     3' ucccguCAUAUG-AACGACUAAc 5' hsa-miR-34a-3p
              ||||:: |||x|x|x| 
2877:5' guuuguGUAUGUGUUGAUUAGUa 3' SP4

     3' ucccgucaUAUGAACGACUAAc 5' hsa-miR-34a-3p
                ||:   |x|x|x| 
 534:5' uuaauuugAUGAAAGAUUAGUa 3' JUN

     3' ucccgucaUAUGAA-CGACUAAc 5' hsa-miR-34a-3p
                |||:||  x|x|x| 
 648:5' uuuuuaaaAUAUUUAUAUUAGUa 3' TNF

     3' ucccgucAUAUG-AACGACUAAc 5' hsa-miR-34a-3p
               || ||  ||x|x|x| 
 671:5' aguugucUAAACAAUGAUUAGUu 3' TNF

1 **
******

*****

******

***

**
**

***

0 

***
******

**

**

1 

0 

FIGURE 4. (Legend on next page)

Guennewig et al.

68 RNA, Vol. 20, No. 1



miR-34a-3p in ratios from 1:3–3:1 (Supplemental Table 2).
In sharp contrast to most other cell types in which it is hardly
expressed (data from Landgraf et al. 2007), macrophages have
relatively high levels of miR-34a-3p, possibly consistent with
an important function in these cells.
We treated the five samples with LPS and measured the

response of miRNAs (Fig. 5A). Mir-34a-5p decreased in all
cases when normalized to miR-16 (Supplemental Table 2).
However, the magnitude of the response was similar to that
of the controls, and thus we were unsure that this was a
bona fide effect, despite the previously published data ob-
tained in the murine macrophage cell line (Jiang et al. 2012).
In contrast, LPS treatment reduced miR-34a-3p several-fold
in four from five samples, leading overall to a significant effect
using eithermiR-16ormiR-191 fornormalization (Fig. 5A). It
confirmed for the first time regulation of miR-34a-3p in
monocyte-derived macrophages by LPS. Furthermore, it was
consistent with a role for miR-34a-3p inmaintaining homeo-
static levels of TNFα under nonactivated conditions.
We examined further the regulation of TNFα mRNA by

miR-34a in monocyte-derived macrophages derived from
three donors. Treatment of macrophages with syn-pre-34a
produced high levels of miR-34a-5p and miR-34a-3p dose
dependently, confirming successful transfection and correct
processing (Fig. 5B). Next, cells were transfected separately
with syn-pre-34a, 34a-5p, and 34a-3p, and were then treated
with LPS to induce TNFα mRNA as described (Beutler et al.
1985). Induction of TNFαmRNA was unaffected by the pre-
treatment with the controls (mock, Con). However, we ob-
served strong suppression of TNFα mRNA after treatment
at the 9-nM dose with syn-pre-34a and mir-34a-3p mimic
in all three samples, consistent with a direct effect on the
mRNA (Fig. 5C). MiR-34a-5p mimic also suppressed
TNFα mRNA. Neither miRanda-mirSVR (Betel et al. 2010)
nor Targetscan (www.targetscan.org) showed a likely target
site for miR-34a-5p in the TNFα UTR. However, miR-34a-
5p reportedly regulates TNFα through NOTCH1 (Jiang
et al. 2012). We showed that NOTCH1 protein expression
is attenuated in both HeLa cells and in LPS-stimulated mac-
rophages by treatment with both 34a-5p and syn-pre-34a
(Supplemental Fig. 1).

If miR-34 occupies a key role in the regulation of TNFα by
LPS, then addition of miR-34a during activation should res-
cue LPS-induction of TNFα. We used an ELISA to probe for
the combined effects of LPS and miR-34a on secreted TNFα.
We treated separately macrophages from three donors with
syn-pre-34a, 34a-5p, and 34a-3p. We stimulated cells with
LPS (100 ng/mL) after 24 h andmeasured a dramatic increase
in TNFα secretion (from 6 ng/mL to 16–18 μg/mL) (Fig. 5D)
in the supernatants from cells treated with controls. In con-
trast, monocyte-derived macrophages transfected with 34a-
5p or 34a-3p suppressed TNFα secretion dose dependently.
Levels of secreted TNFα in syn-pre-34a transfected probes
were decreased at much higher efficiency (to 0.9–0.3 µg/
mL) at all concentrations. The strength of these effects was
confirmed in a time-course experiment in which we mea-
sured TNFα before LPS stimulation (0 h), and after 3, 8,
and 24 h. Secreted TNFα levels reached their highest values
after 8 h and were stable for at least 24 h in control-treated
cells (Fig. 5E). Supernatants from Con-transfected and
mock-treated cells showed similar levels of TNFα. However,
syn-pre-34a, 34a-5p, and 34a-3p repressed TNFα protein lev-
el in the supernatants from all three samples. Treated cells ap-
peared viable throughout the experiment and amounts of
isolated total RNA fromwells treated with miRNAs were sim-
ilar to those from mock-treated cells, suggesting that attenu-
ated TNFα did not derive from reduced cell numbers in this
short experiment. Once again, the magnitude of the effect
was the greatest from the syn-pre-34a, suggesting an additive
or possibly a synergistic effect from the action of bothmiRNA
strands of miR-34a (Fig. 5E).
Taken together, the data from these experiments indicates

