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The purpose of this special issue is to point the attention to
the RNA functions, which in the last decades emerged as
extremely important. Particularly, physiopathological roles of
microRNA, short hairpin RNA, and small interfering RNA
have been reported, in turn leading to the opportunity to
consider RNAs as both novel therapeutic targets and tools.
The contributions of this special issue cover a variety of
subjects and reflect the complexity of the field.

In particular, RNA is a difficult molecule, due to its
rapid degradation. Several strategies have been described to
overcome these issues, in order to render the use of RNA
possible. M. Gaglione et al. reported chemical modifications
of siRNAs containing terminal amide linkages by introducing
hydroxyethylglycine PNA (hegPNA) moieties at 5󸀠, at 3󸀠
positions, and on both terminals and demonstrated that
some of these modifications are compatible with the RNAi
machinery, as they markedly increased the resistance to
serum-derived nucleases. Indeed, Z. Deng et al. reported the
role of PNPase as a major enzyme of sRNAs degradation.

I. Scognamiglio et al. describe the development and
effects of stable nucleic acid lipid vesicles (SNALPs) encap-
sulatingmiR-34a to treat multiple myeloma. In this study, the
authors show that it is possible to overcome the targeted deliv-
ery of SNALPs as well as miRNA encapsulation efficiency
drawbacks by conjugating SNALPs with the transferrin and
chemically modifying the miRNA with a 2󸀠-O-methylation.
The formulation was effective in reducing tumor growth.

The miRNAs are the subject of another contribution. A.
Hsu et al. demonstrated that an alteration of miRNA levels

may be used as diagnostic markers of myocardial infarction.
The differentially expressed miRNAs were evaluated in a
separate cohort of 62 subjects to show that serum miR-
486-3p and miR-150-3p were upregulated while miR-126-
3p, 14 miR-26a-5p, and miR-191-5p were significantly down-
regulated suggesting that serum miRNAs may be used as
potential diagnostic biomarkers. F. Amato et al. reported the
effectiveness of an inhibitor of miR-5093p for the regulation
of cystic fibrosis-related gene expression.

Primary miRNA (pri-miRNA) is the subject of M. B.
Mowa and colleagues study. The authors investigated the
utility of the murine transthyretin receptor (MTTR) pro-
moter for expression of artificial anti-HBV primary miRNA
(pri-miRNA) sequences to develop their use in liver-specific
transcription regulatory elements. They demonstrated that
the expression of anti-HBV pri-miR mimics from MTTR
promoter is well suited to countering HBV replication
and development of HD Ads through attenuation of their
immunostimulatory effects.

The present issue constitutes an important update in a
constantly developing field. The efforts to carry on these
studies will, possibly, generate new therapeutic opportunities
in the near future.
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Research on applying RNA interference (RNAi) to counter HBV replication has led to identification of potential therapeutic
sequences. However, before clinical application liver-specific expression and efficient delivery of these sequences remain an
important objective. We recently reported short-term inhibition of HBV replication in vivo by using helper dependent adenoviral
vectors (HD Ads) expressing anti-HBV sequences from a constitutively active cytomegalovirus (CMV) promoter. To develop the
use of liver-specific transcription regulatory elements we investigated the utility of the murine transthyretin (MTTR) promoter
for expression of anti-HBV primary microRNAs (pri-miRs). HD Ads containing MTTR promoter effected superior expression of
anti-HBV pri-miRs in mice compared to HD Ads containing the CMV promoter. MTTR-containing HD Ads resulted in HBV
replication knockdown of up to 94% in mice. HD Ads expressing trimeric anti-HBV pri-miRs silenced HBV replication for 5
weeks. We previously showed that the product of the codelivered lacZ gene induces an immune response, and the duration of HBV
silencing in vivo is likely to be attenuated by this effect. Nevertheless, expression of anti-HBV pri-miRs from MTTR promoter is
well suited to countering HBV replication and development of HD Ads through attenuation of their immunostimulatory effects
should advance their clinical utility.

1. Introduction

Reactivation of hepatitis B virus (HBV) replication after treat-
ment withdrawal commonly occurs with currently available
anti-HBV therapies [1, 2]. This has necessitated development
of more effective durable approaches to countering HBV
infection. RNA interference- (RNAi-) based therapy has
shown promising outcomes as an alternative to current
hepatitis B treatment (reviewed in [3, 4]). Naturally, the
RNAi pathway uses small RNAs (e.g., microRNAs (miRs))
to regulate gene expression in a wide range of organisms.
Binding of small RNAs to the target sequence may result in
degradation or translation inhibition of the target. Generally,
endogenous activation of the RNAi pathway with miRs
initially involves transcription of primary miRs (pri-miRs)
by RNA polymerase (Pol) II. These hairpin-like structures
are then processed in the nucleus by Drosha (RNase III) and

its double stranded RNA binding partner DGCR8, to form
precursor miRs (pre-miRs). Pre-miRs are then exported to
the cytoplasm and processed by Dicer (RNase III) to form
maturemiR duplexes. MaturemiRs are passed on to the RNA
induced silencing complex (RISC) containing the argonaute
protein with RNase activity. One strand is selected as a guide,
which pairs with the target to facilitate target translation
inhibition or degradation (reviewed in [5]).

Manipulation of RNAi for therapeutic purposes involves
the use of synthetic short interferingRNA (siRNA), expressed
pri-miR or pre-miR mimics. These artificial intermediates
of the RNAi pathway reprogramme the endogenous RNAi
pathway to induce silencing of specific targets (reviewed in
[6]). Expressed RNAi activators have advantages of sustained
efficacy from continuous intracellular supply of siRNAs, ease
of propagation in plasmid DNA, better stability, and com-
patibility with highly efficient viral vectors. These properties
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make them well suited to treatment of chronic viral infec-
tions, such as caused by HBV. Pol III promoters, for example,
U6 small nuclear RNA (snRNA) and human ribonuclease
P RNA component H1 promoters, are commonly used to
regulate transcription of short hairpin RNAs (shRNAs) that
mimic pre-miRs [7, 8]. However, overexpression from Pol III
promoters may be complicated by toxicity that is attributed
to saturation of the endogenous RNAi machinery [9, 10].The
versatility of Pol II promoters overcomes some of these prob-
lems. These transcriptional regulatory elements are capable
of achieving tissue specific transgene expression, improved
transcriptional regulation, and generation of multimeric pri-
miR activators of RNAi [11, 12]. Since functional coupling
between intermediates of the RNAi pathway may occur,
expression of earlier intermediates of the RNAi pathway,
such as pri-miRs, may improve efficiency of target silencing.
Moreover, use of artificial pri-miR cassettes that are expressed
from Pol II promoters has been shown to be safer than
employing U6 Pol III shRNA expression cassettes [11, 13–
15]. Use of a liver-specific promoter to express anti-HBV
sequences is also potentially useful to limit nonspecific effects
that may be caused by constitutively active transcriptional
regulatory elements.

Achieving safe and efficient nucleic acid delivery is impor-
tant for developing RNAi-based therapy of viral infections.
The natural targeting of hepatocytes by adenoviral vectors
[16] and sustained transgene expression that may be attained
with helper dependent adenoviral vectors (HD Ads) makes
them suitable for delivering expressed RNAi activators that
are designed to treat chronic HBV infection (reviewed in [17,
18]). The feasibility of using HD Ads for treating HBV infec-
tion has been demonstrated in murine and woodchuck mod-
els of the disease [19–22]. In these studies, immunotherapy-
based treatment using HD Ads to deliver interferon-alpha
and interleukin-12 was employed. Prolonged (∼3 months)
transgene expression with sustained antiviral effects was ob-
served with HD Ads, which was not possible with first
generation Ad vector expressing interferon-alpha.

Rauschhuber et al. reported the efficacy of HD Ad
expressing shRNAs against HBV infection in mice [23].
However, modest silencing of HBV replication was observed
and is likely to be a result of modest silencing efficacy of
the antiviral shRNA expression cassettes. Using a HBV trans-
genic mouse model of chronic HBV infection, we recently
reported high efficacy of transduction and superior silencing
of HBV replication by HD Ads expressing previously de-
signed artificial antiviral pri-miR and pre-miR mimics [11,
13]. Constitutively active U6 Pol III and cytomegalovirus
(CMV) Pol II promoters were used effectively to inhibit HBV
replication with pre-miR and pri-miR mimics, respectively
[24, 25]. In the case of the artificial HBV-targeting pri-
miRs, natural miR-122 and miR-31 sequences were used as
templates to design the exogenous RNAi activators. Highly
efficient inhibition of HBV replication was observed. To im-
prove this approach we have incorporated a liver-specific
modified mouse transthyretin (MTTR) promoter [26] into
the pri-miR expression cassettes. Use of HD Ads to deliver
these antiviral sequences to hepatocytes in vivo resulted in
effective gene silencing without evidence of off target effects.

Moreover, in vivo generation of processed mature miR
sequences from MTTR-containing cassettes was more effi-
cient when compared to that achieved with the CMV pro-
moter. Although liver-specific promoters have previously
been employed to express anti-HBV RNAi activators with
varying success [12, 27], use of the well characterised and
highly efficient liver-specific MTTR promoter sequence has
not been investigated. Demonstration here that this tran-
scriptional regulatory elementmay be used towork efficiently
against HBV in vivo indicates that the MTTR promoter has
utility for therapeutic hepatic transgene expression.

2. Materials and Methods

2.1. Construction of Adenoviral Genome Bearing Plasmids.
Generation of adenoviral plasmids expressing anti-HBV pri-
miRs from CMV promoter has previously been described
[25]. To generate adenoviral plasmids expressing anti-HBV
pri-miRs from the MTTR promoter, a CMV promoter se-
quence in a previously described pCI-neo plasmid containing
anti-HBV single or trimeric pri-miR sequences (pri-miR-
122/5, pri-miR-31/5 and pri-miR-31/5-8-9) [11] was substi-
tuted with MTTR promoter sequence [26] using Bgl II and
Sac I restriction sites. This generated pMTTR pri-miR-122/5,
pMTTR pri-miR-31/5, and pMTTR pri-miR-31/5-8-9 plas-
mids. The MTTR promoter-pri-miR cassettes were then am-
plified using PCR with a previously described primer set (5󸀠
GAT CGG CGC GCC CTA TGG AAA AAC GCC AGC AA
3󸀠 and 5󸀠 GAT CGG CGC GCC GAA AGG AAG GGA AGA
AAG CGA 3󸀠) that incorporated flanking Asc I restriction
sites (underlined) in the amplicons [25]. Amplified frag-
ments were then inserted into pTZ57R/T (InsTAclone PCR
cloning Kit, Fermentas, MD, USA) to generate pTZMTTR-
pri-miR-122/5, pTZMTTR-pri-miR-31/5, and pTZMTTR-
pri-miR-31/5-8-9. Following sequencing, the inserts were re-
moved using Asc I and subcloned at the Asc I restriction
site of pΔ28E4LacZ adenoviral backbone [28] to generate
pΔ28E4LacZMTTRpri-miR-122/5, pΔ28E4LacZMTTRpri-
miR-31/5, and pΔ28E4LacZ MTTR pri-miR-31/5-8-9.

2.2. Luciferase Assay to Determine Liver-Specific Expression
of MTTR Promoter. In vitro hepatotropic expression of
luciferase from MTTR promoter was determined using
the Dual-Luciferase Reporter Assay System according to
manufacturer’s instructions (Promega, WI, USA). Huh7 or
HEK293 cellswere cotransfectedwith 100 ng of pMTTR-FLuc
or pCMV-FLuc [29] and 100 ng of phRL-CMV (Promega,
WI, USA) plasmids. Forty-eight hours after transfection,
cells were harvested and lysed. The cell lysates were used for
luciferase activity measurement. Firefly luciferase expression
was normalised to Renilla luciferase expression.

2.3. Production of Anti-HBV HD Ads. Production, amplifi-
cation, and purification of anti-HBV HD Ads were carried
out according to published methods [28]. Briefly, HEK293-
derived 116 HD Ad packaging cell line was propagated
in Eagle’s or Joklik’s minimum essential medium (MEM).
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Following transfection of 116 cells with HD Ad genome-
containing plasmid DNA that had been linearized by Pme
I restriction digestion, cells were infected with helper virus
(AdNG163). After 48 hours of incubation, the cells were har-
vested and frozen at−80∘C. Transfected cell suspensions were
subjected to three cycles of freeze-thawing and the lysates
then used to coinfect 116 cells with helper virus, and incubated
for 48 hours. This was repeated several times until viral
titers were maximal. For large scale preparation of anti-HBV
HD Ads, 2 liter cultures of 116 cells were coinfected with
helper virus and anti-HBVHDAd lysates. Twodays following
coinfection, cells were harvested by centrifugation, the cells
were then lysed and anti-HBV HD Ads were purified using
CsCl gradient centrifugation. Total viral particles and helper
virus contaminationwere determined using quantitative PCR
(Q-PCR).

To determine viral infectious units, HEK293 cells infected
with serial dilutions of HD Ads were stained for 𝛽-
galactosidase activity as previously described [30]. Prepa-
rations of viral particles were aliquoted and stored in 10%
glycerol at −80∘C. The complete panel of HD Ads used in
this study therefore comprised the previously described HD
Ad Δ28, HD Ad HBV CMV pri-miR-31/5, HD Ad HBV
CMV pri-miR-122/5, HD Ad HBV CMV pri-miR-31/5-8-9,
and newly propagatedHDAdHBVMTTR pri-miR-31/5, HD
Ad HBV MTTR pri-miR-122/5, and HD Ad HBV MTTR
pri-miR-31/5-8-9, which express antiviral sequences from the
MTTR promoter.

2.4. Assessment of Efficacy in Cultured Cell of Anti-HBV
HD Ads. To assess anti-HBV effects in vitro, the liver-
derivedHuh7 cell line was used andmaintained as previously
described [30]. Huh7 cells were cotransfected with a target
plasmid vector containing a greater than genome length
HBV sequence (pCH-9/3091) [31] and a plasmid express-
ing enhanced green fluorescent protein (eGFP) [32] as a
transfection control. Lipofectamine 2000 was used for all
transfections according to manufacturer’s instructions (Life
Technologies, CA, USA). Five hours after transfection, cells
were washed with fresh medium and infected with HD Ads
at multiplicities of infection (MOIs) ranging from 100 to 1000
infectious viral particles per cell. At 48 hours after HD Ad
infection, secretion of HBV surface antigen (HBsAg) into
the culture supernatants was measured as a marker of HBV
replication using MONOLISA HBs Ag Assay kit (Bio-Rad,
CA, USA).

2.5. Northern Blot Hybridization. To determine pri-miR
expression and processing in cell culture, Huh7 cells were
infectedwithHDAds at aMOIof 100 infectious viral particles
per cell. Two days after infection, cells were harvested and
total RNA was extracted using Tri Reagent (Sigma, MI,
USA). To determine pri-miR expression and processing in
vivo, HBV transgenic mice [33] were used according to the
protocols approved by the University of the Witwatersrand
Animal Ethics ScreeningCommittee.Micewere injectedwith
a dose of 5 × 109 HD Ad infectious viral particles via the
tail vein. Animals were then killed at 1 week after injection

and livers were harvested. Livers were homogenized and total
RNAwas isolated using Tri Reagent (Sigma,MI, USA).Thirty
or sixtymicrograms of RNA from cultured cells or liver tissue
were analyzed using Northern blot hybridization according
to previously described methods [11, 13]. Labelled probes
with sequences of 5󸀠 CCG TGT GCA CTT CGC TTC 3󸀠, 5󸀠
CAA TGT CAA CGA CCG ACC 3󸀠, and 5󸀠 TAG GAG GCT
GTA GGC ATA 3󸀠 were used to detect mature guides 5, 8,
and 9, respectively. Blots were then stripped and probed for
U6 snRNA using a labelled oligonucleotide with sequence
5󸀠 TAG TAT ATG TGC TGC CGA AGC GAG CA 3󸀠. Band
intensities were quantified by measuring photostimulated
luminescence (PSL) using a FUJI FILMphosphorimager with
Multi Gauge software.

2.6. Administration of Anti-HBV HD Ads to HBV Transgenic
Mice. HBV transgenic mice [33] were used as a model of
HBV replication, and protocols employed had been approved
by theUniversity of theWitwatersrandAnimal Ethics Screen-
ing Committee. Six mice per group were infected by injecting
a single dose of 5 × 109 infectious viral particles via the tail
vein. Transduction of HD Ads and lacZ gene expression was
assessed by X-gal staining of frozen liver sections. Frozen
sections were prepared according to standard protocol.
Blood samples were collected over a period of 13 weeks
by retroorbital puncture. Serum HBsAg was measured by
ELISA using the MONOLISA HBs Ag ULTRA kit (Bio-
Rad, CA, USA). Circulating viral particle equivalents (VPEs)
were determined by real-timeQ-PCR according to previously
described methods [13, 34].

To determine hepatotoxicity of the anti-HBV HD Ads,
six mice per group were injected with 5 × 109 infectious
viral particles via the tail vein. Blood samples were taken
after infection and alanine transaminase (ALT) activity was
determined in the serum.

2.7. Statistical Analysis. Data are expressed as the mean ±
standard error of the mean (SEM). Statistical difference was
determined using Student’s 2-tailed 𝑡-test and was considered
significant when 𝑃 ≤ 0.05. Calculations were done with
the GraphPad Prism software (GraphPad Software Inc., CA,
USA).

3. Results

3.1. Structure of HD Ads Containing CMV and MTTR
Pol II Artificial Anti-HBV Pri-miR Expression Cassettes.
Previously described mono- and trimeric anti-HBV pri-
miR sequences were inserted downstream of the constitu-
tively active CMV or liver-specific MTTR Pol II promoter
sequences (Figure 1(a)) [11]. Artificial monomeric pri-miR
sequences, pri-miR-122/5, pri-miR-31/5, used the pri-miR-
122 or pri-miR-31 sequences as a scaffold for incorporat-
ing a HBV-targeting guide sequence. The pri-miR-31/5-8-
9 sequence was incorporated into trimeric cassettes and
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CMV or MTTR

Sequence encoding
artificial mono- or trimeric

artificial pri-miR

Pol II promoter Intron Anti-HBV pri-miR(s) PolyA

(a) HBV-targeting Pol II RNAi expression cassettes

CMV LacZ

Stuffer DNA
𝜓

5󳰀ITR 3󳰀ITR

(b) Control HD Ad Δ28

CMV LacZ

Stuffer DNA
𝜓

5󳰀ITR 3󳰀ITR

CMV or MTTR pri-miR
122/5, 31/5 or 31/5-8-9

(c) HDAdHBVpri-miR 122/5, 31/5 or 31/5-8-9

Basic core
promoter/enhancer II

S1 promoter S2 promoter Polyadenylation
signal

X promoter/
enhancer I 

Pri-miR 122/5, 31/5
and 31/5-8-9 targets

Core/pregenome PreS1
PreS2/S

2 Surface SurfaceX X

X

PreS1 PreS1S2Core Core
PolyMerase Polymerase

S

(d) HBV genome dimer

Figure 1: Schematic illustration of artificial pri-miR expression cassettes, recombinant HD Ads and HBV target sites. (a) Mono- or trimeric
anti-HBV pri-miR sequences are transcribed under control of either a CMV or MTTR promoter. The cassettes also include an intron and
polyA transcription termination signal. (b) The control HD Ad Δ28 vector contains no HBV-targeting cassettes but does include the CMV
LacZ reporter cassette. Apart from ITRs and viral packaging signal (Ψ) the remainder of the vector DNA comprises stuffer sequence with all
Ad open reading frames (ORFs) removed. (c) Anti-HBVHDAds contain the mono- or trimeric artificial pri-miR expression cassettes under
control of the CMV or MTTR Pol II promoters. (d) Tandem arrangement of a dimer of the hepatitis B virus genome, comprising 6.4 kb,
showing sites targeted by antiviral artificial pri-miRs.The overlapping surface, core, polymerase, andHBx viral ORFs are indicated by labelled
rectangles. The four arrows above the genome represent the HBV transcripts that are initiated from different viral promoter elements and
a common 3󸀠 end. Essential cis elements controlling transcription are indicated by arrowheads. The sites targeted by the artificial pri-miRs,
indicated by the shaded rectangle, are located within the HBx ORF and are found in all of the viral transcript.

comprised a tandem arrangement of three different HBV-
targeting pri-miR-31 derivatives. These cassettes had pre-
viously been shown to produce transcripts that were effi-
ciently processed and capable of silencing HBV replication
in cultured liver cells and in vivo. Expression cassettes were
incorporated into HD Ads to generate a panel of six vectors
that each expressed pri-miR-122/5, pri-miR-31/5, or pri-miR-
31/5-8-9 from either the CMV or MTTR Pol II promoters
(Figure 1(b)). A control vector, HD Ad Δ28, did not contain
any anti HBV sequence. All HD Ads also included a reporter
cassette encoding Beta-galactosidase to enable convenient
tracking of cells infected by the viral vectors. The targets
of the guides generated from the artificial expressed RNAi
activators are located in the HBx open reading frame (ORF)
of HBV (Figure 1(c)) [30]. This viral sequence is conserved
in HBV genotypes and is also present in all of the viral
transcripts. The replication-competent integrant that had
been inserted into the transgenicmice used as amodel of viral
replication in this study comprised a dimer ofHBV sequences
(Figure 1(c)) [33].