that in monocyte-derived macrophages the transcriptional
and post-transcriptional activation of TNFα by LPS requires
that homeostatic levels of miR-34a be lowered. Both strands
of miR-34a share important roles in regulating macrophage
TNFα: miR-34a-5p targets TNFα, possibly indirectly and
the miR-34a-3p strand targets TNFα mRNA directly. The
roles of the two miRNA strands are emulated by the syn-
pre-34a reagent, which in primary human monocyte-de-
rived macrophages (and in HeLa cells) is processed into
functional 5p and 3p miRNAs. These, in combination,

FIGURE 4. Identification of new targets for miR-34a-3p. (A) SiTGF and miR-34a-5p repress SIRT1 3′ UTR in a dual-luciferase reporter assay.
Transfections of dsRNAs into HeLa cells were performed at increasing concentrations (0, 2, 9, and 36 nM). Luciferase reporter plasmid bearing a
single validated target site from SIRT1 (Yamakuchi et al. 2008) for miR-34a-5p was transfected. Renilla luminescence values were normalized against
firefly luminescence and then to the value from the corresponding 0-nM transfection. Error bars, SD of three transfections (∗) P < 0.05; (∗∗) P < 0.01;
(∗∗∗) P < 0.001. (B) Syn-pre-34a and 34a-5p mimic repress SIRT1 protein in HeLa cells. Cells were transfected with increasing concentrations (0, 2, 9,
and 36 nM) of dsRNAs. Total protein was isolated 48 h post-transfection. SIRT1 protein expression was analyzed by Western blot using a specific
antibody and was quantified by densitometry using ImageJ (rsbweb.nih.gov/ij/). (C) Syn-pre-34a and 34a-3p mimic repress target sites from SP4,
JUN, and TNF 3′ UTRs predicted by the mirSVR algorithm (Betel et al. 2010). Transfections of dsRNAs into HeLa cells were performed at increasing
concentrations (0, 2, 9, and 36 nM). Luciferase reporter plasmids (identity shown in inset) bearing either a single predicted target site (SP4 and JUN) or
two predicted target sites (TNFα) and their corresponding mutated controls were transfected. Renilla luminescence values were normalized against
firefly luminescence and then to the value from the corresponding 0-nM transfection. Error bars, SD of three transfections (∗) P < 0.05; (∗∗) P < 0.01;
(∗∗∗) P < 0.001. (D) Syn-pre-34a and 34a-3p repress SP4 protein in HeLa cells. Cells were transfected with increasing concentrations (0, 2, 9, and 36
nM) of dsRNAs. Total protein was isolated 48 h post-transfection. SP4 protein expression was analyzed by Western blot using a specific antibody and
was quantified by densitometry using ImageJ.
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FIGURE 5. MiR-34a-5p andMiR-34a-3p strands are active in TNFα signaling. (A) Primary monocyte-derived macrophages from five human donors
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191) was performed. The y-axis shows the relative RNA abundance (normalized against internal miR-16 and an unstimulated control). Error bars,
SEM of five donors. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.001. (B) Syn-pre-34a was transfected at increasing concentrations (0, 2, and 9 nM) into
macrophages. RNA was isolated and qPCR was performed for miR-34a-5p and miR-34a-3p. The y-axis shows the relative RNA abundance (normal-
ized against internal miR-16 and an untransfected control). Error bars, SD of four replicates. (C) Syn-pre-34a, 34a-5p, and 34a-3p (2 and 9 nM), Con
(9 nM) and transfection reagent alone (mock) were transfected into macrophages derived from three human donors. Total RNA was isolated and
SYBR-Green qPCR was used to assay TNFα mRNA. The y-axis shows Ct-values representing the absolute abundance of the mRNA normalized to
GAPDH mRNA, and then to mock control. Error bars, the SD of four replicates. (D) Syn-pre-34a, 34a-5p, and 34a-3p (2, 9, and 36 nM), Con (9
and 36 nM), and transfection reagent alone (mock) were transfected into macrophages derived from three human donors. Cells were stimulated
with LPS (100 ng/mL) and secreted TNFα protein was measured by ELISA after 12 h. The y-axis shows amounts of secreted TNFα protein (nano-
gram/well). The transfection reagent without LPS treatment (mock – LPS) shows background levels of TNFα protein in unstimulated cells. Error
bars, the SD of two transfections. (E) Transfection of syn-pre-34a, 34a-5p, and 34a-3p (2, 9, and 36 nM), Con (9 and 36 nM), and transfection reagent
alone (mock) were performed in macrophages derived from three donors. Secreted TNFα protein was assayed (0, 3, 8, and 24 h) after stimulation with
LPS (100 ng/mL) using ELISA. The y-axis shows relative amounts of secreted TNFα protein. The transfection reagent without LPS stimulation (mock
– LPS) shows background levels of TNFα protein prior to stimulation. Error bars, the SD of three donors with duplicate transfections.
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show a superior level of inhibitory activity than the
miRNA mimics delivered separately in monocyte-derived
macrophages.