3.2. Inhibition of HBV Replication by HD Ads Carrying CMV
PromoterDrivenAnti-HBV Sequences inMice. Wepreviously
reported a significant decrease in serum HBsAg levels and
VPEs at one and twoweeks after treatment ofHBV transgenic
mice with HD Ads expressing anti-HBV pri-miR mimics
from a CMV promoter [25]. To assess long-term anti-HBV
effect in mice, six mice per group were injected with HD
Ads carrying CMV promoter-anti-HBV pri-miR cassettes

and monitored over a 13-week period. In agreement with
the previous report, significant decrease in HBsAg levels was
observed at one week following the injection of mice with
either HD Ad HBV pri-miR-122/5, HD Ad HBV pri-miR-
31/5, or HD Ad HBV pri-miR-31/5-8-9 (Figure 2(a)). In mice
treated with HD Ad HBV pri-miR-122/5 or HD Ad HBV pri-
miR-31/5, the serum concentrations of HBsAg increased at
time points after one week and were no longer significantly
different from the baseline values. However, HD Ad HBV
pri-miR-31/5-8-9 administration resulted in themost efficient
silencing of HBsAg expression. Inhibition of up to 94% was
achieved at 1 week and prolonged anti-HBV effects were
observed for five weeks following administration of HD
Ad HBV pri-miR-31/5-8-9. Similar, although less statistically
significant, results were observed when VPEs were measured
as a marker of HBV replication (Figure 2(b)).

3.3. Expression of Anti-HBV Sequences from MTTR Promoter
and HBV Replication Inhibition in Cell Culture. Despite the
high efficacy and prolonged knockdown of HBV replication
by HD Ad HBV pri-miR-31/5-8-9, previous studies have
shown that hepatic transgene expression from the CMV
promoter is not durable [35, 36]. To address this limitation,
HD Ad vectors expressing anti-HBV pri-miRs from a liver-
specific MTTR promoter were generated. Initially, liver-
specific expression of theMTTRpromoter was assessed using
a reporter gene assay following transfection of liver-derived
(Huh7) and kidney-derived (HEK293) cells (Figure 3(a)).
Measurement of Firefly luciferase activity showed reporter
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Figure 2: Silencing of HBV replication in mice by HD Ads expressing anti-HBV pri-miR mimics from a CMV promoter. Mice were infected
with a single dose of 5 × 109 infectious HD Ad particles expressing pri-miR-122/5, pri-miR-31/5, and pri-miR-31/5-8-9. Animals injected with
saline or HD Ad Δ28 served as negative controls. (a) Time course of serum HBsAg concentrations, as measured by ELISA, following HD Ad
administration. (b) Circulating viral particle equivalents (VPEs) weremeasured using qPCR following injection of HBV transgenic mice with
HD Ads. Data are expressed as means with SEMs from each group of six mice. The statistical significance was calculated using a pair-wise
comparison according to the Student 𝑡-test. 𝑃 values less than 0.05 (∗) or less than 0.01 (∗∗) were considered statistically significant.

gene activity in both cell lines receiving the plasmid contain-
ing the constitutively active CMV promoter. However, when
cells were transfected with cassettes containing the MTTR
transcriptional regulatory element, Firefly luciferase activity
was barely detectable in the kidney derived cell line, and
activity was significantly higher in the liver-derived cell line.
To assess processing of the artificial pri-miRs, RNA isolated
fromHuh7 cells infected with theMTTR-containingHDAds
at a MOI of 100 infectious viral particles per cell were ana-
lyzed by low molecular weight northern blot hybridization
(Figure 3(b)). Hybridization using a probe complementary to
guide 5 confirmed efficient generation of anti-HBV pri-miRs
from each of the MTTR promoter-containing monomeric
and trimeric HD Ads. This was evident from the detection
of a band of approximately 21 nucleotides in length, which
was absent from control cells infected with the empty HD
Ad Δ28 vector. Higher molecular weight bands represent-
ing unprocessed or partially processed intermediates were
present in low amounts. As expected, hybridization to a
probe complementary to the guide 8 sequence resulted in
detection of a putative guide in RNA samples isolated from
cells infected with HD Ad HBV pri-miR-31/5-8-9 but not
in HD Ad HBV pri-miR-122/5 or HD Ad HBV pri-miR-
31/5. Similarly, the probe detecting guide 9 sequences only
detected a band in RNA isolated from cells treated with the
trimeric HD Ad vector. The lower concentration of the guide
9 sequence is in accordance with our previous observation
that this sequence is the ptleast efficiently processed guide
derived from the artificial tricistronic cassette [11]. A band
of approximately 21 nucleotides was not detected in RNA
samples isolated from cells infected with empty vector (HD
Ad Δ28) or uninfected cells (Figure 3(b)).

To assess HBV silencing efficacy of MTTR promoter-
containing HD Ads in cell culture, HBsAg concentrations in
culture supernatants were measured as a marker for HBV
replication. Huh7 cells were initially transfected with the
pCH-9/3091 HBV replication competent target plasmid [31].
Five hours after transfection, cells were infected with HDAds
atMOIs ranging from 100 to 1000 infectious viral particles per
cell. HBsAg levels were measured 48 hours after infection.
All three anti-HBV HD Ads (HD Ad HBV pri-miR-31/5-8-
9M,HDAdHBVpri-miR-31/5M, andHDAdHBVpri-miR-
122/5M) resulted in a significant dose dependent decrease in
HBsAg levels. As expected most efficient inhibition of this
HBV replication marker was observed at MOIs of 500 and
1000 infectious viral particles per cell, with knockdown of up
to 91% (Figure 3(c)).

3.4. Comparison of Expression and Processing In Vivo of
CMV- and MTTR-Derived Anti-HBV Sequences. To assess
expression in vivo of anti-HBV pri-miRs derived from
CMV and MTTR promoters, groups of mice were treated
intravenously with 5 × 109 HD Ad particles from each
of the panel of HD Ad vectors. Seven days after vector
administration, RNA was isolated from the livers and 30 𝜇g
(Figure 4(a)) or 60𝜇g (Figure 4(b)) was analyzed by northern
blot hybridization. Detection of putative guide sequences
correlated with analysis of RNA isolated from cultured liver-
derived cells (Figure 3). Probing for guide 5 showed efficient
expression and processing of anti-HBV pri-miRs in livers of
animals that had been treated with mono- and trimeric HD
Ads containing CMV orMTTR promoters.The guide 8 band
was only detectable in RNA extracted frommice that received
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Figure 3: Liver specificity of MTTR promoter, RNA processed from anti-HBV pri-miR cassettes, and effect on HBsAg concentration in
supernatants of cultured Huh7 cells. (a) Liver-derived Huh7 or kidney-derived HEK293 cells were transfected with 100 ng of pMTTR-
FLuc or pCMV-FLuc, which contained the Firefly luciferase reporter gene under control of MTTR or CMV promoters, respectively. In
addition the phRL-CMV (Promega) plasmid, constitutively expressing Renilla luciferase, was cotransfected to normalize the Firefly luciferase
measurements. Forty-eight hours after transfection cells were harvested and activity of the two reporter genes was determined independently.
Mean Firefly toRenilla luciferase activity is presented and error bars indicate the standard error of themean (𝑛 = 4). (b)Northern blot analyses
of 30 𝜇g RNA isolated from Huh 7 cells infected with HD Ads at a multiplicity of infection (MOI) of 100 infectious viral particles per cell.
The probes used were complementary to the predicted 5, 8, or 9 guide sequences derived from the panel of vectors expressing antiviral pri-
miRs from the MTTR promoter. Equal loading of the lanes was verified by stripping and reprobing the blot with a labelled oligonucleotide
complementary to U6 small nuclear RNA. Putative guide (G) and precursor (P) bands are indicated. (c) Inhibition of HBV replication in vitro
was determined by measuring HBsAg levels using ELISA. Cell culture supernatants were obtained fromHuh7 cells that had been transfected
with the pCH-9/3091 replication-competent plasmid and then infected with the indicated HD Ads at MOIs of 100, 250, 500, or 1000. Data
is expressed as SEM from three replicates. The statistical significance was calculated using a pair-wise comparison according to the Student
t-test. 𝑃 values less than 0.05 (∗) or less than 0.01 (∗∗) were considered statistically significant.
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the HD Ads that contained the pri-miR-31/5-8-9 sequence.
However the guide 9 sequence was not detectable in murine
liver RNA samples and confirms inefficient processing of
this component of the anti-HBV trimer. Production of guide
strands from CMV- and MTTR-driven pri-miR cassettes
was compared by determining guide strand band intensities
following probe hybridization to 30 𝜇g (Figure 4(a)) or 60𝜇g
(Figure 4(b)) of RNA. Northern blot analysis of 30 𝜇g of RNA
isolated from cells infected with HD Ad carrying cassettes
containing the CMV promoter revealed a very faint band
corresponding to the expected guides. Increasing the amount
of RNA loaded onto the northern blots to 60 𝜇g improved
detection of processed transcripts. Importantly, guide strands
from RNA isolated from mice that had been treated with
MTTR-containing plasmids were more easily measurable.
Ratios of the guide strand to U6 snRNA loading control band
intensities were used as an indicator of intrahepatocyte guide
RNA concentrations (Figure 4(c)).This analysis revealed pri-
miR expression and processing from the MTTR promoter
was more efficient than that achieved with the CMV pro-
moter.

To correlate detection of processed miR sequences with
efficiency of hepatocyte transduction, we took advantage of
HD Ad-mediated codelivery of the 𝛽-galactosidase expres-
sion cassette with the pri-miR expression cassettes. Liver
sections stained for reporter gene activity confirmed previous
observations that approximately 90% of murine hepato-
cytes had been transduced at two days after intravenous
administration of the vector [24, 25]. However, a significant
and rapid decline in the number of cells positive for 𝛽-
galactosidase activity occurred thereafter (Figure 6(b)). By
6 weeks, reporter gene activity was barely detectable. Our
previous reports indicate that the decline in cells positive for
reporter gene activity is likely to be a result of an immune
response to the cells expressing the reporter transgene [24].

3.5. Silencing ofHBVReplication InVivo byHDAds Expressing
Pri-miR Mimics from the MTTR Promoter. To assess the
silencing in vivo of HBV replication by HD Ads carrying the
MTTR promoter-derived cassettes, both HBsAg levels and
VPEs were determined in mice transduced with HD Ads. Six
mice per group were injected with 5 × 109 HD Ad infectious
particles and blood samples collected over a period of 13
weeks. Control groups of animals were treated with saline
or the HD Ad Δ28 empty vector. As with mice treated with
the HD Ads expressing anti-HBV sequences from CMV pro-
moter, a significant reduction in HBsAg levels was observed
one week after vector administration (Figure 5(a)). HBsAg
levels then increased significantly at 3 weeks after infection
with HD Ads expressing the monomeric artificial pri-miRs
from the MTTR promoter. However, HBsAg levels in mice
treated with the cassette expressing the pri-miR trimer from
the MTTR promoter remained significantly low at 3 and 5
weeks after infection (Figure 5(a)). Analysis of VPEs showed
a similar trend in viral replication (Figure 5(b)).

3.6. HD Ad Vector Clearance and Toxicity in Mice. To deter-
mine whether vector clearance correlated with diminished
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Figure 4: Anti-HBV pri-miR expression in livers of HBV trans-
genic mice following treatment with HD Ads expressing artificial
mono- or trimeric pri-miRs under control of the CMV or MTTR
promoters. Northern blot analyses of 30𝜇g (a) and 60 𝜇g (b) of RNA
isolated frommouse livers 1 week after infection with HDAds. Blots
hybridized with probes complementary to predicted guides 5, 8,
or 9 were stripped and reprobed for U6 snRNA to confirm equal
loading. (c) Quantification of indicated anti-HBV guide sequences
generated from CMV and MTTR promoters was determined using
a phosphorimager. Data were normalized to U6 snRNA expression
and a representative example is shown.

efficacy against HBV replication, HD Ad genome copies
were quantified in mouse livers. DNA isolated from liver
samples collected at 48 hours, 1 week, and 3 and 6 weeks
after HD Ad Δ28 infection were used to determine HD Ad
vector genome copies in the liver. HD Ad Δ28 vector copies
remained constant at approximately 2 × 105 copies per 𝜇g of
hepatocyte DNA for the first three weeks after administration
of HD Ads. Thereafter, the vector copies detectable in the
livers diminished significantly at week 6 (Figure 6(a)), and
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Figure 5: Silencing of HBV replication in vivo and reporter gene expression following administration of HD Ads expressing anti-HBV pri-
miRmimics from theMTTR promoter. Mice were infected with a single dose of 5 × 109 infectious HDAd particles expressing pri-miR-122/5,
pri-miR-31/5 and pri-miR-31/5-8-9. Animals injected with saline or HDAd Δ28 served as negative controls. (a) Time course of serumHBsAg
concentrations, as measured by ELISA, following HD Ad administration. (b) Circulating viral particles (VPEs) were measured using Q-PCR
following injection of HBV transgenic mice with HDAds. Data are expressed as means with SEMs from each group of six mice.The statistical
significance was calculated using a pair-wise comparison according to the Student 𝑡-test. 𝑃 values less than 0.05 (∗) or less than 0.01 (∗∗)
were considered statistically significant.

this result correlated with disappearance of histochemically
detectable Beta-galactosidase activity (Figure 6(b)). Q-PCR
data from anti-HBV HD Ads showed similar trends of
vector clearance (not shown) and indicated that the pro-
moter sequences had little effect on viral vector clearance.
Previously it has been reported that expression of anti-HBV
shRNAs from a U6 Pol III promoter within adeno-associated
vectors resulted in hepatotoxicity [9]. To assess toxicity of
HD Ads in mice, ALT activity was measured 48 hours after
injection of HD Ads. After 48 hours, ALT levels in control
mice and animals injected with anti-HBV HD Ads were 51–
69 U/L (Figure 6(c)). There were no statistically significant
differences between the groups, which indicated that at an
early time point, the anti-HBV HD Ads used in this study
were not toxic to mice.

4. Discussion

Harnessing RNAi for the silencing of viral genes has demon-
strated promising therapeutic potential. Several studies have
shown that replication of viral pathogens can be inhibited
with engineered mimics of the RNAi pathway. Chronic
HBV infection is an important global public health problem
and the inadequacies of currently available therapy have
prompted investigation of the utility of RNAi-based treat-
ment of the infection. Many studies have shown that HBV
replication is susceptible to silencing by both synthetic and
expressed RNAi activators. An advantage of using expressed
RNAi activators to silence HBV gene expression is that it
is possible to achieve more sustained silencing than with
synthetic RNAi activators.This is critically important to effect

durable silencing that is required to counter chronic HBV
infection. Although there is enthusiasm for developing use of
expressed RNAi activators as a therapeutic option for treating
HBV persistence, important hurdles remain to be overcome
before the approach becomes feasible. Particularly important
are the controlled expression in target tissues, coupled to
safe and efficient delivery of the expression cassettes to the
liver.

Pol III promoters have been commonly used to express
anti-HBV RNAi activator sequences [30, 37]. However, pow-
erful constitutive activity of the U6 Pol III promoter may
result in saturation of the RNAi pathway with resultant
hepatotoxicity [9]. To address this concern, studies have
aimed to use more versatile Pol II promoters to control
production of antiviral sequences. Efficacy of shRNAmimics
expressed from Pol II promoters is however variable and it
appears that the flanking sequences naturally found in pri-
miR sequences are important to facilitate expression and
processing from Pol II promoters. As a result sequences that
simulate the natural production of artificial pri-miR RNAi
mimics have been engineered for incorporation into Pol II
expression cassettes. In addition to compatibility with Pol
II promoters, pri-miR sequences may be multimerized to
enable simultaneous silencing at multiple viral targets. In this
study we have demonstrated that the efficient liver-specific
MTTR promoter may be used to express mono- and trimeric
anti-HBV RNAi activators. Although the HBV genome is
compact and not plastic, simultaneous targeting of three viral
targets by the MTTR-controlled multimeric cassettes should
prevent the emergence of viral escape mutants. Our obser-
vations demonstrated that the MTTR promoter functioned
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Figure 6: Intrahepatic HD Ad copy numbers and alanine transaminase activity following HD Ad administration to HBV transgenic mice.
(a) Mice were injected intravenously with saline or a single dose of 5 × 109 infectious viral particles. DNA isolated frommice livers harvested
at 48 hours, 1 week, and 3 and 6 weeks after injection was subjected to Q-PCR analysis to determine viral particle equivalents (VPEs). Data
are expressed as means (±SEM) from three mice. Statistically significant differences were determined by comparisons to values obtained at 2
days. Analyses were carried out using a pair-wise Student’s 𝑡-test. 𝑃 values less than 0.05 (∗) or less than 0.01 (∗∗) were considered statistically
significant. (b) Histochemical detection of Beta-galactosidase activity in livers of mice treated with saline or HDAdΔ28. Frozen liver sections
were stained for reporter gene activity at 48 hours, 1 week, 3 weeks, and 6 weeks after saline or HD Ad Δ28 administration. (c) Serum ALT
activity in HD Ad infected mice. Serum activity of ALT was measured 48 hours following injection with saline or 5 × 109 infectious particles
of the indicated HD As. Data is expressed as means (±SEM) from groups of six mice. The statistically significant differences were calculated
as indicated above.
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efficiently in vivo and was capable of significant silencing of
HBV replication in a HBV transgenic mouse model.

We recently reported on efficacy in vivo of HD Ads that
deliver anti-HBV pri-miR expression cassettes that are under
control of the CMV promoter. Although effective against
HBV in vivo [25], a concern of using the CMV promoter
is that it is not specific to liver tissue and the transcription
from this regulatory element is not sustained in hepatic
tissue [35, 36]. The results reported here confirm that this
is potentially problematic. Although concentrations of HD
Ad DNA were maintained in murine liver tissue for at least
6 weeks, expression of the lacZ reporter gene, which was
under control of theCMV transcriptional regulatory element,
rapidly diminished 7 days after vector administration. A
study by Löser and colleagues supports our observations
[35]. In their investigation, expression of human low density
lipoprotein (LDL) receptor from a CMV promoter was
reduced after a week. However the proteinwas undetectable 4
weeks after vector administration despite the vector genome
copy number remaining high at this time point. NF𝜅B
deficiency and methylation of CpG sites within the CMV
promoter sequence may be responsible for the attenuation
of expression from this transcriptional regulatory element
[35, 38].

Ads are highly efficient hepatotropic vectors that are
well suited to delivery of RNAi expression cassettes that
target HBV. However, the immunostimulatory effects of Ads
[39–45] are concerning as they may cause toxicity, reduce
efficiency of gene delivery, and limit transgene expression.
Removal of ORFs to form HD Ads diminishes longer term
humoral and cell mediated adaptive immunity to the vectors
and has been useful to prolong transgene expression through
[46]. Other modifications to HD Ads, such as conjugation
of polymers, may also be used to diminish immunostim-
ulatory effects. An additional important property of HD
Ads is their capacity for accommodating large transgene
sequences. Therefore as well as RNAi activating cassettes,
other antiviral components may be incorporated into HD
Ads to generate multifunctional vectors for HBV therapy.
Recent advances in the use of transcription activator like
effecter nucleases (TALENs) and zinc finger nucleases have
been impressive [47]. These engineered gene-modifying
enzymes may be particularly useful in combination with
HBV-targeting RNAi activators to disable the stable HBV
cccDNAminichromosome. Our data show that HDAds have
utility for hepatotropic delivery of a liver-specific expression
cassette. Generating HD Ads that also include other antiviral
sequences, a focus of our current research, should further add
to their therapeutic utility.

5. Conclusions

The observation that the MTTR Pol II promoter achieves
good expression of anti-HBV sequences is a useful property
for the development of gene therapy requiring liver-specific
expression of antiviral RNAi mimics. Transcription of HBV-
targeting artificial mono- and trimeric pri-miRs under con-
trol of the MTTR element silenced HBV replication in vivo

and generation of antiviral guides was more efficient than
that achieved with the constitutively active CMV promoter.
Moreover, expression of the antiviral sequences did not result
in the hepatotoxicity that has been reported when U6 shRNA
cassettes were delivered with adeno-associated viral vectors.
The good delivery efficiency of recombinant HD Ads also
reinforces the potential utility of these vectors. However
diminishing immunostimulatory effects of the HD Ads,
which may be achieved through removal of the codelivered
lacZ and their modification with polymers, will need to be
achieved before these vectors achieve clinical utility. HD Ads
have the important property of being capable of carrying large
transgene sequences. This will make it possible to augment
their therapeutic efficacy by incorporating additional anti-
HBV elements, such as those encoding engineered HBV
DNA binding proteins. Advancing this approach, as well as
attenuation of immunostimulatory effects of HD Ads are an
active field of investigation in our laboratory.
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Background. Recent studies have revealed the role of microRNAs (miRNAs) in a variety of biological and pathological processes,
including acute myocardial infarction (AMI). We hypothesized that ST-segment elevation myocardial infarction (STEMI) may be
associated with an alteration of miRNAs and that circulating miRNAs may be used as diagnostic markers for STEMI. Methods.
Expression levels of 270 serum miRNAs were analyzed in 8 STEMI patients and 8 matched healthy controls to identify miRNAs
differentially expressed in the sera of patients with AMI. The differentially expressed miRNAs were evaluated in a separate cohort
of 62 subjects, including 31 STEMI patients and 31 normal controls. Results. The initial profiling study identified 12 upregulated and
13 downregulated serummiRNAs in the AMI samples. A subsequent validation study confirmed that serummiR-486-3p and miR-
150-3p were upregulated while miR-126-3p, miR-26a-5p, and miR-191-5p were significantly downregulated in the sera of patients
with AMI. Ratios between the level of upregulated and downregulated miRNAs were also significantly different in those with AMI.
Receiver operator characteristics curve analysis using the expression ratio of miR-486-3p and miR-191-5p showed an area under
the curve of 0.863. Conclusion. Our results suggest that serummiRNAs may be used as potential diagnostic biomarkers for STEMI.

1. Introduction

Cardiovascular disease is the leading cause of death for both
men and women worldwide [1, 2]. According to the newly
revised guidelines from the World Health Organization
in 2000, a cardiac biomarker rise accompanied by typical
symptoms or ST elevation is diagnostic of acute myocardial
infarction (AMI) [3]. Percutaneous coronary intervention is
one of the most important treatments for patients with ST-
segment elevation myocardial infarction (STEMI) [2, 4, 5].
The door-to-balloon time should be less than 90 minutes,

because any delay in time of reperfusion after arrival at
the hospital is associated with a higher adjusted risk of in-
hospital mortality [3, 5]. It would therefore be of great help
to find biomarkers that could provide information on the
pathophysiology and identify patients with STEMI to allow
for early percutaneous coronary intervention.

In the first hours after AMI, myocardial fibers lose their
transversal striations and nuclei. At the same time, there are
robust upregulations of intramyocardial cytokines to enhance
survival or accelerate myocyte necrosis and apoptosis and
decrease contractility [6–8]. This is followed by cytokine
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Table 1: Characteristics of the patients.

Exploration cohort Validation cohort
Ctrl (𝑛 = 8) AMI (𝑛 = 8)

𝑃 value Ctrl (𝑛 = 31) AMI (𝑛 = 31) 𝑃 value
Age (years)

44.6 ± 10.3
53.3 ± 9.2 0.0980 53.7 ± 14.8 59.0 ± 11.5 0.1235

Male/female (𝑛/𝑛) 6/2 8/0 29/2 29/2
Hypertension (%) 16 20 0.2873 17 19 0.323
Diabetes mellitus 12 14 0.765 11 14 0.635
Hypercholesterolemia 12 14 0.864 14 16 0.123
Smoking 14 14 0.125 14 15 0.110
Troponin I (<0.2 ng/mL) NA 25.9 ± 65.3 NA 11.7 ± 28.2

Triglyceride (mg/dL)
138.9 ± 73.7

144.0 ± 52.9 0.8750 161.1 ± 94.1 154.0 ± 86.7 0.7685
Cholesterol (mg/dL)

187.0 ± 26.1
164.6 ± 30.9 0.1400 197.9 ± 41.2 160.9 ± 37.8 0.0008

White blood cells (×103/uL)
6.35 ± 1.76

11.19 ± 2.19
<0.0001 6.48 ± 1.84 11.15 ± 3.99 <0.0001

Creatinine (md/dL)
0.91 ± 0.22

0.95 ± 0.13 0.6560 0.96 ± 0.22 1.28 ± 1.20 0.1505
Ctrl: control; AMI: acute myocardial infarction; NA: not available; Troponin I was the highest value.

amplification through transmigration of macrophages and
neutrophils. The later cardiac remodeling includes phagocy-
tosis and resorption of the necrotic tissue, hypertrophy of the
surviving myocytes, degradation and synthesis of matrices,
proliferation of myofibroblasts and angiogenesis, and, to a
limited extent, progenitor cell proliferation [9, 10].

Recent studies have revealed the role of microRNAs
(miRNAs) in a variety of basic biological and pathological
processes [11–16] and in the association of miRNA signa-
tures with cardiovascular diseases, including AMI [17–22].
Circulating miRNAs have been proposed to be sensitive
and informative biomarkers for multiple cancers and in the
diagnosis of cardiovascular diseases [23–28]. In particular,
several muscle-specific miRNAs, including miR-1, miR-133a,
and miR-133b, have been found to be significantly elevated in
the sera of animals and patients with AMI.The identification
of specific miRNAs acting as key regulators of AMI has
opened new clinical avenues for research.

In this study, we first established a platform to quantify
serummiRNAs, and we detected that the expression patterns
of 25 miRNAs were altered in the sera of patients with AMI.
Using an independent group, we confirmed that the serum
levels of five miRNAs, including miR-486-3p, miR-191-5p,
miR-126-3p, miR-26a-5p, and miR-150-3p, were significantly
different in the AMI patients and that their expression levels
can be used to differentiate AMI patients from normal
patients. We further calculated the ratio between the upreg-
ulated and downregulated miRNAs and discovered that the
ratio of these miRNAs had a much better predictive power
to distinguish AMI patients from normal subjects. Taken
together, our findings implicate circling miRNAs as potential
diagnostic biomarkers for STEMI.

2. Methods

2.1. Patients’ Data. This prospective study was conducted
from November 2009 to January 2010 with approval from of
the Institutional Regulation Board of Chang Gung Memo-
rial Hospital, Taiwan, and it conformed to the tenets of

the Declaration of Helsinki. In total, 39 consecutive patients
with STEMI were enrolled. A presumptive diagnosis of
STEMI was made based on the American College of Car-
diology/American Heart Association Task Force on Practice
Guidelines [1]. Thirty-nine age- and gender-matched normal
controls who were undergoing routine medical examinations
at the same hospital were also enrolled. All of the controls
had normal physical and ocular examination results and no
history of cardiovascular diseases [29]. The patient records
were reviewed for demographic data and medical history
[30, 31]. Table 1 lists the clinical characteristics of the healthy
controls and AMI patients.

2.2. Sample Collection and RNA Preparation. Blood samples
from the patients diagnosed with STEMI in the emergency
department or the intensive care units were processed by two-
step centrifugation. The supernatant was stored at −80∘C.
Total RNA was prepared from serum samples using TRIzol
LS reagent (Invitrogen, Carlsbad, CA) according to the man-
ufacture’s protocol. In brief, 900 𝜇L of TRIzol LS reagent was
added to 300 𝜇L of serum. The samples were mixed well and
allowed to stand for 5 minutes at room temperature. A syn-
thetic RNA (5󸀠-CGAUGGGCAGCUAUAUUCACCUUG-3󸀠)
was added to the mixture as the spike-in control. After phase
separation, the upper layer aqueous solution was transferred
to a separate vial and RNA was precipitated with an equal
volume of 2-propanol. The precipitation was carried out at
−20∘C for 1 hour to increase the yield of RNA. In general,
we harvested approximately 300 ng of total RNA from each
sample. The total RNA was then dissolved in 15𝜇L of
diethylpyrocarbonate-treated water, quantified by NanoDrop
(ThermoFisher Scientific Inc.,Wilmington,USA), and stored
at −80∘C.

2.3. Reverse Transcription (RT). A pulsed reverse transcrip-
tion reaction was performed to convert all miRNAs into
corresponding cDNAs in one RT reaction [32]. Briefly, 10 𝜇L
of reactionmixture containingmiRNA-specific stem-loopRT
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primers (final 2 nM each), 500𝜇M dNTP, 0.5 𝜇L Superscript
III (Invitrogen, Carlsbad, CA), and 3𝜇L total RNA was used
for the pulsed RT reaction, which was performed as follows:
16∘C for 30 minutes, followed by 50 cycles at 20∘C for 30
seconds, 42∘C for 30 seconds, 50∘C for 1 second, and 70∘C for
10minutes.TheRTproductswere diluted 10-fold before being
used for the miRNA quantitative real-time PCR reaction.

2.4. Quantitative Real-Time PCR (qPCR). For miRNA quan-
tification, 1 𝜇L of diluted RT product was used as the template
for a 10𝜇L qPCR. Briefly, 1X SYBR Master Mix (Applied
Biosystems, Foster City, CA), 200 nM miRNA-specific for-
ward primer, and 200 nM universal reverse primer were used
for each qPCR reaction. The following conditions were used
for qPCR: 95∘C for 10 minutes, followed by 40 cycles of 95∘C
for 15 seconds and 63∘C for 32 seconds, and a dissociation
stage. End-point reaction products were analyzed on a
10% polyacrylamide gel stained with ethidium bromide to
discriminate between the correct amplification product (57–
60 bp) and the potential primer dimmers (<44 bp). All qPCR
reactions were performed on an ABI Prism 7900 real-time
PCR system (Applied Biosystems, Foster City, CA).

2.5. Data Analysis. The threshold cycle (Ct) for qPCR was
defined as the cycle number at which the change of fluo-
rescence intensity crossed the threshold of 0.2. Expression
levels of miRNA were converted to 39-Ct [32]. For the
profiling study, the expression data were normalized by
global median normalization before further analysis. For the
validation studies, the synthetic spiked-in miRNA was used
for normalization.

2.6. Statistical Analysis. Quantitative data were expressed as
mean ± standard deviation and analyzed using the Student’s
𝑡-test. Receiver operator characteristics (ROC) curves and
areas under the curves (AUC) were calculated using Prism
5 software (GraphPad). Prism calculates 𝑧 = (AUC − 0.5)/SE
area and then determines 𝑃 values from the 𝑧 ratio (normal
distribution). Cutoff values corresponded to the highest
sum of sensitivity and specificity. A 𝑃 value less than 0.05
was considered to be statistically significant. The statistical
analyses used formiRNA expression data, including the 𝑡-test
(two-tailed), principle component analysis, and hierarchical
clustering, were performed with the Partek Genomics Suite
(version 6.3, St. Louis, MO).

3. Results

3.1. Identification of Differentially Expressed miRNAs in the
Sera from the STEMI Patients and Healthy Controls. Recent
studies have identified several cardiac-specific or -enriched
miRNAs in the circulation as potential biomarkers for the
diagnosis of AMI. As AMI is a complex disease, it is possible
that additional circulating miRNAs may also be altered and
can then be used as potential markers for AMI. To explore
this possibility, we quantified the expression levels of 270
miRNAs in serum samples from 8 healthy controls and 8
patients with STEMI using a qPCR assay platform previously

established in our laboratory [32].The clinical characteristics
of the subjects in the validation study are shown in Table 1.
In order to detect a large number of miRNAs from small
quantities of serum, we implemented a multiplexed reverse
transcription reaction and used SYBR Green-based qPCR
method for miRNA quantification. The assay was modified
from the stem-loop RT-PCR assay originally designed by
Chen et al. [33]. The SYBR Green-based RT-qPCR assay for
miRNA detection has been reported by other laboratories
[34]. A pilot study using RNAprepared from 300 𝜇L of serum
samples from three healthy subjects detected approximately
100 miRNAs with high confidence (Ct < 32) in each sample,
similar to the results reported by Wang et al. using the
TaqMan method [23]. The expression levels of the serum
miRNAs detected in our assay also correlated well with the
expression levels of serum miRNAs reported by Wang et al.
[23] (Figure 1(a)), suggesting that the SYBRGreen-based RT-
qPCR assay was suitable for the profiling study.

Expression levels of the 270 miRNAs were normalized
and used to identify differentially expressed miRNAs. As
there is currently no consensus on the best internal control
for circulating miRNA profiling analysis, global median
normalization was used to correct the technical variations
arising fromRNA preparation and qPCR detection. Principle
component analysis revealed that the overall expression
pattern of the 270 miRNAs in the sera from the patients
withAMIwas significantly different from the healthy controls
(Figure 1(b)). Using the criteria of 𝑃 < 0.05 (𝑡-test, two-
tailed) and fold-change ≥2, we identified 25 serum miRNAs
whose expression levels were significantly altered in the AMI
samples (Figure 1(c)). Unsupervised hierarchical clustering
using the expression levels of these 25 serum miRNAs
completely separated the AMI patients from the healthy
controls (Figure 1(d)).

The list of differentially expressed serummiRNAs, includ-
ing 12 upregulated and 13 downregulated miRNAs, is shown
in Table 2. These results confirmed that sera from the AMI
patients contained multiple differentially expressed miRNAs
and suggested that some of these differentially expressed
miRNAs could be used as markers for the diagnosis of
AMI. Previous studies have identified several serummiRNAs,
including miR-1, miR-133, and miR-208, whose levels are
significantly increased in the sera from AMI patients and
experimental animals [23, 24, 35]. In our profiling study,
levels of both miR-1 and miR-208 were found to be increased
in sera from the AMI patients. miR-1 showed a 1.46-fold
increase (𝑃 = 0.206) andmiR-208 showed a 1.87-fold increase
(𝑃 = 0.074) in theAMI samples. In contrast, we did not detect
any difference in the level of miR-133 between the AMI and
control subjects (fold-change =−1.042,𝑃 = 0.819).This result
is consistent with the study by Ai et al. [24].

3.2. Validation of Candidate miRNAs in an Independent
Cohort. To determine whether the differentially expressed
serum miRNAs could be used as blood-based biomarkers
to differentiate AMI patients from healthy subjects, we
conducted a validation study of the 25 differentially expressed
miRNAs using an independent cohort including 31 AMI
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Figure 1: Detection of differentially expressed circulating miRNAs in serum samples. (a) Detection of miRNAs in serum from healthy
subjects. Expression levels of 270 miRNAs in 300𝜇L of serum were quantified using a multiplexed RT-qPCR assay. The relative expression
levels of the top 50 miRNAs detected in serum from three healthy subjects (mean ± SD) are shown. (b) Principle component analysis using
expression levels of the 270 human miRNAs in serum samples from 8 healthy (blue) and 8 AMI (red) subjects. (c) Volcano plot indicated
that 25 miRNAs were significantly altered in sera from the AMI patients. Red lines indicate the Student’s 𝑡-test 𝑃 = 0.05 and ±2-fold change.
(d) Unsupervised hierarchical clustering of healthy and AMI samples using the 25 differentially expressed serum miRNAs. The hierarchical
clustering was generated using Pearson’s dissimilarity as the distance measure and Ward’s method for linkage analysis. A: AMI patients; N:
healthy subjects.
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Table 2: miRNAs differentially expressed in the sera from patients with acute myocardial infarction.

miRNA name Chromosome location AMI (mean ± SD) Ctrl. (mean ± SD) Fold-change
(AMI versus Ctrl.)

𝑡-test
𝑃 value

miRNA upregulated in AMI
miR-193a-5p 17q12 13.15 ± 1.02 11.49 ± 0.48 3.17 0.0016
miR-147b 15q21.1 5.96 ± 1.47 4.34 ± 0.85 3.07 0.0232
miR-497-5p 17p13.1 9.12 ± 0.57 7.58 ± 0.57 2.91 0.0002
miR-542-5p Xq26.3 6.34 ± 1.07 5.09 ± 1.05 2.36 0.0431
miR-885-3p 3p25.3 11.05 ± 0.99 9.88 ± 0.42 2.25 0.0113
miR-150-3p 19q13.32 9.87 ± 0.66 8.72 ± 0.58 2.21 0.0038
miR-877-5p 6p21.33 13.40 ± 1.06 12.26 ± 0.66 2.20 0.0290
miR-31-5p 9p21.3 7.74 ± 0.84 6.63 ± 0.66 2.17 0.0145
miR-760 1p22.1 13.01 ± 0.91 11.96 ± 0.94 2.07 0.0490
miR-17-3p 13q31.3 7.24 ± 0.23 6.21 ± 0.67 2.04 0.0017
miR-486-3p 8p11.21 9.19 ± 0.66 8.17 ± 0.54 2.02 0.0068
miR-124-3p 8p23.1, 8q12.3 7.23 ± 0.79 6.21 ± 0.90 2.02 0.0390

miRNA downregulated in AMI
miR-20a-5p 13q31.3 7.20 ± 1.00 8.79 ± 0.76

−3.01 0.0045
miR-18a-5p 13q31.3 4.86 ± 0.83 6.41 ± 0.78

−2.94 0.0027
miR-26a-5p 12q14.1, 3p22.2 7.96 ± 0.75 9.38 ± 0.65

−2.69 0.0019
miR-17-5p 13q31.3 8.36 ± 0.92 9.76 ± 0.72

−2.64 0.0066
miR-106a-5p Xq26.2 6.82 ± 1.15 8.19 ± 0.84

−2.59 0.0216
let-7d-5p 9q22.32 8.44 ± 0.66 9.77 ± 0.65

−2.52 0.0019
miR-191-5p 3p21.31 9.68 ± 0.62 11.01 ± 0.54

−2.51 0.0008
miR-26b-3p 2q35 6.62 ± 1.09 7.91 ± 0.42

−2.44 0.0107
miR-126-3p 9q34.3 9.15 ± 1.17 10.25 ± 0.44

−2.14 0.0340
miR-487b 14q32.31 5.10 ± 0.56 6.16 ± 1.01

−2.09 0.0278
miR-127-3p 14q32.31 6.25 ± 0.71 7.29 ± 0.93

−2.06 0.0313
miR-199a-3p 1q25.1, 19p13.2 7.31 ± 0.60 8.34 ± 0.86

−2.04 0.0205
miR-29c-5p 1q32.2 7.56 ± 0.56 8.57 ± 0.60

−2.02 0.0052
Ctrl.: control; and AMI: acute myocardial infarction.

patients and 31 age- and gender-matched healthy controls.
The expression levels of these candidate miRNAs were quan-
tified using multiplexed RT-qPCR, and a synthetic miRNA
was used as a spike-in control to correct the variations in
sample preparation and RT-qPCR. The expression data of
the miRNAs were normalized to the spike-in control before
further analysis. Five of the candidatemiRNAs (2 upregulated
and 3 downregulated) showed statistically significantly differ-
ent expressions (𝑡-test, 𝑃 < 0.05, fold-change > 1.5) in the
AMI samples compared to the healthy controls. Figure 2(a)
shows the expression levels of these five validated miRNAs in
individual samples from AMI patients and healthy controls.

To evaluate the diagnostic value of these validated miR-
NAs, ROC curves were constructed and the AUC values were
determined (Table 3, Figure 2(b)). Among the 5 validated
miRNAs, miR-150-3p, which was upregulated in the AMI
samples, showed the best diagnostic power with an AUC of
0.715 ± 0.067 (𝑃 = 0.0036) and a 95% confidence interval
of 0.584 to 0.847. The cutoff value for miR-150-3p was 7.29
with a sensitivity of 70.97% and a specificity of 70.97%.
miRNA miR-126-3p, which was downregulated in the AMI

samples, showed the second best diagnostic power with an
AUC of 0.694 ± 0.070 (𝑃 = 0.0087) and a 95% confidence
interval of 0.557 to 0.832. The cutoff value for miR-126-
3p was 8.835 with a sensitivity of 60.52% and a specificity
of 80.65%. Interestingly, previous studies have shown that
miR-150 is an inflammatory-related miRNA while miR-126
is associated with angiogenesis. These results suggest that
miRNAs associated with pathological conditions other than
cardiac damage may also be useful as biomarkers for the
diagnosis of AMI.

3.3. Evaluation of miRNA Expression Ratio as a Biomarker
for AMI. Previous studies have shown that the expression
ratio of two miRNAs provides a better predictive power
in the diagnosis of head and neck cancer [36]. As miR-
150-3p and miR-486-3p showed significant upregulation and
miR-26a-5p, miR-126-3p, and miR-191-5p showed significant
downregulation in the AMI samples, we next sought to
determine if expression ratios constructed between these
miRNAs could improve their predictive power for the diag-
nosis of AMI. For each miRNA pair, the expression ratio
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Figure 2: Expression levels and predictive power of five candidate miRNAs in the healthy controls and acute myocardial infarction (AMI)
patients. (a) Expression levels of 5 candidate miRNAs in serum samples from 31 healthy controls and 31 AMI patients. Ct values generated
from RT-qPCR were normalized to the spiked-in synthetic miRNA and then converted to 39-Ct. Data are presented as mean ± SD. 𝑃 values
were calculated using the 𝑡-test. (b) ROC analysis using expression levels of individual miRNAs in healthy controls and AMI samples.

was determined by calculating the ΔCt values between the
upregulated and downregulated miRNAs. The expression
ratios of six different combinations between the 2 upregulated
and 3 downregulated miRNAs were then evaluated for their
diagnostic accuracy using ROC analysis (Figure 3(a)).

Remarkably, all six different expression ratios had much
better predictive power than individual miRNAs with AUC

𝑃 values less than 0.0001 (Table 4). Five of the six expression
ratios showed an AUC greater than 0.8. The expression ratio
betweenmiR-486-3p andmiR-191-5p showed the best predic-
tive power, with anAUCof 0.863 and 95% confidence interval
of 0.765 to 0.961. The optimal cutoff value was 2.58 with a
sensitivity of 83.87% and a specificity of 83.33% (Figure 3(b)).
Although the sample size was small, this study provides
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Table 3: Validation of differentially expressed serum miRNAs in patients with acute myocardial infarction.

miRNA name AMI (mean ± SD) Ctrl. (mean ± SD) Fold-change (AMI
versus Ctrl.)

𝑡-test
𝑃 value

ROC
AUC

ROC
𝑃 value

miRNA upregulated in AMI
miR-486-3p 9.79 ± 1.61 8.89 ± 1.66 1.87 0.0310 0.6285 0.0822
miR-150-3p 7.60 ± 1.25 6.88 ± 0.91 1.64 0.0128 0.7154 0.0036

miRNA downregulated in AMI
miR-26a-5p 7.68 ± 1.68 8.61 ± 0.84 −1.90 0.0073 0.6753 0.0177
miR-191-5p 10.23 ± 2.07 11.08 ± 0.96 −1.80 0.0364 0.6524 0.0392
miR-126-3p 8.45 ± 1.61 9.27 ± 0.89 −1.76 0.0126 0.6941 0.0087
Ctrl.: control; AMI: acute myocardial infarction; ROC: receiver operator characteristics; and AUC: area under the curve.

strong support for the notion that circulating miRNAs may
be used as diagnostic markers. More importantly, these data
clearly demonstrated the superior differentiating power of
miRNA ratios rather than single miRNA levels as biomarkers
for the diagnosis of AMI.

4. Discussion

miRNAs represent an abundant group of small noncoding
RNAs that regulate gene expression and affect physiological
processes such as development, cell proliferation, and cell
death [37, 38]. miRNAs may respond to damage in cardio-
vascular diseases, such as in acute responses to ischemia
[17, 19–21], in chronic stages such as hypertrophy [39–44],
and in heart failure [37, 44–48]. Studies of miRNAs in
cardiovascular diseases have mostly been based on tissues of
diseasemodels [41, 44, 45, 49] and transgenicmice [39, 40, 44,
46]. The possibility of using miRNAs as a novel myocardial
biomarker has been previously raised [50]; however, studies
on the detection of bloodmiRNAs inAMIpatients are limited
[23]. One study showed that miR-208 was significantly
increased after isoproterenol-inducedmyocardial injury [35],
and another study demonstrated that circulating miR-1 was a
potential novel biomarker for AMI [24].