DISCUSSION

Today we know that both arms of many miRNAs are func-
tional and that their abundance varies in a context-dependent
fashion. Consequently, for a complete picture of a miRNA’s
biology, reagents are required that provide both strands from
the miRNA gene. Commercially available miRNAmimics are
vital tools for assigning function to single miRNAs, but, typ-
ically, they are modified to ensure loading of only one strand
into miRISC. Pri- or pre-miRNAs expressed fromDNA plas-
mids are able to provide both strands of a miRNA, but plas-
mids do not have the convenience of use of an easily
transfectable small dsRNA (e.g., siRNA).
Here, we introduce chemically synthesized pre-miRNAs

(syn-pre-miRNA) as a general class of transfectable pre-
miRNA mimics, which recapitulates the properties of endog-
enous pre-miRNAs. These hairpins, complete with their ter-
minal loops and any associated regulatory sites, with 5′ and 3′

terminal hydroxyl groups, are synthesized, purified, and
characterized using protocols accessible in most oligonucleo-
tide facilities. Alternatively, and contrary to popular belief,
syn-pre-miRNAs are available from oligonucleotide vendors
at affordable prices. To date, we have shown with more than
40 examples that they are processed to functional miRNAs in
cells. We have seen with miR-106a, miR-34a, and miR-122
that syn-pre-miRNAs provide both 5p and 3p strands to
the RISC machinery, and that the resultant miRNAs for the
most part demonstrate a similar level of inhibitory activity
as commercial miRNA mimics.
We used syn-pre-34a to investigate the two miRNAs ex-

pressed from hsa-miR-34a. MiR-34a is a tumor suppressor:
Accounts of its antiproliferative properties are invariably fo-
cused on its 5p strand. We demonstrated here that induction
of miR-34a during TGF-β1 RNAi gives comparable levels of
endogenous miR-34a-5p andmiR-34a-3p in HeLa cells. Both
miRNAs were functional, as shown by their repression of lu-
ciferase reporters. Furthermore, by transfecting cells with 5p
and 3p mimics we saw that caspase 3/7 was induced by both
reagents, suggesting that each of the endogenous miRNA
strands contributed to the phenotype. Lastly, we showed
that miR-34a miRNAs suppress target sites in the 3′ UTRs
of SIRT1 (miR-34a-5p), as well as SP4, JUN, and TNFα, three
previously unrecognized targets of miR-34a-3p. The activi-
ties of both endogenous miRNAs were jointly recapitulated
by syn-pre-34a, which, in addition to the aforementioned re-
porters (except JUN), suppressed endogenous NOTCH1,
SP4, and possibly TNFα proteins in HeLa cells. In summary,
the data showed that miR-34a induces both its miRNAs dur-
ing TGF-β1 RNAi in order to suppress expression of prolif-
erative genes, and that this behavior is phenocopied by syn-
pre-34a.