In our profiling study, we confirmed the increased expres-
sion of miR-1 and miR-208 in AMI serum. In addition, we
identified several circulating miRNAs whose expression was
even more profoundly altered in AMI patients. Two of the
most significantly upregulated miRNAs observed in the AMI
samples were miR-486-3p and miR-150-3p. Similar to miR-
1 and miR-133, miR-486 is a muscle-enriched miRNA [51].
Recent studies have found thatmiR-486 is controlled by three
transcription factors known to regulate muscle growth and
homeostasis, including SRF, MRTF-A, and MyoD [51]. The
observation that miR-486 is downregulated in Duchenne’s
muscular dystrophy [52] and in denervation-induced muscle
atrophy [51] further supports that miR-486 is a critical
regulator formuscle growth. Small et al. showed thatmiR-486
directly targets phosphatase and tensin homolog (PTEN) and
Foxo1a to enhance the PI3 K/AKT signaling in muscle cells
[51]. Overexpression of miR-486 reduces the protein level
of PTEN and Foxo1a and enhances PI3 K/AKT signaling,
eventually leading to muscle hypertrophy [51]. PI3 kinase
is a known regulator of skeletal muscle hypertrophy and

atrophy [53]. As left ventricular hypertrophy often precedes
AMI [54], the increase of miR-486 in the plasma of AMI
patients may reflect an underlying cardiac hypertrophy asso-
ciated with these AMI patients. Recent studies have shown
that pharmacologic inhibition of PI3 K gamma promotes
infarct resorption and prevents adverse cardiac remodeling
after myocardial infarction in mice [55]. It is possible that
pharmacologic inhibitors blocking the PI3 K/AKT signaling
may also provide benefit for AMI patients with increased
miR-486 level.

miR-150 is highly expressed in immune cells, including
B- and T-lymphocytes, and has been shown to regulate the
proliferation and differentiation of myeloid and lymphoid
cells [56]. Recently, dysregulated expression of miR-150 has
been reported in cardiac tissues from AMI patients [25,
57], consistent with our observation that plasma miR-150-
3p levels were upregulated in the AMI samples. miR-150
has been shown to aggravate H

2
O
2
-induced cardiac myocyte

injury by downregulating c-Myb gene [58], a gene involved
in regulating the differentiation of myogenic progenitor cells.
These results suggest that miR-150 may participate in H

2
O
2
-

mediated gene regulation and functional modulation in
cardiac myocytes.

The profiling analysis revealed that a large number of
miRNAs are downmodulated in AMI, including miR-126
and miR-26. The most significantly downregulated miRNA
was the endothelial cell-specific miR-126, which promotes
angiogenesis in response to angiogenic growth factors, such
as vascular endothelial growth factor or basic fibroblast
growth factor, by repressing negative regulators of signal
transduction pathways and inflammation [45, 59–63]. Pre-
viously, Jakob et al. reported a pronounced loss of miR-
126 in angiogenic early outgrowth cells (EOCs, CD34+) in
patients with chronic heart failure [45].The authors observed
that miR-126 mimic transfection increased the capacity of
angiogenic EOCs from patients with CHF to improve cardiac
neovascularization and function. Recently, Qiang et al. also
reported that dysregulated miR-126 in endothelial progenitor
cells is associated with the prognosis of chronic heart failure
patients [64]. These results suggest that administration of
miR-126 may rescue endothelial cell function and offer a
potential therapeutic approach.

In this study, we observed a significantly reduced miR-
26 level in AMI samples. Zhang et al. recently found that
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Figure 3: Continued.
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Figure 3: Predictive power and expression ratios between two candidate serum miRNAs in the healthy controls and acute myocardial
infarction (AMI) patients. (a) ROC analysis using expression ratios between two miRNAs (control 𝑁 = 31, AMI 𝑁 = 31 patients). (b)
Expression ratios of miRNA combinations in AMI and control samples. Data are presented as mean ± SD. 𝑃 values were calculated using the
𝑡-test.
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miR-26 is significantly reduced in a rat cardiac hypertrophy
model and may regulate physiological structural changes of
rat hearts by targeting glycogen synthase kinase 3 𝛽 (GSK3𝛽)
[65]. The authors suggested that overexpression of miR-26 or
suppression of GSK3𝛽may represent a promising therapeutic
strategy. Although no previous study has linked miR-191 to
cardiovascular functions, the expression ratio between miR-
191 and miR-486 may serve as a potential serum biomarker
for AMI patients in our study.

Themajor limitation of the current study is that we could
not record the exact onset time of STEMI in our patients. A
difference in AMI onset could contribute to the variation of
serummiRNA levels among these patients.However, our data
are mostly compatible with the previous AMI studies [1, 6, 19,
23, 24].

5. Conclusion

In conclusion, we found that the serum level of five miRNAs,
including miR-486-3p, miR-191-5p, miR-126-3p, miR-26a-
5p, and miR-150-3p, were significantly different in the AMI
patients compared to the healthy controls. ROC analysis
using the expression ratio of miR-486-3p and miR-191-5p
showed an area under the serum concentration time curve
of 0.867. Our findings implicate that serum miRNAs may be
used as potential diagnostic biomarkers for STEMI.
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Computational techniques, and in particular molecular dynamics (MD) simulations, have been successfully used as a comple-
mentary technique to predict and analyse the structural behaviour of nucleic acids, including peptide nucleic acid- (PNA-) RNA
hybrids. This study shows that a 7-base long PNA complementary to the seed region of miR-509-3p, one of the miRNAs involved
in the posttranscriptional regulation of the CFTR disease-gene of Cystic Fibrosis, and bearing suitable functionalization at its N-
and C-ends aimed at improving its resistance to nucleases and cellular uptake, is able to revert the expression of the luciferase gene
containing the 3󸀠UTR of the gene in A549 human lung cancer cells, in agreement with theMD results that pointed at the formation
of a stable RNA/PNA heteroduplex notwithstanding the short sequence of the latter. The here reported results widen the interest
towards the use of small PNAs as effective anti-miRNA agents.

1. Introduction

In the last twelve years a new group of endogenous, small,
noncoding fragments of RNA, 18–25 nucleotides in length,
named microRNAs (miRNAs) emerged for its ability to
suppress the gene expression at posttranscriptional level [1,
2]. To date more than 1,400 miRNAs have been identified.
MicroRNAs regulate the gene expression by annealing with
the complementary mRNAs, thus preventing their transla-
tion or inducing their degradation [3, 4]. Although miRNAs
usually recognize the 3󸀠UTR many of them are capable of
binding the 5󸀠UTR or even coding regions of target mRNAs.
Due to the small number of constituting nucleobases, each
miRNA can recognize one or many mRNAs and each mRNA
can be the target of many miRNAs. The result of this

network of interactions is the coregulatory role of miRNAs
on the translation/degradation of one or more mRNAs [5].
Despite the potential occurrence of off-target effects, it is
emerging that the modulation of specific miRNAs represents
a new approach to achieve the control of gene expression.
Potential applications of miRNA inhibitors (antimiR) range
fromdiagnostics to regulation of important proteins involved
in numerous cancers [6]. A number of human diseases
have been associated with a deregulation of specific miRNAs
[7–12]. Among these is the genetic disease Cystic Fibrosis
(CF). CF is the most common lethal genetic disorder among
Caucasians with one in every 3,000 newborns affected. CF is
due to mutations in the CFTR gene encoding the CFTR chlo-
ride channel expressed by most epithelial cells [13]. The CF
phenotype typically includes the altered sweat test, pancreatic
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insufficiency, and pulmonary infections that gradually lead to
respiratory insufficiency. To date more than 1,900 mutations
of CF gene have been described, and a set of miRNAs
inhibiting the CFTR expression at the posttranscriptional
level has been described [14]. Furthermore, our group has
shown that mutations in the 3󸀠UTR of the CFTR gene may
have a pathogenic effect by enhancing the affinity for themiR-
509-3p miRNA [15].

The approaches to downregulate a specific miRNA essen-
tially use oligonucleotide (ON) analogues which being com-
plementary to miRNAs are able to reduce or inhibit their
activity. For this purpose a number of ribose modified ONs,
usually bearing a phosphorothioate backbone, have recently
been used. Interesting results have been obtained by using
2󸀠-O-methyl-ribonucleotides [16, 17] and other 2󸀠-modified
ONs [18, 19]. In addition, locked nucleic acids (LNAs) have
shown interesting activity [20, 21] especially when used in
combination with unmodified DNA monomers. Recently,
several studies have demonstrated that the DNA mimics
named peptide nucleic acids (PNAs) can be effectively used
as anti-miRNA [22–24]. In the PNAs a 2-aminoethyl-glycine
polymer replaces the ribose-phosphate DNA backbone [25].
PNA molecules are resistant to protease and nuclease degra-
dation and recognize with a high affinity complementary
fragments of DNA or RNA [26]. Many studies have been
performed on the binding capability of PNAs and on
the topological way in which they can recognize nucleic
acids in single strand, duplex, or quadruplex arrangements
to form heteroduplex, heterotriplex, and heteroquadruplex
complexes [27–31] or to act as quadruplex ligands, respec-
tively [32, 33].The anti-miRNA activity of a PNA can occur in
the nucleus by targeting the pre-miRNA or in the cytoplasm
by binding the pre-miRNA and/or the mature miRNA [17].
In both cases it is necessary that the PNA can pass through
the cell membrane and also through the nuclear membrane
for the former case. The main drawback in the use of PNAs
as intracellular probes lies in the poor water solubility when
their length exceeds the 12–14 bases. Furthermore, the cellular
uptake behaviour of a PNA is not easily predictable because
it is mostly dependent on the PNA base composition and the
overall lipophilicity. Recent studies report on the feasibility
of a miRNA regulation approach by using unmodified PNAs
and PNAs conjugated with peptides or hydrophilic groups
[34, 35].

PNAs having a poly-lysine tail display increased water
solubility and cellular uptake [23, 24]. In addition, negatively
charged PNAs can be obtained by synthesizing PNA-DNA
hybrid strands or by attaching negative groups to the PNA
monomers [34, 36]. In the last case, cationic lipids can be used
as transfection reagents.

We recently reported that some anionic PNAs, synthe-
sized by our group, are a potential treatment for CF by
targeting the miR-509-3p involved in the regulation of CF
disease-gene expression [37]. In that study we synthesized a
14-base long PNA fully complementary to the 5󸀠-end of miR-
509-3p and carrying a tetrapeptide tail containing two serine
phosphates at its C-terminus and a fluorescein group at its N-
terminus (PNA1, Table 1). We demonstrated, by in vitro stud-
ies onA549 cell lines, that the serine phosphate tail represents

a suitable conjugation to improve both the water solubility
and the cellular uptake of a PNA molecule. Hybridiza-
tion studies on PNA1 in the presence of miR-509-3p,
performed by UV and CD spectroscopies and by elec-
trophoretic mobility shift assay (EMSA), prove that the
anionic peptide tail does not hamper the formation of the
miR-509-3p/PNA1 heteroduplex. Finally, by reverting the
expression of the luciferase gene containing the 3󸀠UTR of the
CFTR gene, we also demonstrated that PNA1 is able to rec-
ognize miR-509-3p in A549 cells. In continuing our studies
on the Cystic Fibrosis and on the control of the related miR-
509-3p miRNA, we decided to test the capability of the short
7-mer PNA2 (Table 1), bearing the same functionalization of
PNA1 and complementary to the seed region of miR-509-3p,
to bind this miRNA. Our interest towards shorter PNA anti-
miRNAswas triggered by the consideration that the synthesis
of longer PNAs (14–16 bases long) is an expensive and not an
easily achievable task, especially when the PNA is conjugated
to peptide tails and/or labelled at both ends. In addition, a
recent study has reported that a very short LNA (8 bases long)
was able to recognize and silence a family of miRNAs with
no off-target effects [38]. Furthermore, experimental and
computational evidence for different types of miRNA target
sites demonstrated that probes with as few as seven base pairs
of complementarity to the 5󸀠-end of miRNAs are sufficient to
confer regulation in vivo and are used in biologically relevant
targets [5, 39]. The synthesis of PNA2 was preceded by a
molecular modelling study aimed at evaluating the structural
behaviour of the goal seven bases long miR-509-3p/PNA2
heteroduplex in comparison with that of the longer miR-
509-3p/PNA1 heteroduplex.The stability and the structure of
the miR-509-3p/PNA2 duplex were evaluated by molecular
modelling and by UV, CD, and EMSA analyses. We here
anticipate that PNA2, notwithstanding its reduced length,
was still able to recognize miR-509-3p in A549 cells where it
reverted the expression of the luciferase gene containing the
3󸀠UTR of the CFTR gene.

2. Materials and Methods

2.1. Synthesis of miR-509-3p and PNAs (Table 1). The
miR-509-3p mimic (2󸀠-OMe modified) was synthesized
and purified by the oligonucleotide synthesis facility at
CEINGE-Biotecnologie Avanzate (Naples, Italy). The 4-
methyl-benzhydrylamine-resin (MBHA resin, 0.4mmol/g),
all Fmoc/Boc protected monomers, and the 2-(2-(flu-
orenylmethoxycarbonylamino)ethoxy) ethoxyacetic (AEEA)
spacer-linkerwere purchased fromLinkTechnologies. Fmoc-
L-Ser(PO(OBzl)OH)-OH building block, 2-(1-H-benzotri-
azol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU), 2-(1-H-7-azabenzotriazole-1-yl)-1,1,3,3-tetramethy-
luronium hexafluorophosphate (HATU), and 1-hydrox-
ybenzotriazole (HOBt) were purchased from Novabiochem.
The following abbreviations are used: trifluoroacetic acid
(TFA), dimethylformamide (DMF), dichloromethane
(DCM), N,N-diisopropylethylamine (DIPEA), N-methyl-
pyrrolidone (NMP), 1,8-diazabicyclo(5,4,0)undec-7-ene
(DBU), and 2-(6-hydroxy-3-oxo-3H-xanthen-9-yl)-5-
isothiocyanate-benzoic acid (FITC).
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Table 1: Structures and sequences of miR-509-3p and PNA1–3. PNA sequences are written from C- to N-terminus.

C O NH-FITC
O

N
H

O

PNAPeptideNH2

miRNA U G A U U G G U A C G U C U G U G G G U A G
PNA1 G-S(P)-S(p)-G-a c t a a c c a t g c a g a Linker-FITC
PNA2 G-S(P)-S(p)-G-a c t a a c c Linker-FITC
PNA3 G-S(P)-S(p)-G-t t t t t t t

PNA2 and PNA3 were synthesized using the Fmoc-
solid-phase strategy. The MBHA resin (50mg, 0.02mmol),
after swelling in DCM (30min) and DMF washings, was
treated with a solution of 20% piperidine (2mL) in DMF
for 10min. After washings in DMF, the resin was reacted
with Fmoc-Gly (5 eq., in NMP 0.25M), HATU (3.6 eq. in
DMF 0.2M), and DIPEA (5 eq.)/lutidine (6 eq.) for 1 h at
room temperature. During the peptide and PNA synthesis
the Fmoc group was removed by a treatment with a 5%
DBU in DMF solution (5min). In the case of Fmoc-Ser
amino acids the basic treatment was prolonged (20min).
Couplings of Fmoc-L-Ser(PO(OBzl)OH)-OH were achieved
using the following conditions: Fmoc-Ser monomer (8 eq.
in NMP 0.4M), HATU (8 eq. in DMF 0.4M), and DIPEA
(8 eq.)/lutidine (12 eq.) for 15 h at room temperature. PNA
monomers and AEEA-COOH linker were reacted using
the following conditions: monomer building block (8 eq.
in NMP 0.4M), HATU (8 eq. in DMF 0.4M), and DIPEA
(8 eq.)/lutidine (12 eq.) for 4 h at room temperature.

For the coupling with the fluorescent group the FITC
monomer (5 eq., 0.2M) was dissolved in DMF/DIPEA
(2.5 : 97.5 v/v) and the solution was added to the resin, which
was gently shaken in the dark for 15 h. The resin was finally
treated with TFA/anisole/ethanedithiol (9 : 0.5 : 0.5; v/v/v) for
3.5 h and the products were precipitated with cold diethyl
ether. The precipitates were recovered by centrifugation and
following two washings with diethyl ether were dissolved in
water and lyophilized. The PNA2 and PNA3 were obtained
with a 48–50% overall yield (94-95% medium yield for each
coupling).

The purifications were performed by HPLC using a RP-
18 column (Merck, RT 250–10 5 𝜇m) eluted with a linear
gradient from 10% to 90% of eluent B in eluent A in
30min. Eluent A: 0.1% TFA in water; eluent B: 0.1% TFA in
acetonitrile. For these purifications the UV/VIS detector was
set at 495 nm corresponding to the maximum of absorption
of FITC. The collected yellow fractions were lyophilized and
stored at −20∘C in the dark.

The structures of PNA2 and PNA3 were confirmed
by MALDI-TOF mass spectrometry on a Bruker Aut-
oflex I instrument using 𝛼-cyano-4-hydroxycinnamic acid,
10mg/mL in acetonitrile-3% aqueous TFA (1 : 1, v/v) as the
matrix.

PNA2m/z calculated 2812, found 2813 [M + H]+.

PNA3m/z calculated 2864, found 2865 [M + H]+.

2.2. Molecular Modelling. The initial structures of the het-
eroduplexes formed by miR-509-3p with PNA1 and PNA2
were built by using the NMR structure of the 6-mer
RNA(GAGUUC)/PNA(GAACTC) heteroduplex (PDB ID =
176D) [43]. Starting from the lowest energy NMR structure,
one nucleotidewas added aligning a duplicate of the reference
structure on the PNA backbone. Once the 7-mer heterodu-
plexwas obtained, the bases weremutated tomatch the PNA2
sequence. Watson-Crick canonical pairs were then refined
using distance restraints on the first seven bases of miR-
509-3p/PNA2 heteroduplex.The same procedure was used to
build the miR-509-3p/PNA1 heteroduplex, starting from the
refined structure of miR509-3P/PNA2 heteroduplex.

The equilibration of the systems and production of
MD simulations were performed using the Amber 12 suite
of programs [44, 45]. The Leap module of Ambertools13
was used to create parameter and topology files for the
MD simulations using the ff99SB force field for RNA and
standard amino acids [44, 45]. For PNAs parameterization
we used the Sanders et al. force field for PNA [46] down-
loaded from the RESP and ESP charge database (R.E.DD.B.
http://q4md-forcefieldtools.org/REDDB Project ID = F93)
[47], whereas the parameters for serine phosphate were taken
from reference [48]. TIP3P water molecules were added with
a minimum spacing of 10.0 Å from the box edges to the
RNA:PNA molecules and Na+ counterions were added to
each system to reach the neutralization of the system.

The geometry of the system was minimized in four steps
as follows: (1) optimization of hydrogen atoms (500 steps
of steepest descent and 4,500 steps of conjugate gradient);
(2) optimization of water molecules and counterions (2,000
steps of steepest descent and 8,000 steps of conjugate gra-
dient); (3) further optimization of hydrogen atoms, water
molecules, and counterions (3,500 steps of steepest descent
and 11,500 steps of conjugate gradient); (4) final optimization
of the whole system (2,500 steps of steepest descent and
8,500 steps of conjugate gradient). Thermalization of the
system was performed in four steps of 60 ps, increasing the
temperature from 10 to 298K. Concomitantly, interstrand
distance restraints were applied to the RNA:PNA heterodu-
plex to preserve all base pairs canonical Watson-Crick bond,
allowing 0.1 Åmovement from the equilibriumbond distance
(either closer or farther). Thus, the force constant applied
during thermalization was set to 32 kcalmol−1 Å−2 and was
gradually reduced in the next step to 10 kcalmol−1 Å−2 and
subsequently decreased by increments of 5 kcalmol−1 Å−2
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in the next stages. Then, an additional step of 250 ps was
performed in order to equilibrate the system density at
constant pressure (1 bar) and temperature (298K). Finally, an
extended trajectory covering was run using a time step of 2 fs.
SHAKEwas used for those bonds containing hydrogen atoms
in conjunctionwith periodic boundary conditions at constant
pressure and temperature, particle mesh Ewald was used for
the treatment of long range electrostatic interactions, and a
cutoff of 9 Å was used for nonbonded interactions.

All production simulations were repeated in triplicate
with random seeding for initial velocities and extended to
20 ns. In order to further assay the stability of the RNA:PNA
heteroduplexes, we extended one run of PNA2 up to 50 ns, for
a total simulation time of 90 ns for PNA2 and 60 ns for PNA1.
The structural features were determined using the Curves+
software package [40], and visualization of trajectories was
performed in VMD [41], while the trajectory analyses were
performed using Ambertools13.

2.3. Preparation of miRNA/PNA Heteroduplexes (Annealing).
The miR-509-3p/PNA heteroduplexes (1 : 1.5 or 1 : 5) were
formed by heating the mixture of the samples dissolved in
100mMKCl, 10mMK

2
HPO
4
, at 90∘C for 5min and slowly

cooling at room temperature for 12 h. The amount of each
PNA sample was estimated by quantitative UV at 80∘C
using the following molar extinction coefficients: PNA1 𝜀 =
149.6mL 𝜇mol−1 cm−1, PNA2 𝜀 = 69.7mL𝜇mol−1 cm−1,
PNA3 𝜀 = 61.6mL 𝜇mol−1 cm−1, and miR-509-3p 𝜀 =
205.0mL 𝜇mol−1 cm−1.

2.4. UV and UV Melting Studies. The UV spectra were
recorded on a Jasco V-530 UV spectrophotometer equipped
with a Peltier-type temperature control system (model PTC-
348WI). Thermal denaturation experiments were carried
out in the temperature range 5–90∘C by monitoring the
absorbance at 260 nm at the heating rate of 0.5∘C/min. The
apparent Tm was estimated from the maximum in the first
derivative of the melting profile.

2.5. CD Studies. CD spectra were recorded with a Jasco
J-715 spectropolarimeter equipped with a Peltier Thermo-
stat Jasco ETC-505T using 0.1 cm path length cuvettes
and calibrated with an aqueous solution of 0.06% d-10-
(1)-camphorsulfonic acid at 290 nm. The molar ellipticity
[Θ] (deg cm2 dmol−1) was calculated from the following
equation: [Θ] = [Θ]obs/10 𝑙 𝐶, where [Θ]obs is the ellipticity
(mdeg), 𝐶 is the oligonucleotide molar concentration, and 𝑙
is the optical path length of the cell (cm). CD measurements
(220–320 nm) were carried out at a scan rate of 100 nm/min
with a 2 nm bandwidth. The concentration of miR-509-
3p/PNA2 andmiR-509-3p was 1.0 × 10−5M.The spectra were
signal-averaged over at least three scans and baseline was
corrected by subtracting the buffer spectrum.

2.6. Cell Line, Construct, and Transfections. A549 human
lung carcinoma cells were purchased from ATCC (Manassas,
USA). Cells were maintained in Dulbecco’s modified Eagle’s
medium (Gibco Invitrogen, USA) with 10% heat inactivated

fetal bovine serum (HyClone, USA) without the addition of
antibiotics. Luciferase construct bearing the 3󸀠UTR of CFTR
gene [15] was used as miR-509-3p sensitive. Transfection of
A549 cells with miRNA-mimics (Qiagen, Germany, EU) or
PNA was performed with Attractene Transfection Reagent
(Qiagen) as previously reported [37]. Briefly, cells seeded
in 96-well plates were cotransfected with the luciferase
reporter constructs and the miR-509-3p mimic. 24 h after,
the cells were transfected with anti-miR-509-3p PNA. The
transfection efficiency (≈ 80%) was assessed by measur-
ing the percentage of fluorescent cells relative to the total
number of cells. The luciferase activity level was measured
24 h after transfection using the Dual-Glo Luciferase Assay
System (Promega Corporation).The relative reporter activity
was obtained by normalization to the Renilla luciferase
activity.

2.7. Electrophoretic Mobility Shift Assay. The miR-509-3p
mimic (2󸀠OMe-modified) was synthesized by the oligonu-
cleotide synthesis facility at CEINGE-Biotecnologie Avanzate
(Naples, Italy). As previously reported [37], the miRNA and
PNA were annealed in 1X NEBuffer 2 (50mMNaCl, 10mM
Tris-HCl, 10mMMgCl

2
, 1 mM DTT, and pH 7.9 at 25∘C) for

2 h at room temperature. All the reactions were loaded into
20% polyacrylamide gels in 0.5X Tris-Borate-EDTA (TBE)
buffer and run at 140V for 3 h. The fluorescence signal was
acquired placing the wet gel directly on the plate of the
Typhoon 8600 scanner.

3. Results and Discussion

With the aim of evaluating the feasibility of our hypothesis of
shortening the PNA1molecule to achieve amore synthetically
affordable PNA targeted against miR-509-3p that preserves
the hybridization properties of the parent PNA1, PNA2
was designed by deleting all the PNA1 bases that were not
complementary to the “seed region” of miR-509-3p (i.e. the
first seven bases at its 5󸀠end, considered the most important
target to achieve the anti-miRNA activity). As previously
done for PNA1 [37], to improve the water solubility and the
cellular uptake of PNA2 we decided to add the negatively
charged tetrapeptide G-S(P)-S(P)-G at the C-end, whereas
the fluorescent AEEA linker-FITC was added at the N-end
to assess the cellular localization of PNA2. Before proceeding
to the in-lab synthesis of PNA2, we estimated the stability and
the conformational features of the goal miR-509-3p/PNA2
heteroduplex by means of computational techniques and
compared the results with those of the correspondent het-
eroduplex formedwith the PNA1. Computational techniques,
and in particular molecular dynamics (MD) simulations,
have been successfully used as complementary technique to
predict and analyse the structural behaviour of nucleic acids,
including PNA-RNA hybrids [46, 49, 50].

3.1. Molecular Dynamics Simulations. The miR-509-
3p/PNA2 and miR-509-3p/PNA1 heteroduplexes were
built starting from the NMR structure of the RNA
(GAGUUC)/PNA(GAACTC) duplex (PDB-ID 176D)
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Figure 1: Root-mean-square deviation in the three MD runs on miR-509-3p/PNA2 (a) and miR-509-3p/PNA1 (b) heteroduplexes.
Superimpositions were made on the MD-averaged structures for each trajectory taking into account the whole structure (blue, orange, and
purple) or only the duplex region (black, red, and green).
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Figure 2: Superimposition of the MD average structures of miR-509-3p/PNA1 complex (a) and of miR-509-3p/PNA2 complex (b). Duplexes
regions are represented in licorice coloured by atom type (carbon in cyan, oxygen in red, nitrogen in blue, phosphate in brown, and hydrogen
in white). The miR-509-3p single strand regions are represented in spheres coloured by MD run (blue, run 1; green, run 2; red, run 3). (c)
RMSD in Å, calculated on phosphates in the duplexes regions, among the average structures of the MD runs.

[43] as described inMaterials andMethods. Each system was
firstly analysed by means of three runs of 20 ns molecular
dynamics in order to better sample the conformational
behaviour of the complexes. Secondly, in order to further
assay the stability of the miR-509-3p/PNA2 duplex, we
extended one run of miR-509-3p/PNA2 up to 50 ns, for a
total simulation time of 90 ns for miR-509-3p/PNA2 and
60 ns for miR-509-3p/PNA1.

The macroscopic properties of the systems, such as
temperature, pressure, volume, density, and energy, were
fairly constant during the whole simulation for both of
the systems (data not shown). As expected, the analysis of

the RMSD in the trajectories of miR-509-3p/PNA2 and miR-
509-3p/PNA1 complexes showed high flexibility of the single
stranded miRNA segment (Figure 1). On the contrary, the
behaviour of the region ofmiR-509-3p hybridized with PNAs
was characterized by low RMSD values and low fluctuations,
thus indicating the presence of a stable secondary structure
(Figure 1).

Moreover, the comparison of the average structures
obtained from each trajectory (Figure 2) revealed the conver-
gence of the trajectories as shown by the low RMSD values in
the duplex region of both complexes with PNA1 and PNA2
(>0.5 Å and >0.9 Å, resp.).
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Table 2: Comparison of backbone torsion angles and helicoidal parameters for average structures of each run after 20 ns MD simulation.
Highlighted in bold are values for structure obtained by averaging all the three runs. Standard deviation is reported in brackets.

(a)

Helicoidal parameters
Duplex name Twist (∘) Roll (∘) Tilt (∘) Inclination (∘) H.Ris (∘) H.Twi (∘) Groove width (Å)
PNA:RNA NMRa 30.1 (4) 4.9 (4.3) 1.0 (3.3) 9.0 (2.7) 2.98 (0.2) 30.6 (4.2) 6.1 (0.5)
PNA:RNA MDb 23.7; 23.2
A-RNAc 32 12 2.8 15.8 3.3 3.8
PNA2 AVG tot 24.5 (1.1) 6.5 (1.6) 1 (0.9) 14.2 (0.6) 2.79 (0.10) 25.3 (1.1) 6.8 (0.6)
PNA1 AVG tot 24.9 (2.8) 5.7 (2.2) 0.9 (1.3) 13 (1.1) 2.77 (0.16) 25.5 (2.9) 6.8 (0.5)

(b)

Torsional PNA angles (in degrees)
N4–C5 C5–C C–N1 C2–C3 C3–N4 N4–C7 𝜒

PNA:RNA NMRa
−84.9 80 105.7 66 −100.1 9.1 50.6

PNA2 −79.9 125.2 78.6 70.4 −103 −2.9 78
PNA1 −81.3 129 131.5 69.5 −103.3 −2.1 78.5

(c)

Torsional RNA angles (in degrees)
𝛼 𝛽 𝛾 𝛿 𝜀 𝜁 𝜒

PNA:RNA NMRa
−68.4 111.75 58.4 78.5 −148.7 −72.5 −104.5

A-RNAc
−52 175 42 79 −146 −75 −157

miR20ad −99.1 162.6 73.1 88.7 −138 −119.4 −147.6
PNA2 AVG tot −84.4 172.8 81.3 79.2 −160.4 −70.3 −159.5
PNA1 AVG tot −88.8 145.8 85.5 81.8 −161.1 −70.9 −158.7
aCalculated on the average of the 10 NMR structures of PDB structure 176D; bfrom [40]; cfrom [41]; dfrom [42].

0

0.4

0.1

0.2

0.3

220 320240 260 280 300

Ab
s

Wavelength (nm)

Figure 3: UV spectra of miR-509-3p (dashed line), PNA2 (solid
line), miR-509-3p/PNA2 mixture (1 : 1.5) (dotted line), and the
arithmetical sum (dashed-dotted line).

The analysis of the helicoidal parameters and tor-
sion angles (Table 2) demonstrated that both miRNA/PNA
duplexes could be described as A-type double helix with
few noticeable deviations from the canonical structure. In
particular, the lower step-averaged twist values reported in
Table 2 indicated a slight unwinding of the RNA/PNA helices
with respect to canonical A-RNA structures, in agreement

with what was previously observed in other MD simulations
of RNA/PNA duplexes [43, 49]. The lower roll and tilt values
observed in the MD run pointed at an expansion of the
major groove. Finally, the analysis of torsion angles reported
in Table 2 highlighted the strong similarity between the
two duplexes. Taken together, the MD results indicated that
both heteroduplexes assumed a conformation resembling the
canonical A-type RNA helix rather than the experimentally
determined NMR structure. Moreover, the torsion angles of
RNA segments in miR-509-3p/PNA2 and miR-509-3p/PNA1
duplexes showed values very similar to those adopted by
miR20a in the 4F3T crystal structure [42] suggesting that
PNA2 and PNA1 could easily interact with the AGO-miRNA
complex, not requiring any conformational adaptations. On
the basis of the positive indications coming from the MD
studies, we synthesised the PNA2 molecule and studied its
ability to recognize the 2󸀠-OMemimic of miR-509-3p by CD,
UV, and EMSA studies and evaluated its ability to restore the
expression of the luciferase gene containing the 3󸀠UTR of the
CFTR gene in the presence of miR-509-3p.

3.2. Synthesis of PNA2 and PNA3. PNA2 and PNA3, chosen
as the negative control and bearing the same functionaliza-
tion of PNA2, were synthesized using the standard Fmoc-
solid-phase strategy on the Rink-amide resin following the
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previously reported synthetic approach [37]. The sequences
and the complete structures of PNA2 and PNA3 are shown in
Table 1.

3.3. UV and UV Melting Studies. The miR-509-3p/PNA2
complex, prepared as described in Materials and Methods,
was analysed by UV spectroscopy in the temperature range
of 25–90∘C. The data showed for the miR-509-3p/PNA2
complex a lower value of absorbance than the arithmetic
sum of each component alone (Figure 3), thus evidencing
that heteroduplex stacking interactions between the miRNA
strand and the PNA2 had occurred. The UV melting exper-
iments performed on the miR-509-3p/PNA2 mixture (1 : 1.5
ratio) showed a sigmoidal profile, which was indicative for
the heteroduplex/single strands transition (Figure 4).The cal-
culated apparent melting temperature of the miRNA/PNA2
heteroduplex was 40∘C. The UV melting profile of the
sole PNA2 did not show any significant variation in the
A
260

value in 10–70∘C (data not shown), whereas, the UV
melting of the sole miR-509-3p, in the same experimental
conditions, showed a sigmoidal profile with an apparent
melting temperature of 26∘C, which could be attributed to the
melting of poorly stable secondary structures of the miRNA.
This data suggests that PNA2 is able to form a complex with
miR-509-3p provided with the thermal stability required for
in vivo experiments.

3.4. Circular Dichroism Spectra Analyses. To further con-
firm the formation of the miR-509-3p/PNA2 heteroduplex
complex, circular dichroism (CD) spectra were registered
for the miR-509-3p, PNA2, and their 1 : 1.5 mixture after the
annealing procedure (Figure 5). In particular, the miR-509-
3p/PNA2 mixture showed the typical CD profile of antipar-
allel RNA/PNA heteroduplexes, characterized by maxima at
around 260 and 220 nm and minima at around 235 and
196 nm, thus confirming the capability of the PNA2 to form a
heteroduplex with the miR-509-3p miRNA.

3.5. EMSA Results. The recognition phenomena between
the miR-509-3p and the FITC-labelled PNA2 were also
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Figure 5: CD spectra of miR-509-3p alone (dashed line), PNA2
alone (solid line), and miR-509-3p/PNA2 mixture (1 : 1.5) (dotted
line).

studied by electrophoretic mobility shift assay (Figure 6(a)).
To allow the visualization of miR-509-3p alone, the gel was
also visualized after the EtBr staining (Figure 6(b)). The
superimposition of FITC and EtBr stained gels is shown
in Figure 6(c). The electrophoretic mobility of PNA2 alone
(lanes 1) was slower than that of miR-509-3p alone (lane
2). When miR-509-3p and PNA2 were mixed in the molar
ratios of 1 : 1.5 and 1 : 5 (lanes 3 and 4, resp.) we observed
the appearance of a new band, corresponding to the miR-
509-3p/PNA2 complex, which was upshifted relative to the
bands of the two components alone. The formation of the
miR-509-3p/PNA2 complex was further confirmed by the
disappearance of the band of the free miR-509-3p in the
miRNA/PNA2 1 : 5 complex (lane 4, Figures 6(b) and 6(c)).
The EMSA data further corroborated the CD evidence about
the ability of PNA2 to form a stable complex in the presence
of miR-509-3p miRNA.

3.6. Biological Activity. Once the ability of PNA2 to form a
stable heteroduplex with miR-509-3p was demonstrated, we
examined its potential of being a miR-509-3p inhibitor in a
biological context. For this purpose we tested the ability of
PNA2 to revert the reduction of luciferase activity induced by
the transfection of the 2󸀠-OMemimic of miR-509-3p in A549
cells. As shown in Figure 7 the transfection of PNA2, but not
of PNA3, was able to rescue the luciferase activity in a dose-
dependent manner. In this experiment A549 cells were first
transfected with the pLuc-CFTR-3󸀠UTR plasmid (a reporter
luciferase construct sensitive to themiR-509-3pmimic action
due to the presence of the 3󸀠UTR of the CFTR gene) and
with miR-509-3p miRNA. As expected, the transfection of
the miR-509-3p reduced the luciferase activity down to 40%.
The luciferase activitywas rescued after the transfection of the
PNA2 in a dose-depended manner. In these experiments the
commercially available Attractene cationic lipid transfection
reagent was used. The fluorescent microscopy image of the
A549 cells taken 24 h after the transfection with PNA2
(Figure 8) confirmed the PNA2 uptake by the cells.
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Figure 6: EMSA of PNA2 alone (lanes 1), miR-509-3p alone (lanes 2), miR-509-3p/PNA2 1 : 1.5 (lanes 3), and miR-509-3p/PNA2 1 : 5 (lanes
4) visualized by FITC (a) or EtBr (b) staining. The superimposition of FITC and EtBr stained gels is shown in (c).
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4. Conclusions

Previously, we showed that the activity of the miR-509-3p
miRNA, one of miRNAs involved in the posttranscriptional

Figure 8: Representative uptake of FITC-labelled PNA2 by A549
cells.

regulation ofCFTRgene ofCF andCF-RD, could be inhibited
through the use of the 14-mer PNA1 fully complementary
to the first fourteen bases of miR-509-3p [37]. With this
study, we demonstrate that the activity of miR-509-3p can
be inhibited even with the use of a PNA as short as seven
bases long targeting exclusively the seed region of themiRNA.
This finding, probably due to the higher affinity of PNAs
over RNAs towards the complementary RNA strand, further
widens the interest towards the use of peptide nucleic acids
as effective anti-miRNA agents, considering the number
of advantages in terms of cost and time saving in the
synthesis of the PNAs or for what attains their cellular
uptake.
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The RNA chaperone Hfq in bacteria stabilizes sRNAs by protecting them from the attack of ribonucleases. Upon release from Hfq,
sRNAs are preferably degraded by PNPase. PNPase usually forms multienzyme ribonucleolytic complexes with endoribonuclease
E and/or RNA helicase RhlB to facilitate the degradation of the structured RNA. However, whether PNPase activity on Hfq-free
sRNAs is associated with the assembly of RNase E or RhlB has yet to be determined. Here we examined the roles of the main
endoribonucleases, exoribonucleases, and ancillary RNA-modifying enzymes in the degradation of Y. pestis RyhB in the absence
of Hfq. Expectedly, the transcript levels of both RyhB1 and RyhB2 increase only after inactivating PNPase, which confirms the
importance of PNPase in sRNA degradation. By contrast, the signal of RyhB becomes barely perceptible after inactivating of RNase
III, whichmay be explained by the increase in PNPase levels resulting from the exemption of pnpmRNA fromRNase III processing.
No significant changes are observed in RyhB stability after deletion of either the PNPase-binding domain of RNase E or rhlB.
Therefore, PNPase acts as a major enzyme of RyhB degradation independent of PNPase-containing RNase E and RhlB assembly in
the absence of Hfq.

1. Introduction

Small regulatory RNAs (sRNAs) function as posttranscrip-
tional regulators by altering translation or stability of the
target mRNA, which increases their applicability in different
physiological processes in bacteria [1]. The RNA chaperone
Hfq is hypothesized to facilitate the access of sRNAs to their
mRNA targets and stabilize sRNAs by protecting them from
the attack of RNase E [2]. Given that the increasing amount
of available information on sRNA-induced mRNA decay is
accumulating [3–6], the sRNA degradation processes and
RNases that catalyze such activities must be investigated.
The multienzyme assembly of RNA degradosome is impor-
tant for mRNA decay and processing in Escherichia coli.
RNase E and polynucleotide phosphorylase (PNPase) are two
major components of the RNA degradation process [7, 8].
RNase E is also responsible for the rapid degradation of
sRNAs and competes with Hfq in accessing the same RNA

sequences [9–11]. Hfq recruits RNase E by directly interacting
with the RhlB-recognition region, which is hypothesized to
cause the coupled cleavage of mRNA and sRNA [6, 12].
PNPase plays the protective role in the RNase E-dependent
degradation in the presence of Hfq [13, 14]. Recent studies
show that Hfq has a limited access to RNAs under wild-
type conditions considering the dynamic interactions of Hfq
with sRNAs [15–17]. A transient Hfq-free state of sRNAs
may also be observed. A recent study shows that sRNAs are
preferably degraded by the major exoribonuclease PNPase
upon release from Hfq [14]. PNPase usually cooperates
with RNase E in RNA degradation complexes [18]. RNA
helicase RhlB usually facilitates RNA degradation by manip-
ulating RNA structure and remodeling ribonucleoprotein
complexes in the presence or absence of RNase E [19].
However, the relationship between the PNPase activity in
Hfq-free sRNAs and RNA degradation complexes remains
unknown.
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Table 1: Bacterial strains used in this study.

Strains Relevant characteristics Sources or reference
WT Wild-type strain 201 [24]
Δhfq ℎ𝑓𝑞

− [25]
Δhfq::hfq ℎ𝑓𝑞

−::pACYC184-ℎ𝑓𝑞 [25]
Δrnc 𝑟𝑛𝑐

− This study
Δhfq- 𝑟𝑛𝑒

910
ℎ𝑓𝑞

−

𝑟𝑛𝑒

910-1061aa
− This study

Δhfq-rng ℎ𝑓𝑞

−

𝑟𝑛𝑔

− This study
Δhfq-rnc ℎ𝑓𝑞

−

𝑟𝑛𝑐

− This study
Δhfq-pnp ℎ𝑓𝑞

−

𝑝𝑛𝑝

− This study
Δhfq-rnb ℎ𝑓𝑞

−

𝑟𝑛𝑏

− This study
Δhfq-rnr ℎ𝑓𝑞

−

𝑟𝑛𝑟

− This study
Δhfq-pcnB ℎ𝑓𝑞

−

𝑝𝑐𝑛𝐵

− This study
Δhfq-rhlB ℎ𝑓𝑞

−

𝑟ℎ𝑙𝐵

− This study
Δhfq-rnc- 𝑟𝑛𝑒

910
ℎ𝑓𝑞

−

𝑟𝑛𝑐

−
𝑟𝑛𝑒

910-1061aa
− This study

Δhfq-rnc-rng ℎ𝑓𝑞

−

𝑟𝑛𝑐

−
𝑟𝑛𝑔

− This study
Δhfq-rnc-pnp ℎ𝑓𝑞

−

𝑟𝑛𝑐

−
𝑝𝑛𝑝

− This study
Δhfq-rnc-rnb ℎ𝑓𝑞

−

𝑟𝑛𝑐

−
𝑟𝑛𝑏

− This study
Δhfq-rnc-rnr ℎ𝑓𝑞

−

𝑟𝑛𝑐

−
𝑟𝑛𝑟

− This study
Δhfq-rnc-rhlB ℎ𝑓𝑞

−

𝑟𝑛𝑐

−
𝑟ℎ𝑙𝐵

− This study

The well-characterized sRNA RyhB was used as a model
sRNA for this study. RyhB is an Hfq-binding sRNA that
maintains iron homeostasis in bacteria [20, 21]. Besides Hfq,
RyhB also becomes very stable when the overall mRNA
transcription is stalled in E. coli [6]. Two RyhB homologs
possessing the conserved core and rho sequences in E. coli
[20] have also been characterized in S. typhimurium [22].
RyhB1 and RyhB2 are upregulated in the infected lungs of
mice upon intranasal inoculation of Yersinia pestis, which
indicates that they may serve as important functions during
Y. pestis pathogenesis. The stability of RyhB1 and RyhB2
is differentially Hfq-dependent in Y. pestis grown under
nutrient-limiting conditions [23]. This study constructs sin-
gle or combined hfq mutant strains that lack various RNases
or ancillary enzymes and monitors the expression level and
degradation speeds of RyhB to investigate the effect of these
enzymes on the degradation of Hfq-free RyhB.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions. All strains are
derivatives of Y. pestis strain 201, a newly established biovar,
theMicrotus [24]. Table 1 shows the bacterial strains that are
used in this study. Except for the RNase Emutants, all mutant
strains were constructed by replacing the entire gene with
an antibiotic cassette via 𝜆-Red homologous recombination.
RNase E is essential for viability in bacteria, but deleting the
C-terminal half (CTH) of this enzyme is not lethal [26]. The
CTH after the 910th containing putative PNPase-binding site
(1190-1221aa corresponding to 1021-1061aa in E. coli RNase
E) [26] was deleted and designated as 𝑟𝑛𝑒

910
. Bacteria were

grown to midexponential phase (𝐴
620
≈ 1.0) in BHImedium

at 26∘C. Iron depletion was induced by adding 100 𝜇M
2󸀠,2󸀠-dipyridyl (DIP) for 20min. Antibiotics were added

when needed at the following concentrations: 34𝜇g/mL chlo-
ramphenicol, 50𝜇g/mL kanamycin, 100 𝜇g/mL ampicillin,
20𝜇g/mL gentamicin, and 20 𝜇g/mL streptomycin.