Tissue-resident macrophages respond to LPS produced
from bacteria with secretion of TNFα, resulting in tissue in-
flammation, activation of an immune response, or induction
of apoptosis. Overproduction of TNFα leads to pathological
conditions, and consequently the pharmacological inhibi-
tion of TNFα in inflammation is of therapeutic value
(Walsh 2010). We found comparable levels of miR-34a-5p
and miR-34a-3p in primary human monocyte-derived mac-
rophages. Comparable expression of both arms of a miRNA
in a cell has been proposed to indicate targeting of overlap-
ping genes and pathways (Marco et al. 2012; Uchino et al.
2013). We also showed that in macrophages TNFα is targeted
by miR-34a-5p and by miR-34a-3p directly, as well as by syn-
pre-34a, demonstrating that both strands of the pre-miRNA
are functional. We then examined the effects of LPS activa-
tion of TNFα on levels of miR-34 in monocyte-derived mac-
rophages from human donors. We were unable to confirm
that miR-34a-5p is repressed by LPS as described previously
(Jiang et al. 2012). On the other hand, LPS treatment led to a
strong attenuation of the miR-34a-3p strand. Taken togeth-
er, the data suggested that one role of homeostatic levels of
miR-34a in macrophages may be to hold TNFα expression
in check. If so, then the TNFα response to LPS would be
rescued by addition of exogenous miR-34a-3p and possibly
also by miR-34a-5p. Indeed, TNFα mRNA levels in LPS-
treated macrophages from three donors were suppressed to
comparable degrees by transfection of 34a-3p, syn-pre-34a,
but also 34a-5p. Possibly, TNFα mRNA is targeted directly
by the action of miR-34a-3p on its 3′ UTR, and indirectly
by miR-34a-5p. Similar effects were seen on TNFα protein
except that its suppression by syn-pre-34a in LPS-treated
macrophages was considerably more pronounced than
from treatment with either of the mono-functional 34a-5p
and 34a-3p mimics alone. This suggests an additive or a
synergistic response of the cells to the dual activity of miR-
34a.
Here, we have described the preparation/properties of

chemically synthesized pre-miRNAs. These reagents are
transfected into cells similarly to siRNAs and are processed
to functional 5p and 3p miRNAs. With a growing apprecia-
tion of interplay between both strands of some miRNAs,
these reagents represent practical chemical tools to explore
such relationships. We show that miR-34a uses both of its
arms in TGF-β-induced apoptosis and LPS-induced secre-
tion of TNFα in human monocyte-derived macrophages.

MATERIALS AND METHODS

Cell culture

HeLa cells (ATCC) were maintained in Dulbecco’s Modified Eagle’s
medium (Gibco, Invitrogen) supplemented with 10% fetal bovine
serum (FBS; Sigma-Aldrich).
Peripheral blood mononuclear cells (PBMC) were isolated from

healthy blood donors based on Ficoll-Hypaque separation.
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Monocytes were isolated from PBMC with anti-CD14-coated mag-
netic beads (Miltenyi Biotech) by positive selection. For the first 7 d,
5% human serum and 0.02 µg/mL human M-CSF (macrophage
colony stimulating factor, PeproTech) were added to generate mac-
rophages. Macrophages were cultured in RPMI-1640 (Sigma-
Aldrich), supplemented with 10% FBS (Sigma-Aldrich) and 1%
penicillin/streptomycin.

Cell transfections

SiRNA against Renilla (siRen) was obtained from Dharmacon, the
control siRNA (Con) was obtained from Ambion (No. AM4640),
and siTGF (Dogar et al. 2011) was obtained from Dharmacon.
RNAs were transfected using Oligofectamine (Invitrogen) according
to the manufacturer’s instructions.

Macophages were transfected 10 d after isolation from human
blood. RNAs were diluted in 0.1 M sodium chloride solution
and mixed with jetPRIME (Polyplus-Transfection) transfection
reagent according to the manufacturer’s instructions. Shortly be-
fore transfection, culture media was replaced with serum-free me-
dia (OPTI-MEM I Reduced Serum Media, Gibco, Invitrogen) and
the transfection mixture was added onto the macrophages. FBS
(Sigma-Aldrich) was added to a total amount of 10% after 4
h. After 24 h the media was exchanged with macrophage media
(RPMI1640 supplemented with 10% FBS and 1% penicillin/
streptomycin) and stimulated with LPS (Sigma-Aldrich) when
required.