2.2. RNA Extraction and Northern Blotting Analysis. Pure
bacterial cultures were mixed with RNAprotect Bacteria
Reagent (Qiagen) to minimize RNA degradation. The total
RNA was then extracted from Y. pestis using TRIzol Reagent
(Invitrogen). Northern blotting analysis was performed by
using a DIG Northern Starter Kit (Roche) according to the
manufacturer’s protocol described by Beckmann et al. [27].
RNA samples (3 𝜇g) were denatured at 70∘C for 5min, sep-
arated on 6% polyacrylamide-7M urea gel, and transferred
onto Hybond N+ membranes (GE) via electroblotting. The
membranes were UV-crosslinked and prehybridized for 1 hr,
and 3󸀠-end DIG-labeled RNA oligonucleotides were added.
The membranes were then hybridized overnight at 68∘C in
a DIG Easy Hyb. RNA was immunologically detected and
scanned according to the instructions. Multiple exposures to
X-ray film were taken to achieve the desired signal strength.

2.3. RNA Half-Life Determination. Bacteria grown to expo-
nential phase were treated with 250 𝜇g/mL rifampicin for
RNA half-life determination. Culture samples were collected
at 0, 5, 10, 20, 30, and 60min and were subject to RNA
extraction and Northern blotting. Films were scanned and
RNA band intensity was measured using Quantity One
software.The intensitieswere plotted andRNAhalf-liveswere
calculated using the slope from each plot.

2.4. Quantitative RT-PCR. Total RNA was isolated from
different Y. pestis strains grown to exponential growth phase
(OD
620
= 1.2) in BHI by using Trizol Reagent (Invitrogen).

DNA contaminants were removed by using DNA-free Kit



BioMed Research International 3

RyhB1

RyhB2

-rnc -rng -pnp -pcnB -rnb

1 2 3 4 5 6 7 8

5S rRNA

-rne910

Δhfq
WT Δhfq

Figure 1: Effects of RNases and an ancillary RNA-modifying enzyme on the transcriptional level of Y. pestis RyhB1 and RyhB2 in the Δℎ𝑓𝑞
background. RyhB1 and RyhB2 were detected by Northern blotting using 5 𝜇g of total RNA extracted from Y. pestis grown to exponential
phase in BHImediumupon treatmentwith 100𝜇MDIP treatment for 20min. 5S rRNAwas used as a negative control. Lanes 1–8 representWT
(lane 1), hfqmutant (lane 2), double mutants lacking hfq, and another gene encoding either endoribonucleases (RNase E

910
, RNase G) (lanes

4 and 5), exoribonucleases (RNase III, PNPase, and RNase II) (lanes 3, 6, and 8), or ancillary RNA-modifying enzyme (polyA polymerase)
(lane 7).

RyhB1

RyhB2

-rng -pnp -rnb-rnc

1 2 3 4 5 6 7

WT Δhfq
Δhfq Δhfq-rnc

-rne910

Figure 2: Effects of various ribonucleases on the transcriptional level of RyhB1 and RyhB2 upon inactivation of Hfq and RNase III. RyhB1
and RyhB2 were detected by Northern blotting using 5𝜇g of total RNA extracted from Y. pestis grown to exponential phase in BHI medium
upon treatment with 100 𝜇MDIP treatment for 20min. Lanes 1–7 represent WT (lane 1), hfqmutant (lane 2), hfq-rnc double mutants (lane 3)
and triple mutants lacking hfq, rnc, and another gene encoding RNase E

910
(lane 4), RNase G (lane 5), PNPase (lane 6), or RNase II (lane 7).

(Ambion), and the cDNA was converted by using random
hexamer primers with the Superscript II system (Invitrogen).
Real-time PCR was performed in duplicate for each RNA
preparation by using the LightCycler system (Roche) with an
appropriate dilution of cDNA as a template. Negative controls
without reverse transcriptase enzyme were included in all
experiments. Relative quantitative analysis across different
cDNA templates was performed by using LightCycler 480
software (Bio-Rad) with the 16S rDNA as the normalized
gene.

3. Results and Discussion

3.1. Influence of RNases and Ancillary RNA-Modifying
Enzymes on the Regulation of Hfq-Free RyhB. BHI was
selected as the growth medium for bacterial culture because
somemutants thatwere constructed in this study experienced
a slow growth upon inoculation into TMH medium, which
pose a challenge to our experiments.

The expressions of RyhB1 and RyhB2 were monitored
in multiple hfq mutants that lacked major RNases or ancil-
lary RNA-modifying enzymes to validate the influence of

endoribonucleases, exoribonucleases, and ancillary RNA-
modifying enzymes on RyhB regulation in Y. pestis without
Hfq (Figure 1). The expression levels of RyhB1 and RyhB2
slightly increased (∼1.8-fold) upon the deletion of PNPase,
but no obvious changes were observed in the RNase E
truncate and deletion strains of RNase G (rng), RNase II
(rnb), or polyA polymerase (pcnB). In contrast, RyhB was
rarely detected in the double mutants that lacked Hfq and
RNase III (rnc).

The rne (910-1221aa), rng, pnp, and rnb genes were deleted
from the double deletion mutant that lacked Hfq and RNase
III to determine which RNases account for the degradation
of RyhB1 and RyhB2, respectively (Figure 2). RyhB in the
hfq-rnc-pnp mutant reached a similar amount of that in
the hfq mutant, which indicates that PNPase was the main
contributor in the degradation of Hfq-free RyhB [14].

The degradation of Hfq-free RyhB by PNPase tends to
occur in stationary phase rather than exponential phase in
E. coli [14]. However, the inactivation of PNPase in this study
increased the RyhB levels in Y. pestis grown to exponential
phase. Therefore, PNPase may degrade the Hfq-free RyhB
in different growth-phase-dependent manners in E. coli and
in Y. pestis. However, such discrepancy may also be due
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Figure 3: Expression levels of the pnpmRNA in multiple mutants of Y. pestis by using quantitative PCR. RNA samples were prepared from
various mutants lacking Hfq and other ribonucleases grown to exponential phase in BHI medium.The relative abundance of the pnpmRNA
was accessed by real-time PCR.
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Figure 4: Effects of Hfq and RNase III on the transcriptional level of RyhB1 and RyhB2 in Y. pestis. Total RNAs were extracted from WT,
hfq/rnc single or double mutants, and their complementary strains and then were subject to Northern blotting analysis.

to the different sample timing that was used in these two
experiments. It would be helpful tomake it clear ifmore time-
point samplings are included in these experiments.

3.2.The RNase-III-Inactivation-Induced mRNA Level Increase
of PNPase May Be Partially Responsible for the Degradation of
Hfq-Free RyhB. Few amounts ofmicA could be also detected
in the hfq-rnc double mutant of E. coli [14]. Andrade et
al. explained this phenomenon as an impairment of RNase
III activity that was caused by the decreased duplex in the
absence of Hfq. However, this impairment cannot explain the
obvious difference in RyhB expression between hfq and hfq-
rnc double mutant. RNase III can alter gene expression by
cleaving dsRNA or by binding without cleaving RNA [28].
RNase III has been proved to involve in the autoregulation
of PNPase in E. coli by cleaving the 5󸀠 end of pnp mRNA
[29]. However, the unprocessed pnp mRNA is accumulated
and can be translated into polynucleotide phosphorylase in
E. coli rnc mutant [29]. To determine if the inactivation of
RNase III affected the expression of PNPase, quantitative
PCR was performed to estimate the relative amounts of pnp
mRNA in different mutants (Figure 3). The pnp gene was
upregulated from 1.9- to 3.3-fold in hfq-rnc double and triple
mutants than in the hfq mutant, which further confirmed
that PNPase was the main exoribonuclease responsible for
the degradation of Y. pestis RyhB in the absence of hfq.
The RNase-III-inactivation-induced upregulation of PNPase
could be partially responsible for the decreased expression of

RyhB (Figure 2). However, the effects of RNase III on RyhB
stability could not be determined through other means.

3.3. PNPase Activity on RyhB in the Absence of RNase III Is
Dependent on the State of Hfq Binding. RNase III affects the
stability of the Hfq-dependent sRNA, MicA, in Salmonella
[30]. The expression patterns of single and double mutants
of rnc and hfq were compared via Northern blotting to
examine the effects of RNase III and Hfq inactivation on the
rapid degradation of RyhB. RyhB was rarely detected after
inactivating both RNase III and Hfq. However, the amount
of RyhB could reach modest levels in the rnc and hfq single
mutants as well as in the complementary strains that carried
the corresponding plasmids. Therefore, the PNPase activity
on RyhB in the absence of RNase III depends on the state
of Hfq binding (Figure 4). RyhB was rapidly degraded by the
increased levels of PNPase in the absence of Hfq because of
the RNase III inactivation.

3.4. Rapid Degradation of Hfq-Free RyhB by PNPase Is Inde-
pendent of the PNPase-Containing RNase E or RhlB Assembly.
RyhB1 was rapidly degraded, but RyhB2 retained its stability
in the absence of Y. pestis hfq grown in TMHmedium [23]. In
Y. pestis hfqmutant grown in BHImedium, RyhB1 obtained a
22.8min half-life whereas RyhB2 obtained a 54.3min half-life
(Figure 5). Although the Hfq-dependent stabilities ofY. pestis
RyhB1 and RyhB2 remained different in this study, RyhB1
showed a significantly higher stability in bacterial cells that
were grown in rich media (with 𝑎 > 20min half-life) than
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Figure 5: Effects of various RNases or ancillary RNA-modifying enzymes on RyhB stability in Hfq-lacking Y. pestis. Various mutants grown
to exponential phase were treated with 250 𝜇g/mL of rifampicin. Culture samples were collected at 0, 5, 10, 20, 40, and 60min andwere subject
to RNA extraction and Northern blotting, respectively.

in bacterial cells that were grown in minimal media (with
∼8min half-life). The half-lives of both RyhB1 and RyhB2
exceeded 60min in aWT strain that was grown exponentially
in BHI medium (data not shown), which indicated that the
nutrition conditions would influence the stability of Y. pestis
RyhB in the absence of Hfq.

The half-lives of RyhB in the hfq-pnp double mutant
were investigated to verify the effects of PNPase on the
degradation of Hfq-free RyhB (Figure 5). The stability of
RyhB slightly increased in the hfq-pnp double mutant rather
than in the hfq single mutant, which confirmed the role of
PNPase in the degradation ofHfq-free RyhB.The rnc deletion
mutation produced insignificant effects on the stability of
RyhB with half-lives of 20.2min and 49.3min (Figure 5).
However, the 14min decrease in the half-life of RyhB2 in
the hfq-rne

910
double mutant remains unclear. The half-lives

of RyhB dramatically reduced to 3.8min and 6.5min in
the hfq-rnc double mutant, whereas the deletion of the pnp
gene increased the half-life of RyhB to >30min (Figure 5).
Therefore, the RNase-III-induced PNPase increase might be
responsible for the RyhB degradation in the absence of Hfq,
and the PNPase served as themain enzyme in the degradation
of Hfq-free RyhB.

PNPase usually formsmultienzyme ribonucleolytic com-
plexes with RNase E and/or RNA helicase RhlB during
the degradation of the structured RNA [31, 32]. RNase
E serves as a “scaffolding” protein of RNA degradosome
that contains the binding sites of three major degradosome
components, namely, PNPase, DEAD-box helicase RhlB,
and enolase [8, 33]. RhlB facilitates the formation of single
stranded RNA, which helps PNPase to engage in the 3󸀠 to 5󸀠
exoribonucleolytic degradation of RNA [15]. PNPase directly
interacts with RhlB by forming the transient complex, which
is not dependent on the formation of the degradosome
[34]. Therefore, this study tries to determine if RNase E
degradosome is involved in PNPase activity on Hfq-free
RyhB. Given that the deletion of the rne gene in the encoding
of RNase E is lethal, an rne mutant without PNP-binding
domain was constructed in this study to produce an RNase
E protein that was unassociated with PNPase.

TheNorthern blotting analysis revealed that themutation
of rne and rhlB had 𝑎 > 7min half-life in the hfq-rnc
mutant, but its stability was substantially lower than that
upon PNPase inactivation (Figure 5).Therefore, the PNPase-
containing degradosome or exosome plays minor roles in
Hfq-free RyhB decay, and PNPase might be involved in these
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processes by itself or through other unknown mechanisms.
Therefore, the degradation of Hfq-free sRNAs is far more
complex than what was previously expected. An extended
analysis should be performed to check if these results could
be applied to other sRNAs.
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Correspondence should be addressed to Sandro Cosconati; sandro.cosconati@unina2.it
and Anna Messere; anna.messere@unina2.it

Received 10 December 2013; Accepted 23 January 2014; Published 26 March 2014

Academic Editor: Daniela De Stefano

Copyright © 2014 Maria Gaglione et al.This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The active components of the RNAi are 21 nucleotides long dsRNAs containing a 2 nucleotide overhang at the 3󸀠 end, carrying
5󸀠-phosphate and 3󸀠-hydroxyl groups (siRNAs). Structural analysis revealed that the siRNA is functionally bound at both ends to
RISC. Terminal modifications are considered with interest as the introduction of chemical moieties interferes with the 3󸀠 overhang
recognition by the PAZ domain and the 5󸀠-phosphate recognition by the MID and PIWI domains of RISC. Herein, we report the
synthesis of modified siRNAs containing terminal amide linkages by introducing hydroxyethylglycine PNA (hegPNA) moieties
at 5󸀠, and at 3󸀠 positions and on both terminals. Results of gene silencing studies highlight that some of these modifications are
compatiblewith theRNAimachinery andmarkedly increase the resistance to serum-derived nucleases even after 24 h of incubation.
Molecular docking simulations were attained to give at atomistic level a clearer picture of the effect of the most performing
modifications on the interactions with the human Argonaute 2 PAZ, MID, and PIWI domains. This study adds another piece
to the puzzle of the heterogeneous chemical modifications that can be attained to enhance the silencing efficiency of siRNAs.

1. Introduction

RNA interference (RNAi) has come into the limelight in
the antisense world following the discoveries of Mello and
colleagues [1] that double-stranded RNAs (dsRNAs) can elicit
potent degradation of targetedmRNA sequences inC. elegans
and in mammalian cells [2, 3]. The active components of the
RNAi are small interfering RNAs (siRNAs), 21-22 nucleotides
long dsRNA. These short species are naturally produced by
Dicer-mediated cleavage of larger dsRNAs and they contain
a 2 nucleotide (nt) overhang at the 3󸀠 end, a 5󸀠 phosphate
and a 3󸀠-hydroxyl group [2, 4]. Synthetic siRNAs can also
be introduced into cells in order to experimentally activate
RNAi [2]. siRNA duplexes with 5󸀠-hydroxyl ends are rapidly
phosphorylated in cells by the cellular kinase Clp1 [5], then
the siRNA strand with the thermodynamically less stable 5󸀠
end is preferentially incorporated as the guiding or antisense

strand (AS) in the RNA-induced silencing complex (RISC)
[6], while the passenger or sense strand (SS) of the siRNA
duplex is cleaved by the humanArgonaute 2 protein (hAgo 2)
and liberated from the complex [7]. The selection of the
guide strand is then based on the thermodynamic stability
of the siRNA duplex ends, the strand that is always the one
whose 5󸀠 end is less tightly paired to its complement. When
the siRNA is fully base paired, the local thermodynamic
difference (thermodynamic asymmetry) between the two 5󸀠
ends favors assembly into RISC of the strand with the lower
internal stability at 5󸀠 end.

The Argonaute proteins are, indeed, core components of
RISC and are made up by PAZ, Mid, and PIWI domains.
X-ray structural analysis [8, 9] revealed that the siRNA
is bound at both ends: the 5󸀠 end to the MID domain
with some contributions from the PIWI domain and the 3󸀠
end to the PAZ domain. The seed sequence is located in
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a narrow portion of the RNA binding groove. Endogenous
pre-microRNAs, transcribed by cellular RNA polymerase
II as single-stranded hairpin-loop RNAs, are also cleaved
by Dicer to yield microRNA (miRNA) duplexes. These
molecules are further processed as described for the siRNAs
and incorporated in RISC by association of their guide
strand to hAgo 2. Mature miRNAs play crucial roles in the
regulation of gene expression during development and cell
differentiation [10]. In addition, recent studies indicate that
they are important regulators of virus-host interactions [11,
12].

Given its reliability and ease of use, RNAi has become
the most widely used technology in functional genomics
studies in vitro and in several model organisms. Neverthe-
less, to translate this potential into a broad new family of
therapeutics, it is necessary to optimize the efficacy of the
RNA-based drugs [13]. It might be possible to achieve this
optimization using chemical modifications that improve, just
like for antisense oligonucleotides (ASOs) [14], their in vivo
stability, cellular delivery, biodistribution, pharmacokinetic,
potency, and specificity [15]. In this respect, a rational design
of effective chemically modified siRNA must consider as a
general principle that the two strands of siRNA function dif-
ferently and as practical hint that the nucleotides are different
according to positions and nature. The 3󸀠 and 5󸀠 ends of
siRNAs are critical determinants of their capacity to interfere
with the unwinding of the duplex, of the incorporation of
the siRNA into RISC, and of the rate of target cleavage and
product release. The modifications in the terminal positions
are considered with interest because the introduction of
chemical moieties in these regions interferes with 3󸀠overhang
recognition by the PAZ domain [8, 16] and 5󸀠-phosphate
recognition by the MID domain of RISC [17, 18].

PeptideNucleic Acids (PNAs) are oligonucleotidemimics
in which the sugar-phosphate backbone has been replaced
by a pseudo-peptide backbone [19]. When used in antisense
constructs, PNA confers chemical and enzymatic stability
and high affinity towards complementary DNA and RNA
[19, 20]. Nonetheless, PNA have limited solubility and
tendency to aggregate and are not easily internalized into
cells, whereas oligonucleotide PNA (ON-PNA) chimeras are
molecules with high solubility and increased capacity to
cross biological membranes as compared to canonical PNA.
Chimeric molecules in which tracts of DNA are bound to N
and/or C terminus of PNAhave beenwidely reported [21–31].
Differently fromDNA-PNA chimeras, not many studies have
been conducted on RNA-PNA chimeras. So far, few results
have been reported for the use of RNA-PNA chimeras in
RNAi, even if the advantage of mixing peptide and nucleic
acids bonds has been demonstrated [27, 32–34].

In this paper we describe the synthesis of modified
siRNAs containing terminal amide linkages (Figure 1). RNA-
5󸀠-PNA-OH (siRNA 2–4, Table 1) and RNA-5󸀠-PNA-O-
phosphate (siRNA 8–10, Table 1) were synthesized with the
aim to study the impact of hydroxyethylglycine backbone
(hegPNA) on silencing activity.The effect of hegPNA on both
5󸀠 and 3󸀠 ends of the siRNAs was also investigated by synthe-
sizing PNA-3󸀠-RNA-5󸀠-PNA-OH (siRNA 5–7, Table 1) and
PNA-3󸀠-RNA-5󸀠-PNA-O-phosphate (siRNA 11–13, Table 1).

Modified siRNAs containing hegPNA at 5󸀠 and at 3󸀠,5󸀠 ends
were then compared with chimeric 3󸀠-PNA-OH siRNAs
(siRNA 17–19, Table 1). At last, we introduced a new modifi-
cation into siRNA consisting of a hegPNAmonomer inserted
at 5󸀠 end of RNA domain by phosphodiester linkage and
having at the C-terminus a methylamide function (herein
referred as “5󸀠-capped” siRNAs, 14–16 in Table 1).The biosta-
bility of 2–19 was investigated through incubation in 100%
fetal bovine serum (FBS), revealing that PNA moieties on
both strands of the siRNAmarkedly increase the resistance to
serum-derived nucleases. Gene silencing studies performed
inHeLa cells highlighted that the amide linkage is compatible
with the RNAi machinery when placed at 3󸀠 end of siRNA,
in some cases improving its performances. On the other
hand, amide linkage dramatically decreased the interference
activity when located at 5󸀠 or at both 3󸀠 and 5󸀠 regions of
siRNAs. Interestingly, “5󸀠-capped” siRNAs partially restored
the interfering effect. Finally, molecular docking simulations
were engaged to give a picture of the interactions of the most
performing modifications with the hAgo 2 protein.