Luciferase assays

Dual luciferase reporter plasmids containing the indicated target
sites were cloned into the psiCHECK2 Vector (Promega). HeLa cells
were seeded in white 96-well plates and RNAs were transfected after
8 h. There were no observable differences in cell viability between
cells transfected with syn-pre-miRNAs and commercial mimics,
Con or siRen. All transfections were performed in triplicates.
After 24 h, plasmid DNA (20 ng/well) was transfected using
jetPEI (Polyplus) according to the manufacturer’s protocol. After
48 h, supernatants were removed and firefly substrate (15 µL includ-
ing Lysis Buffer; Dual-Glo Luciferase Assay System, Promega) dilut-
ed with 15 µL H2O was added. Luminescence was measured on a
microtiter plate reader (Mithras LB940, Berthold Technologies).
After 30 min, 15 µL of Renilla substrate (including firefly
Quencher Solution; Dual-Glo Luciferase Assay System, Promega)
per well was added and the measurement was repeated. Values
were normalized against firefly luciferase and the corresponding oli-
gofectamine mock control, respectively.

Apoptosis assays

Caspase-3/7 activity was measured in lysates of transfected cells us-
ing a chemiluminescent substrate (Caspase-Glo 3/7 substrate,
Promega). Cells were grown in 96-well plates, and transfected
with various miRNAs. For measurements of cell-associated caspase
3/7 activity cells were lysed in PBS containing 1% Triton X-100 and
5 µL of lysates were mixed with equal volumes of substrate and
chemiluminescence was measured in sealed plates after 30 min in
a plate reader.

Stimulation of macrophages and ELISA

For activation of cells LPS (Sigma-Aldrich) was added to the medi-
um at a final concentration of 100 ng/mL. Cell supernatants were
collected for TNFα analysis and quantified with human TNFα
DuoSet ELISA (R&D Systems), according to the manufacturer’s
instructions.

Dicer assay

Synthetic pre-miR-34a (final concentration 2.5 µM) was incubated
with commercial Dicer (1 unit) (Genlantis) in a buffered aqueous
solution (30 mM Tris-HCl, 3 mM MgCl2, 50 mM NaCl, 1 mM
Dithiotreitol) for 2 h at 37°C. The reaction was stopped by addition
of 0.5 µL of 0.5 M EDTA (pH 8) and kept at 4°C prior to analysis by
LCMS using an Agilent 1200/6130 apparatus fitted with a C-18 re-
verse-phase (RP) column (Waters Acquity OST C18, 2.1 × 50 mm,
1.7 μm) equilibrated at 70°C. Elution conditions were 12%–25%
MeOH in aqueous HFIP (0.4 M)/TEA (16.2 mM) buffer in 10 min.

Northern blot

Northern blot analyses were used to determine the levels of precur-
sor and mature expression. Total RNA was extracted using TRIzol
(Invitrogen) fromHeLa cells transfected with precursor or annealed
double-stranded miRNAs and loaded onto an 8%–12% gradient
denaturing polyacrylamide gel (30 μg/sample) and semi-dry blotted
onto a neutral Hybond-N membrane (Amersham, GE Healthcare)
using 2 A/cm2 for 30 min in 0.5× TBE. Blotted RNA was chemically
cross-linked to the membrane using EDC for 1 h at 60°C. Specific
probes that perfectly matched mature miRNAs were generated by
T7 in vitro transcription and radiolabeling using α-32-phosphate
UTP from suitable DNA templates. The probes were hybridized us-
ing ULTRAhyb Ultrasensitive Hybridization Buffer (Ambion) in or-
der to determine the expression of both mature and pre-miRNA
species. The hybridized and washed membranes were exposed to a
PhosphorScreen for at least 8 h and scanned on a Typhoon 9410
PhosphorImager (GE Healthcare). Band intensity was determined
by densitometrical analyses using ImageJ software (Wayne
Rasband, NIH). Blots were stripped using 1% SDS for 30 min at
85°C and reprobed using probes complementary to the counter-
strand and complementary to U6 snRNA that was used for
normalization.