2. Materials and Methods

2.1. Materials and Apparatus. SynBase CPG solid supports
loading 0.040 and 0.10meq g−1, 2󸀠-OTBDMS-RNA phos-
phoramidite, PNA monomers, and standard RNA-synthesis
reagents (Acetonitrile external wash (wash A), Amidite dilu-
ent, Activator solution, Cap A, Cap B, Acetonitrile wash B,
Oxidizer were purchased from Link Technologies (Lanark-
shire, Scotland). Standard PNA-synthesis reagents (PyBop
activator, HOBT, Base solution, Cap solution, Piperidine,
Deblock solution, DMF, wash B) were from Novabiochem.
DMF external wash (wash A, 0.01%H

2
O) was from LabScan.

All other reagents and solvents were from Sigma-Aldrich.
Solid phase synthesis was performed on an ABI Expedite
8909 oligo synthesizer using standard and modified proto-
cols. HPLC chromatographic analyses and purifications were
performed on Nucleogel SAX (Macherey-Nagel, 1000-8/46)
and RP-18 (Waters, C-18, 3.9 × 300mm) columns using a
Waters 600 Controller, equipped with the diode array detec-
tor Waters 996 and with Millennium software. For column
chromatography, silica gel 60 (0.040–0.063mm) fromMerck
was used. Centrifugations were performed on a Z 200 A
Hermle centrifuge. Samples were lyophilized by FD4 Freeze
Dryer (Heto Lab Equipment). All conjugates were analyzed
by MALDI TOF mass spectrometry using a MALDI-TOF
micro MX (Waters Co., Manchester, UK), equipped with a
pulsed nitrogen laser (𝜆 = 337 nm). All measurements were
performed using the negative detection mode. All spectra
were processed and analyzed using theMassLynx 4.1 software
(Waters, Milford, MA USA). LC ESI-MS analyses were
performed on a MSQ mass spectrometer (ThermoElectron,
Milan, Italy) equipped with an ESI source operating at 3 kV
needle voltage (T = 320∘C) and with a complete Surveyor
HPLC system, comprising aMS pump, an autosampler, and a
PDA detector. All buffers were prepared from highly purified
Milli Q water and made RNase-free by treatment with DEPC
(diethylpirocarbonate) (Sigma Aldrich). UV measurements
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Figure 1: Structure of the RNA oligomers forming modified siRNAs 2–19.

and melting curves of duplexes (1.0 𝜇M) were acquired on
a Jasco V-550 spectrophotometer equipped with a Jasco
ETC-505T Peltier temperature programmer using a 1 cm
path-length quartz cell (Hellma). The concentrations were
estimated spectrophotometrically at 90∘Cusing the following
additive molar extinction coefficient 𝜀260(L cm−1mol−1), T =
8800, A = 15400, C = 7200, G = 11500, and U = 9900 for the

natural nucleobases and t = 8600 for the PNA monomers.
Oligomers were suspended in RNase-free annealing buffer
(100mM potassium acetate, 30mM Hepes-KOH, pH = 7.4,
and 2mM magnesium acetate) and equimolar ratios of the
sense and antisense strands were annealed to form the
duplexes to a final concentration of 25𝜇M by incubation at
90∘C for 1min and gradually cooling to room temperature.
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Table 1

siRNA sequence siRNAs Tm ∘C Δ

a AS 3󸀠TTGCAUGCGCCUUAUGAAGCU5󸀠 siRNA 1 wt 76 —
b SS 5󸀠CGUACGCGGAAUACUUCGATT3󸀠

C 3󸀠TTGCAUGCGCCUUAUGAAGCTNHCOtOH5󸀠 siRNA 2 65 −11
b 5󸀠CGUACGCGGAAUACUUCGATT3󸀠

a 3󸀠TTGCAUGCGCCUUAUGAAGCU5󸀠 siRNA 3 65 −11
D 5

󸀠OHtCONHTCGUACGCGGAAUACUUCGATT3󸀠

C 3󸀠TTGCAUGCGCCUUAUGAAGCTNHCOtOH5󸀠 siRNA 4 65 −11
D 5

󸀠OHtCONHTCGUACGCGGAAUACUUCGATT3󸀠

E 3󸀠ttGCAUGCGCCUUAUGAAGCTNHCOtOH5󸀠 siRNA 5 66 −10
b 5󸀠CGUACGCGGAAUACUUCGATT3󸀠

a 3󸀠TTGCAUGCGCCUUAUGAAGCU5󸀠 siRNA 6 66 −10
F 5

󸀠OHtCONHTCGUACGCGGAAUACUUCGAtt3󸀠

E 3󸀠ttGCAUGCGCCUUAUGAAGCTNHCOtOH5󸀠 siRNA 7 66 −10
F 5

󸀠OHtCONHTCGUACGCGGAAUACUUCGAtt3󸀠

G 3󸀠TTGCAUGCGCCUUAUGAAGCTNHCOtOP5󸀠 siRNA 8 67 −9
b 5󸀠CGUACGCGGAAUACUUCGATT3󸀠

a 3󸀠TTGCAUGCGCCUUAUGAAGCU5󸀠 siRNA 9 66 −10
H 5

󸀠POtCONHTCGUACGCGGAAUACUUCGATT3󸀠

G 3󸀠TTGCAUGCGCCUUAUGAAGCTNHCOtOP5󸀠 siRNA 10 67 −9
H 5

󸀠POtCONHTCGUACGCGGAAUACUUCGATT3󸀠

I 3󸀠ttGCAUGCGCCUUAUGAAGCTNHCOtOP5󸀠 siRNA 11 66 −10
b 5󸀠CGUACGCGGAAUACUUCGATT3󸀠

a 3󸀠TTGCAUGCGCCUUAUGAAGCU5󸀠 siRNA 12 68 −8
L 5

󸀠POtCONHTCGUACGCGGAAUACUUCGAtt3󸀠

I 3󸀠ttGCAUGCGCCUUAUGAAGCTNHCOtOP5󸀠 siRNA 13 66 −10
L 5

󸀠POtCONHTCGUACGCGGAAUACUUCGAtt3󸀠

M 3󸀠TTGCAUGCGCCUUAUGAAGCTtCONHCH35󸀠 siRNA 14 70 −6
b 5󸀠CGUACGCGGAAUACUUCGATT3󸀠

a 3󸀠TTGCAUGCGCCUUAUGAAGCU5󸀠 siRNA 15 68 −8
N 5

󸀠CH3NHCOtTCGUACGCGGAAUACUUCGATT3󸀠

M 3󸀠TTGCAUGCGCCUUAUGAAGCTtCONHCH35󸀠 siRNA 16 70 −6
N 5

󸀠CH3HNCOtTCGUACGCGGAAUACUUCGATT3󸀠

O 3󸀠ttGCAUGCGCCUUAUGAAGCU5󸀠 siRNA 17 76 —
b 5󸀠CGUACGCGGAAUACUUCGATT3󸀠

a 3󸀠TTGCAUGCGCCUUAUGAAGCU5󸀠 siRNA 18 76 —
P 5󸀠CGUACGCGGAAUACUUCGAtt3󸀠

O 3󸀠ttGCAUGCGCCUUAUGAAGCU5󸀠 siRNA 19 76 —
P 5󸀠CGUACGCGGAAUACUUCGAtt3󸀠

Melting curves were recorded at 260 nm using a heating rate
of 0.5∘C/min, a slit of 2 nm, and a response of 0.2 s. Tm values
were obtained from the maxima of the first derivatives of
the melting curves. Circular Dichroism spectra of the siRNA
samples (1.0 𝜇M) were recorded at 15∘C using a 1 cm quartz
cell in the Jasco J-815 spectropolarimeter equipped with a
PFD-425S thermal controller unit. 31PNMR spectrum was
recorded at 161.98MHz on a Bruker WM-400 spectrometer
using 85% H

3
PO
4
as external standard.

2.2. General Procedures for RNA Oligomers Synthesis. All
oligomers were synthesized on ABI Expedite 8909 oligo

synthesizer by using standard and modified protocols (1𝜇M
scale), 2󸀠-OTBDMS-RNA phosphoramidite monomers, and
standard RNA synthesis reagents. Unmodified RNAs a and
b were prepared on SynBase CPG solid support (CPG-
OH, loading 0.04meq g−1) (a: calculated mass 6646,1, found
6645.9; b: calculated mass 6669.1, found 6667.8).

The RNA oligomers C and D were synthesized using
last coupling monomer 5󸀠-MMT-amino-T phosphoramidite.
After deprotection (2% DCA in DCM), the 5󸀠-amino group
of oligomer was coupled to 2-(N-(2-((4-methoxyphen-
yl)diphenylmethoxy)ethyl)-2-(5-methyl-2,4-dioxo-3,4-dihy-
dropyrimidin-1(2H)-yl)acetamido) acetic acid (0.2M in
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DMF) [35] by using a solution 0.2M HATUin DMF, 0.2M
DIPEA, and 0.3M lutidine in DMF. The coupling cycle was
carried out by a procedure slightly modified with respect to
the standard PNA synthesis protocols in the steps of washing
and deblocking as described here: (1) washing with 2.5mL of
(ACN/DMF) (1 : 1, v/v); (2) coupling 20 minutes; (3) washing
with 2.5mL of ACN/DMF (1 : 1, v/v); (4) capping with 5% of
acetic anhydride and 6% of 2,6-lutidine in DMF, 2.0mL; (5)
washing with 2.5mL of ACN/DMF (1 : 1, v/v) and 2.5mL of
DMF; (6) deblocking with a solution of dichloroacetic acid
(2%) in ACN; (7) washing with 2.5mL of DMF and 5mL of
ACN (C: calculated mass 6910.2, found 6910.0; D: calculated
mass 7240.4, found 7238.0).

The RNA oligomers E and F were grown on the support
VIII, following the same procedures described for the 5󸀠
terminalmodification of the oligomersC andD (E: calculated
mass 6958.9, found 6957.7; F: calculated mass 7288.1, found
7286.9).

The RNA oligomers G and H were prepared after solid
phase phosphorylation of the oligomers C and D. The
phosphorylation reaction was achieved by using a solution
0.1M of chemical phosphorylation reagent [36] in ACN with
0.3M BTT in ACN.The oxidation was achieved by treatment
with I

2
/H
2
O/Py (G: calculated mass 6990.2, found 6988.9; H:

calculated mass 7320.3, found 7319.1).
The RNA oligomers I and L were synthesized on support

VIII, following the same procedures described for 5󸀠 terminal
couplings and phosphorylation of the oligomers G and H
(I: calculated mass 7038.9, found 7037.7; L: calculated mass
7368.1, found 7366.9).

The RNA oligomersM andN were prepared on standard
SynBase CPG support, by introducing derivative X as last
coupling monomer. The last coupling was carried out on
automated synthesizer with a 0.1M solution of derivative X
in ACN (double coupling) and by using 0.3M BTT in ACN,
as activating solution. All succeeding procedures followed
the standard protocol for RNA synthesis (M: calculated
mass 7004.1, found 7002.8; N: calculated mass 7334.3, found
7333.1).

The RNA oligomers O and P were grown on support
VIII, following the standard protocol for RNA synthesis (O:
calculated mass 6693.8, found 6692.6; P: calculated mass
6716.8, found 6715.0).

2.3. Synthesis of Derivative VI. 572mg of SynBase CPG
solid supports (CPG-OH, high loading 0.10meq g−1) were
functionalized with 297mg (1.0mmol) of Fmoc-Gly-OH
using PyBOP (520mg, 1.0mmol) and HOBT (153mg,
1.0mmol) as activating agents in dry DMF (6mL). The
mixture was kept at r. t. for 16 h under shaking. The
support was filtered and washed with DMF and Et

2
O

and then dried under reduced pressure, thus obtaining
support III (0.089mmol/g, 89% coupling yield). The yield
of incorporation of the glycine residue was calculated by
quantitative UV measurements (301 nm) of the fluorene
derivative released by piperidine/DMF (1 : 4, v/v) treatment
of weighed amounts of support. Gly-linking support was
washed with pyridine and then treated with acetic anhydride

in pyridine (6.0mL, 2 : 3, v/v, 1 h, r.t.) to block the unreacted
hydroxy groups. After deblocking of amino function of
supported glycine by a solution of piperidine in DMF (20%),
2-(N-(2-((4-methoxyphenyl)diphenylmethoxy)ethyl)-2-(5-
methy-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetami-
do) acetic acid (0.2M in DMF) [35] was coupled by a
solution 0.2M HATUin DMF, 0.2M DIPEA, and 0.3M
lutidine in DMF. The coupling cycle was carried out by
a slightly modified procedure consisting of the following
steps: (1) washing with 2.5mL of (ACN/DMF) (1 : 1, v/v); (2)
coupling 20 minutes; (3) washing with 2.5mL of ACN/DMF
(1 : 1, v/v); (4) capping with 5% of acetic anhydride and
6% of 2,6-lutidine in DMF, 2.0mL; (5) washing with
2.5mL of ACN/DMF (1 : 1, v/v) and 2.5mL of DMF; (6)
deblocking with a solution of dichloroacetic acid (2%) in
DCA; (7) washing with 2.5mL of DMF and 5mL of ACN
(0.089meq g−1, 100% coupling yield). The phosphorylation
reaction was achieved (0.088meq g−1, 99% coupling yield) by
using a solution 0.1M of chemical phosphorylation reagent
in ACNwith 0.3M BTT in ACN.The oxidation was achieved
by treatment with I

2
/H
2
O/Py. After ammonium hydroxide

treatment and purification by C18 Sep-Pak columns eluted
by water/ACN (7 : 3, v : v) derivative VI was isolated and
characterized (ESI-MS: m/z = 940.267 [M-2H++2Na+],
calculated for C

41
H
49
N
6
O
15
P: 896,30; 31P NMR 𝛿: 1.846).

2.4. Functionalization of the CPG Resin: SupportVIII. Fmoc-
Gly-OH (60mg, 0.2mmol), PyBop (104mg, 0.2mmol),
and HOBt (30mg, 0.2mmol) in dry DMF (5.0mL) were
added to CPG-OH resin (500mg, 0.04meq g−1 of hydroxy
groups), previously washed with DMF.The mixture was kept
at r.t. with shaking for 24 h. The support was filtered and
washed with DMF and Et

2
O and then dried under reduced

pressure, thus providing functionalized CPG (0.035mmol/g,
89% coupling yield). The yield of incorporation of the
glycine residue was calculated by quantitative UV measure-
ments (301 nm) of the fluorene derivative released by
piperidine/DMF (1 : 4, v/v) treatment of weighed amounts
of support. Gly-linking support was washed with pyridine
and then treated with acetic anhydride in pyridine (6.0mL,
2 : 3, v/v, 10min, r.t.) to block the unreacted hydroxy
groups. After deblocking of amino function of supported
glycine by a solution of piperidine in DMF (20%), N-
(Thymin-1-ylacetyl)-N-(2-Fmoc-aminoethyl)glycine (53mg,
0.2mmol) was reacted in DMF and in presence of HATU
(76mg, 0.2mmol) and DIPEA (52 𝜇L, 0.3mmol) for
1 h at r.t. with shaking. The coupling yields, measured
as previously described, were 90% (0.031mmol/g). A
capping procedure was carried out, after washing with
DMF, by the addition of acetic anhydride in pyridine
(2 : 3, v/v, 1 h, r.t.). After deblocking of amino function of
supported PNA by a solution of piperidine in DMF (20%),
2-(N-(2-((4-methoxyphenyl)diphenylmethoxy)ethyl)-2-(5-
methyl-2,4-dioxo-3,4-dihydropyrimidin-1(2H)-yl)acetami-
do) acetic acid [35] (0.2M in DMF) was coupled by
a solution 0.2M HATUin DMF, 0.2M DIPEA, and 0.3M
lutidine in DMF. The coupling cycle was carried out by
a slightly modified procedure consisting in the following
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steps: (1) washing with 2.5mL of (ACN/DMF) (1 : 1, v/v); (2)
coupling 20 minutes; (3) washing with 2.5mL of ACN/DMF
(1 : 1, v/v); (4) capping with 5% of acetic anhydride and 6%
of 2,6-lutidine in DMF, 2.0mL; (5) washing with 2.5mL
of ACN/DMF (1 : 1, v/v) and 2.5mL of DMF. The obtained
support VIII resulted in 0.031meq g−1 (100% coupling yield)
as judged by quantitative UV measurements (478 nm) of the
MMT cation released by dichloroacetic acid (2%) in DCM
treatment of weighed amounts of VIII.

2.5. Synthesis of Derivative X. Methyl ester derivative of
hegPNA IX (0.50 g; 1.67mmol) was dissolved in anhy-
drous DCM (15mL). Anhydrous DIEA (0.63mL, 3.69mmol)
and 2-cyanoethyl-N,N-diisopropylphosphoramidochloridite
(0.24mL; 1.10mmol) were added to this solution. After 1 h the
solvent was evaporated in vacuo and the residue dissolved
in EtOAc and washed four times with brine. The organic
phase was dried and evaporated in vacuo. The residue was
purified by column chromatography on silica gel using
DCM/EtOAc/N

3
Et, (49.5 : 49.5 : 1, v : v : v) as the eluent. 0.65 g

(78% yield) of derivative X was obtained (31P-NMR (CDCl
3
)

𝛿: 146.0, 146.7).

2.6. Cell Cultures, Transfections, and Luciferase Assay. HeLa
cells were grown at 37∘C, 5% CO

2
in Dulbecco’s modi-

fied Eagle’s medium supplemented with 10% fetal bovine
serum (FBS) (EuroClone), 100 units mL−1 penicillin, and
100mgmL−1 streptomycin (EuroClone). The day before
transfection, cells were trypsinized, diluted in the appropriate
amount of growth medium without antibiotics, and trans-
ferred to 12-well plates (1mL per well) such that they were
80–90% confluent at the time of transfection. Cotransfections
of reporter plasmids (per well 1 𝜇g pGL2-control, encoding
the firefly Photinus pyralis luciferase and 0.05𝜇g phRL-
TK, encoding Renilla reniformis luciferase, Promega) and
10 nM siRNAs were carried out with Lipofectamine2000
(Invitrogen) as described by the manufacturer. Luciferase
activities were monitored 2 days after transfection using
Dual-Luciferase Reporter Assay System (Promega) according
to the manufacturer’s protocol. The firefly luciferase activ-
ity was normalized to the Renilla luciferase activity and
the uninhibited activity (plasmids encoding the luciferases
cotransfected with unrelated siRNA as control) was set to 1.
Data represent mean normalized luciferase activity from at
least three experiments ± s.d.

2.7. Stability of siRNAs in 100% FBS. 7.5 𝜇L of unmodified and
modified siRNAs (20 𝜇M) were incubated with 75𝜇L of FBS
at 37∘C. Aliquots of 22 𝜇L (40 pmoles) were withdrawn at
different time points and immediately frozen. The solutions
were then extracted with phenol and siRNAs were precipi-
tated with ethanol. Samples were subjected to electrophoresis
in 15% polyacrylamide-tris-borate-EDTA (TBE) under non-
denaturing conditions and visualized by ethidium bromide
staining. Equal amounts of siRNAs before serum incubation
were extracted with phenol and loaded as controls. Gel
images were captured byChemiDocXRS (Bio-Rad) andRNA
electrophoretic bands were quantified by Image Lab software

(Bio-Rad). Signal intensity value of the intact siRNA was set
at 1.

2.8. Molecular Docking. The miR-20a/hAgo 2 three-
dimensional structure was downloaded from the Protein
Data Bank (PDB code 4F3T) [9].The co-crystal RNA present
in this structure was used as template for the construction
of the modified siRNAs featuring the modifications at the 5’
and 3’ end (viz. AS, antisense strand, of siRNAs 16 and 17,
resp.,). SiRNA structures were built using the builder in the
Maestro package of Schroedinger Suite 2010 and optimized
using a version of MacroModel also included. The following
parameters of energy minimization were used: OPLS2005
force field was used, water was used as an implicit solvent,
and a maximum of 5000 iterations of the Polak-Ribier
conjugate gradient minimization method was used with a
convergence threshold of 0.01 kJmol−1 Å−1.

The new version of the docking program AutoDock4.2
(AD4) [37, 38], as implemented through the graphical user
interface called AutoDockTools (ADT), was used to dock
these siRNAs. The constructed compounds and the receptor
structure were converted to AD4 format files using ADT
generating automatically all other atom values. Since AD4
has a limit in the number of ligand rotatable bonds only the
PNAs (viz. dTdTa, dTdTb, and dTdTc) were free to rotate.The
docking area was centered around the putative binding site
(PAZ domain for 17 andMID domain for 16). A set of grids of
90 Å × 40 Å × 75 Å with 0.375 Å spacing was calculated
around the docking area for the ligand atom types using
AutoGrid4.2. For each ligand, 700 separate docking calcula-
tions were performed. Each docking calculation consisted of
25 million energy evaluations using the Lamarckian genetic
algorithm local search (GALS) method. The GALS method
evaluates a population of possible docking solutions and
propagates the most successful individuals from each gener-
ation into the subsequent generation of possible solutions. A
low-frequency local search according to the method of Solis
and Wets is applied to docking trials to ensure that the final
solution represents a local minimum. All dockings described
in this paper were performed with a population size of 250,
and 300 rounds of Solis and Wets local search were applied
with a probability of 0.06. A mutation rate of 0.02 and a
crossover rate of 0.8 were used to generate new docking trials
for subsequent generations, and the best individual from
each generation was propagated over the next generation.
The docking results from each of the 700 calculations were
clustered on the basis of root-mean square deviation (rmsd)
(solutions differing by less than 3.0 Å) between the cartesian
coordinates of the atoms and were ranked on the basis of free
energy of binding (ΔGAD4). These lowest energy conforma-
tions were visually inspected for good chemical geometry.
Because AD4 does not perform any structural optimization
and energy minimization of the complexes found, a molecu-
larmechanics/energyminimization (MM/EM) approachwas
applied to refine theAD4 output using the Schroedinger Suite
2010. The computational protocol applied consisted of the
application of 100000 steps of the Polak-Ribiére conjugate
gradients (PRCG) or until the derivative convergence was
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0.05 kJ/mol. All complexes pictures were rendered employing
the UCSF Chimera software [39].