Protein analysis

Cells were lysed with RIPA lysis buffer (Sigma-Aldrich). Protein
concentrations were determined using a BCA assay (Thermo
Fisher Scientific); 10–20 µg of protein was mixed with equal quan-
tities of SDS loading buffer (100 mM Tris-HCl, 4% SDS, 20% glyc-
erol, 0.2% bromophenol blue). Samples were heated at 95°C for 5
min, separated on SDS gels, and transferred to polyvinylidene
difluoride membranes. Nonspecific membrane binding was blocked
for 1 h at room temperature with 5% BSA (or milk) in phosphate-
buffered saline containing 0.05% Tween 20. Membranes were incu-
bated overnight at 4°C with appropriate primary antibodies from
Santa Cruz Biotechnology (SIRT1: SC-74504; SP4: SC-645;
NOTCH1: SC-6014-R) and Sigma-Aldrich (β-ACTIN: #A5316).
After washing, membranes were incubated with horseradish
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peroxidase-conjugated secondary antibodies for 1–2 h in blocking
buffer. Signals generated by the chemiluminescent substrate (ECL
(+); Amersham Biosciences) were captured by a cooled CCD cam-
era (Bio-Rad). Protein bands were quantified by densitometry using
the analysis software ImageJ.

RNA extraction and qPCR

Total RNA was extracted using RNeasy Kit (Qiagen), allPrep
(Qiagen), or mirVana miRNA Isolation kit (Ambion). For mRNA
analysis, 1 µg of total RNA was reverse transcribed using the M-
MLV reverse transcriptase kit (Invitrogen) according to manufac-
turer’s instructions. Expression levels were assayed using Power
SYBR Green PCR Master Mix (Applied Biosystems). PCR cycling
conditions were 95°C/10 min and 40 cycles of (95°C/15 sec; 60°C/
1 min). Values were normalized using GAPDH or average of all
measured mRNAs. For miRNA analyses, TaqMan probes (Applied
Biosystems) were used. Total RNA was reverse transcribed with
miRNA-specific RT primers and amplified with TaqMan miRNA-
specific primers. cDNA was synthesized from 10 ng (primary hu-
man monocyte-derived macrophages) and 20 ng (HeLa) of total
RNA in a 15-µL volume using TaqMan MicroRNA Reverse
Transcription kit (Applied Biosystems), according to manufactur-
er’s instructions. Normalization prior to qPCR was made on total
RNA. Baseline cycle threshold (Ct)-values can vary according to ex-
traction methods: Donors 1–3 were processed with RNeasy Kit and
donors 4 and 5 with allPrep). All samples were measured in quadru-
plicates; the Ct values were transformed to relative quantities. Fold
changes shown in the figures are calculated using the Delta Delta
CT method (Livak and Schmittgen 2001). All primer sequences
are shown in Supplemental Table 3.

Oligonucleotide synthesis

Oligoribonucleotides were prepared under standard conditions on
a MerMade 12 synthesizer (Bioautomation Corporation) using
UnySupport controlled-pore glass (CPG; Glen Research) and phos-
phoramidites from Thermo Fisher Scientific. After completion of
synthesis cycles, the CPG was treated with gaseous methylamine at
65°C and 1 bar for 2 h. RNAs were eluted with ethanol/water
(1:1). Desilylation was carried out on dry RNAs using freshly pre-
pared 1-methyl-2-pyrrolidone, triethylamine (TEA), and TEA.
3HF (6:3:4) for 90 min at 70°C. Isopropoxytrimethylsilane was
added and samples were lyophilized. The crude RNA was puri-
fied by RP-HPLC (Agilent 1200 Series; Agilent Technologies).
Dimethoxytrityl groups were cleaved using 40% acetic acid for 30
min at room temperature. RNAs were again purified by HPLC using
a C18 column (XBridge OST, particle size 2.5 mm,Waters). Purified
samples were analyzed on an Agilent 6130 Series Quadrupole LC/
MS (Agilent Technologies) with electron spray ionization. Purity
and yields were determined by HPLC and Nanodrop, respectively.
Sequences were taken from miRbase using the most abundant 5p
and 3p strands from the reported deep-sequencing reads and are
shown in the Supplemental Material.

Plasmid construction

PsiCHECK2 (Promega) reporter constructs were cut with NotI and
XhoI restriction enzymes and inserts were cloned into the 3′ UTR of

the RenillamRNA to yield reporter constructs havingmiRNA or ful-
ly complementary binding sites. The inserted sequences in the
psiCHECK2 vector are reported in Supplemental Table 3. The
psiCHECK2 vectors were sequenced and subsequently transfected
as described above.

Statistics

All statistical analyses were performed using a one-way analysis
of variance (ANOVA) to evaluate treatment effects. If the ANOVA
value was significant, comparisons between the 0 nM and the other
transfections were performed using ANOVA followed by Dunnett’s
t-test to localize the significant difference. (∗) P < 0.05; (∗∗) P < 0.01;
(∗∗∗) P < 0.001. All statistics were run with GraphPad Prism 6.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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