3. Results

3.1. Chemistry

3.1.1. Synthesis of Unmodified siRNA 1 and Modified siR-
NAs 2–4. In the present work our attention was mainly
focused on specific chemical modification at 5󸀠 region of
the antisense and sense strands of siRNAs. In this respect,
we decided to modify an siRNA targeting firefly luciferase
mRNA [2] because of the possibility of testing it by an
automated luciferase assay allowing an easy and accurate
judgment of the gene silencing activity in cultured mam-
malian cells, thus comparing chemically modified siRNAs
to the unmodified one. Unmodified RNA strands a-b in
Table 1 (antisense 5󸀠-UCGAAGUAUUCCGCGUACGTT-3󸀠
and sense 5󸀠-CGUACGCGGAAUACUUCGATT-3󸀠) were
synthesized following DNA/RNA fully automated proto-
cols. The synthesis of the RNA-5󸀠-PNA-OH C-D was car-
ried out on CPG-OH support using commercially avail-
able 2󸀠-O-TBDMS-3󸀠-phosphoramidite ribonucleotides and

5󸀠-MMT-NH-thymidine-3󸀠-O-phosphoramidite. MMT-hy-
droxyethylglycine PNA monomers (MMT-O-PNA) were
synthesized following reported procedures and characterized
by 1H and 13C NMR spectroscopies [35]. The synthesis of
the RNA tract was performed on a RNA synthesizer and
5󸀠-MMT-NH-thymidine-3󸀠-O-phosphoramidite was intro-
duced as last coupling monomer to obtain support I
(Figure 2). In order to incorporate the PNA monomer at
5󸀠 end of RNA sequence (support II, Figure 2), MMT-
hydroxyethylglycine PNAmonomer was coupled using PNA
standard procedure (HATU in DIPEA/DMF).

After deblocking of the hydroxyl function by 2%
DCA/DCM treatment, the oligomers were cleaved from the
support by treatment with NH

4
OH at 50∘C overnight. The

2󸀠-O-TBDMS protecting group was removed by Et
3
N⋅3HF

and the resulting fully deprotected RNA oligomers C and D
(Figure 2) were precipitated from ethanol, purified by anion
exchange and RP-HPLC, and characterized by MALDI-TOF
mass spectrometry. The MS-data confirmed the identity of
the synthesized oligomers. Then, the oligomers a, b, C, and
Dwere combined to form siRNAs 1–4 (Table 1) following the
annealing procedure as described above.
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3.1.2. Synthesis of Modified siRNAs 8–10: Solid Phase
Chemical Phosphorylation. Chemical phosphorylation of the
5󸀠-terminus of oligonucleotides is routinely achieved, with
high yields using the CPR ([3-(4,4󸀠-Dimetoxytrityloxy)-
2,2-(N-methylamidocarbonyl)]-propyl-[(cyanoethyl)-(N,N-
diisopropyl)]phosphoramidite) [36]. This method requires
CPR introduced by coupling with phosphoramidite method.
Aside from its inherent convenience, CPR also has the
advantage over enzymatic methods in allowing immediate
determination of the phosphorylation efficiency due to the
presence of the DMT protecting group. The synthesis of
the RNA-5󸀠-PNA-O-phosphate G-H required a previous
phase to study and optimize the chemical phosphorylation
of hegPNA on solid phase. For this purpose, the chemical
phosphorylation of hegPNA monomer was tested on CPG-
OH support. The solid supports were functionalized with a
Fmoc-Gly-OH as spacer using PyBop/HOBT as activating
agents. The yield of glycine introduction, evaluated by
spectrophotometric measurements of fluorene derivative,
was 0.035meq/g. CPG-Gly derivatized support was therefore
functionalized with the MMT protected hegPNA monomer
by PNA coupling procedure (HATU/DIPEA in DMF).
After MMT removal, the OH function was chemically
phosphorylated by using commercially available CPR. The
CPG support gave good results in the phosphorylation
reaction. In fact, the yields of phosphorylation on CPG
support resulted 99% as calculated by the spectrophotometric
measurements of DMT cation released after deprotection

of phosphate in DCA/DCM. After basic treatment for
deprotection and detachment from support, PNA-O-
phosphate derivative VI (Figure 3) was purified by RP-C18
cartridge and characterized by 31PNMR and ESI-MS. On the
basis of these results, CPG support was chosen to synthesize
RNA-5󸀠-PNA-O-phosphate G-H (Figure 2). The identity
of full-length oligomers was confirmed by MALDI-TOF
analysis. The oligomers a, b, G, and H (Figure 2) were
combined to form siRNAs 8–10 (Table 1) following the
annealing procedure as described above.

3.1.3. Synthesis of Modified siRNAs 5–7, 11–13, and 17–19.
Modified 3󸀠,5󸀠-PNA siRNAs were synthesized in order to
study the effect of PNA on both 5󸀠 and 3󸀠 ends of siRNAs
sense and antisense strands. The support VIII (Figure 4)
was synthesized starting from CPG-OH support VII by
reaction with Fmoc-amino and MMT-hydroxyethylglycine
PNAs following procedures reported elsewhere [27]. After
deprotection of OH function, the synthesis of RNA tract
was performed using commercially available 2󸀠-O-TBDMS-
3󸀠-O-phosphoramidite ribonucleotides on oligo synthesizer
affording oligomers O-P (Table 1). To obtain the oligomers
E-F and I-L (Table 1), the last couplings were done with 5󸀠-
MMT-NH-thymidine-3󸀠-O-phosphoramidite and MMT-O-
PNAmonomer as described forC-D andG-H. Deprotection
and cleavage of oligomers from support were carried out as
described above. HPLC purification and MS-data confirmed
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the identities of chimeras E-F, I-L, and O-P. The siRNAs 5–
7, 11–13, and 17–19 were assembled as described in Table 1
following the annealing procedure as described above.

3.1.4. Synthesis of the siRNAs 14–16. We synthesized a
new set of siRNAs bearing at 5󸀠 end a PNA monomer
linked by phosphodiester bridge and having the C-terminus
as methylamide cap. For this purpose, phosphoramidite
PNA building block X (Figure 5) was prepared by reac-
tion of methyl ester derivative of hegPNA IX with 2-
cianoethyl-N,N-diisopropylchlorophosphoramidite in dry
DIPEA/DCM. After LC purification and 31P NMR charac-
terization, the PNA phosphoramidite derivative X was used
as last coupling monomer to obtain the precursor of the
oligomersM-N.

Methylamine treatment (33% in absolute ethanol) accom-
plished the deprotection and detachment of the oligomers

from the support as methylamide derivatives. Desilyla-
tion gave the RNA-5󸀠-O-PNA-CONHCH

3
oligomers M-

N (Table 1) that after purification and characterization by
MALDI-TOF MS were combined with a-b to give the siR-
NAs 14–16 (Table 1) following the annealing procedure as
described above.

3.2. Circular Dichroism Characterization of Native and Modi-
fied siRNAs. Although the conformational features alone do
not warrant an interfering activity, a double-helical RNA-
like A conformation is required for effective gene silencing.
Indeed, the modified siRNAs 2–19 were all found to retain
an RNA-like A conformation exhibiting CD spectra similar
to those of the unmodified siRNA 1 with a typical positive
shoulder at 280 nm and a large positive band at 260 nm.
This behavior suggested that terminal amide linkages at 3󸀠
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Figure 6: RNAi activity of native and modified siRNAs toward
luciferase gene expression in HeLa cells. Small interfering RNAs
were transfected at 10 nM concentration and luciferase activities
were determined after 48 h. The firefly luciferase activity (Luc) was
then normalized to that of Renilla luciferase (Rl) and the uninhibited
activity of cells transfected with an unrelated siRNA (nc) was set to
1. Data are the mean ± s.d. from at least three experiments.
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Figure 7: Stability of natural and modified siRNAs in 100% fetal
bovine serum at 37∘C. After incubation, siRNAs were analyzed by
PAGE and ethidium bromide staining. Gel images were captured by
ChemiDocXRS (Bio-Rad) andRNAbandswere quantified by Image
Lab software (Bio-Rad). Signal intensity values at t0 were set at 1.

and/or 5󸀠 ends do not interfere with the typical A confor-
mation of dsRNA. Thermal stability of the siRNAs 2–19 was
also considered by thermal denaturation CD experiments
highlighting a general thermodynamic destabilization for all
modified duplexes. In fact, melting temperatures lower than
that of siRNA 1 (76∘C) were recorded in all cases suggesting
that the presence of the terminal amide linkages caused a
limited destabilization of the secondary structure, as inferred
from CD-melting values (Table 1).

3.3. Compatibility of Modified siRNAs with the RNAi Machin-
ery. To verify the compatibility of modified siRNAs contain-
ing amide linkages with the cellular RNAimachinery, siRNAs
2–19 were evaluated for their ability to specifically inhibit
firefly luciferase gene expression in cultured HeLa cells.

siRNAduplexes were cotransfectedwith the reporter plasmid
combination pGL2/phRL-TKusing cationic liposomes. pGL2
is transcribed into the Photinus pyralis luciferase mRNA,
targeted by the siRNA, whereas phRL-TK encodes the Renilla
reniformis luciferase, used as control to normalize the data
with the efficiency of transfection. As shown in Figure 6,
the native siRNA 1 effectively and selectively reduced firefly
luciferase activity by more than 80% compared to an unre-
lated siRNA (nc).

We then confirmed that the introduction of PNAmodifi-
cation at the 3󸀠end in either or both strands does not show any
loss of interfering effect, because all the modified duplexes
(siRNAs 17–19) were as efficient as the siRNA 1. On the
other hand, the presence of the amide linkage dramatically
decreased the interference activity when it was located at
5󸀠 and at both 3󸀠, 5󸀠 regions of siRNAs, demonstrating that
the modification at 5󸀠 end mostly controls the silencing
activity. Interestingly, “5󸀠-capped” siRNAs partially restored
the interfering effect. Therefore, the siRNA 16 appeared to be
more effective than all the other 5󸀠-modified duplexes, while
the siRNA 18 appeared to be more effective than all the other
modified duplexes.

3.4. Serum Stability of Modified siRNAs. Improving the
biostability is also crucial for therapeutic purposes of syn-
thetic siRNAs. Experiments were planned to test whether
the introduction of the amide linkages at 5󸀠 and/or at 3󸀠
ends leads to siRNAs more stable than unmodified ones
in the extracellular environment. Therefore, the nuclease
resistance of 2–19 was investigated through incubation in
100% fetal bovine serum (FBS) at 37∘C using unmodified
siRNA 1 as control (Figure 7). At various incubation times,
aliquots of each siRNA were analyzed by electrophoresis on
15% polyacrylamide gels to detect any degradation products.
The unmodified siRNA 1was greatly degraded within 30min
(Figure 7) as well as almost all siRNAs featuring only one
modified strand (data not shown), except for 9 and 12
that exhibited significant amounts of intact duplex at 6 h
of incubation. Similar results were obtained with siRNAs
16–18. Finally, the introduction of PNA on both strands
markedly increased the resistance to serum-derived nucle-
ases as demonstrated by 19 that showed still evident intact
duplex even after 24 h of incubation.

3.5. Molecular Docking Simulations. Molecular docking sim-
ulations were attained in order to provide a putative model
of the interaction of the newly identified siRNAs with the
human Argonaute 2 (hAgo 2) protein at atomistic level. In
particular, the software AutoDock4.2 (AD4) [37, 38] was
employed to dock the ASs of the siRNAs bearing the most
performing modifications at the 3󸀠 and 5󸀠 ends. In particular,
the chimeric 3󸀠-OH-PNA AS of siRNA 17 (oligomer O)
and the AS of ”5󸀠-capped” siRNA 16 (oligomer M)” were
docked in the recently published structure of hAgo 2 in
complex with miR-20a (PDB code 4F3T) [9]. The modified
siRNAASswere constructed starting from the RNA cocrystal
conformation where each nucleotide was mutated to obtain
the target sequence, while at the 3󸀠 and 5󸀠 terminals the proper
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Figure 8: Stereoview of the predicted binding mode of the 3󸀠-OH-PNA AS of siRNA 17 in the hAgo 2 X-ray structure. For clarity reasons,
the PNA structure is depicted (yellow sticks) while the RNA backbone is shown as an orange transparent ribbon. The protein is depicted as
green sticks (interacting residues) and ribbons and white transparent surface. H-bonds are indicated as yellow dashed lined.

Figure 9: Stereoview of the predicted binding mode of the “5󸀠-capped” AS of siRNA 16 in the hAgo 2 X-ray structure. For clarity reasons,
only the PNA structure is depicted (yellow sticks) while the RNA backbone is shown as an orange transparent ribbon.The protein is depicted
as green sticks (interacting residues) and ribbons and white transparent surface. H-bonds are indicated as yellow dashed lined.

modifications were attained. These latter groups were free
to move during the docking simulations. For both docking
calculations only the lowest energy conformations (ΔGAD4)
were considered and analyzed.

In the theoretical complex between the AS of siRNA
17 and hAgo 2 the modified RNA adopted a conformation
similar to that of the cocrystal RNAwith the 3󸀠 end contacting
the protein PAZ domain. In this position, the terminal PNA
residues are embedded in a wide gorge of the aforementioned
protein region establishing several favorable interactions
(Figure 8). In particular the phosphate group linking the PNA
structure to the RNA one is forming an ionic interaction with
R315 while the heg residue is able to project the attached
thymine base to form two H-bonds with R277 and C272.
On the other hand, the second thymine base is pointing
towards the opposite site of the gorge H-bonding with P295
and Q297 backbone CO and NH, respectively. Finally, the
terminal carboxylate group is able to H-bond H316 and Y311
side-chains.

A well-defined binding pose was also found for the “5󸀠-
capped” AS of siRNA 16 where the terminal 5󸀠 is pointing
towards the hAgo 2 middomain (Figure 9). In this position
the phosphate group is H-bonding N551 with the thymine
moiety being optimally oriented to establish a𝜋-𝜋 interaction
with Y529 and an H-bond with T526 backbone CO. More-
over, the terminal methylamide cap can form an additional
H-bond interaction with C546 backbone CO.

4. Discussion

A rational design of effective chemically modified siRNAs
must consider the 3󸀠 and 5󸀠 termini of siRNAs as critical

determinants for the silencing activity because these regions
interact with the binding domains of hAgo 2, that is, the
signature component of the RNAi machinery. In particular,
the selective loading of the guide strand into RISC is essential
for avoiding undesirable side effects, while the release of the 3󸀠
end from the PAZ domain during the cleavage of the mRNA
is crucial to perform RNase activity [40]. In this respect,
experiments on cell cultures have demonstrated that chemical
modifications of siRNAs at 3󸀠 end modulate the silencing
activity, increase the nuclease resistance, and influence the
affinity of the 3󸀠-overhang portion for PAZ [41–44]. Instead,
the phosphorylation of the 5󸀠 end of siRNA is one of the
first steps required for antisense strand selection and for its
function in RISC [45, 46]. The 5󸀠 end of siRNA is tethered
to hAgo 2 through a multitude of interactions to form a
very tight binding pocket composed of residues mostly from
the middomain and capped on one side by PIWI domain
residues [47–50]. All three nonbridging oxygen atoms of the
5󸀠 phosphate interact with several protein side chains and
it has been suggested that the proper interactions between
the 5󸀠-phosphate and hAgo 2 define the position of the RNA
guide with respect to the active site to ensure that cleavage
of targets occurs at a well-defined and predictable position.
In addition, early work on siRNA chemical modifications
suggested the importance of the thermal stability of the
siRNA duplex, as measured by the melting temperature,
Tm, on the gene silencing activity [51–53]. However, there
is no obvious correlation between the overall duplex Tm
and the gene silencing activity of the siRNA. Rather, spe-
cific regions of the siRNA duplex have distinct tolerances
toward stabilization and destabilization, resulting in position-
specific changes of activity upon incorporation of chemical
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modifications that affect thermal stability [54]. Therefore,
the thermodynamic properties of siRNA molecules play a
central role in determining the molecule’s functionality by
facilitating several steps, namely, duplex unwinding, correct
strand selection, reduced unspecific recognition of target, and
mRNA turnover.

SiRNAs 2–7, bearing hegPNA at 5󸀠 end of sense and
antisense strands, did not exhibit any mRNA degradation
activity and it might be postulated that in these siRNAs the
hegPNA inhibits phosphorylation event at the 5󸀠 terminus.
Thus, the absence of the phosphate at 5󸀠 end of guide strand
in the siRNAs 2 and 5 could result in a loss of specificity and
efficiency of target cleavage because the RNA guide might
adopt incorrect positions in the RNA binding groove of hAgo
2. This is similar to previously published results [55] where
unlocked nucleic acid (UNA) modification at positions 1 and
2 of 5󸀠-terminus prevented phosphorylation by Clp1 kinase
abrogating interaction with hAgo 2. Furthermore, it is also
reasonable that in siRNAs 2 and 5, the amide-bond linkage
placed in substitution of the phosphodiester bridge between
the nucleotides 1 and 2 of the 5󸀠 region might derange the
required interactions between the AS strand and hAgo 2.
Modifying siRNAs by introducing hegPNA monomer at the
5󸀠-terminus of the sense strand (siRNAs 3 and 6) resulted
in a loss of silencing activity. This unexpected result could
be explained by the presence of a thermal destabilization
due to the structural complexity induced by the PNA in
the siRNAs 3 and 6, as confirmed by thermal denaturation
studies (Table 1). In this respect, the thermal destabilization
would translate in the SS selection by RISC rather the AS
and this is consistent with the asymmetry rule of siRNAs.
This hypothesis is also confirmed by the observed behavior
of siRNAs 4 and 7 where the introduction of PNA at 5󸀠 end
of both strands resulted again in a loss of silencing activity.
Noteworthy, the presence of PNA also at 3󸀠 end (siRNAs 5–
7) had no improvement on the silencing activity, although
the analysis of data resulting from silencing activity of the
siRNAs 17–19 showed that the PNA units into 3󸀠-dangling
region were well tolerated by RNAi machinery. In particular,
the modification of the sense strand of siRNA 18 resulted
in an increased silencing activity probably by inducing the
correct loading of antisense strand by RISC. In this respect,
the theoretical model of the complex between the AS of 17
and the PAZ domain of hAgo 2 would indicate that, in this
siRNA, the 3󸀠-OH-PNA is able to establish several and tight
interactions with the protein counterpart and thus positively
modulating the rates of dislodging and lodging of the AS in
and from the PAZ domain and providing, in turn, a further
determining factor for its efficiency and potency.

In order to assess the impact of the chemical phosphory-
lation of hegPNA at 5󸀠 end on the interfering activity, siRNAs
8–13 were synthesized. As shown in Figure 5, siRNAs 8 and
11 containing a PNA-phosphate at the 5󸀠 end of antisense
strand were less potent than unmodified siRNA, reproducing
the same results obtained for siRNAs 2 and 5. In addition to
the lack of the proper AS/hAgo 2 interactions ascribable to
the presence of the internucleotidic amide-bond linkage, the
low silencing potential may be also caused by the 5󸀠-terminal

phosphate instability. In principle, the 5󸀠-phosphate could be
removed in the cellular environment and the 5󸀠 terminal heg
PNA could not be rephosphorylated by cellular kinase Clp1
as already suggested from the behavior of the siRNAs 2–7.
Furthermore, siRNAs 9 and 12 resulted in being significantly
more active than siRNAs 8 and 11.The only partial restoring
of the silencing activity of 9 and 12 may be rationalized
considering that both the modified SS (no silencing) and the
unmodified AS (silencing) occur.

Finally, we synthesized novel modified siRNAs bearing
an hegPNA monomer inserted at 5󸀠 end of RNA domain
by phosphodiester linkage and having at the C-terminus a
methylamide function (siRNA 14–16, Table 1). Interestingly,
improved silencing performances were observed for siR-
NAs 14 and 16 in whichwe supposethat the modified ASis
selectively loaded on RISC due to the thermal asymmetry
conferred by methylamide PNA at 5󸀠 end. In fact, siRNA 15
was not effective, probably, since the modified sense strand
is preferentially selected. The “5󸀠-capped” siRNAs 14 and 16
partially restored an interfering effect besides methylamide
cap blocks the siRNA versus phosphorylation [56–61]. Also,
the specific interaction detected between the methylamide
and the hAgo 2 middomain would further substantiate a role
of the chemicalmodification in the selective loading of theAS
by the protein. Furthermore, it is worth mentioning that the
presence of phosphodiester linkage between residues 1 and 2
in the 5󸀠 region of the siRNAs 14 and 16 seems to have an
additional role in maintaining the correct binding to direct
mRNA degradation.

5. Conclusions

In summary, we reported the synthesis of modified siRNAs
containing terminal amide linkages by introducing hegPNA
moieties at 5󸀠, 3󸀠, and at both termini. It was revealed
that modified siRNAs are only compatible with the RNAi
machinery when amide bonds are introduced at 3󸀠 end of
the siRNAs. In particular, poor efficacy was observed when
hegPNA or hegPNA phosphate moieties are placed at 5󸀠 ends
because this region plays a crucial role in maintaining the
correct binding to address the mRNA-target degradation.
Further, “5󸀠-capped” siRNAs partially restored the interfering
activity maybe favoring the AS selective loading as well
as the correct binding of the AS by the protein. Besides,
we examined the biostability of the modified siRNAs and
showed the introduction of amide linkages on both strands of
siRNAs markedly increased the resistance to serum-derived
nucleases. Molecular docking simulations were attained to
give at atomistic level a clearer picture of the effect of themost
interesting modifications on the interactions with the human
Argonaute 2 PAZ, MID, and PIWI domains. In conclusion,
this report appends further on the understanding of the
effects of chemical modifications and of their location in
siRNA structure on the silencing properties and sensitivity to
the degradation by ribonucleases and thus opens to the future
possibility to exploit these chemicalmodifications in studying
new structure-function relationships.
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The following abbreviations are used throughout the test.

Abbreviations

BTT: 5-Benzylthio-1H-tetrazole
CD: Circular dichroism
CPG: Controlled pore glass
CPR: Chemical phosphorylation reagent
DCM: Dichloromethane
DCA: dichloroacetic acid
DEPC: Diethylpirocarbonate
DMF: N,N-Dimethylformamide
DMT: Dimethoxytrityl [bis(4-methoxyphenyl)

(phenyl)methyl]
ESI: Electrospray ionization
FBS: Fetal bovine serum
Fmoc: 9-Fluorenylmethoxycarbonyl
HOBT: N-Hydroxybenzotriazole
HPLC: High performance liquid chromatography
MALDI-TOF: Matrix assisted laser desorption

ionization-time of flight
PyBOP: (Benzotriazol-1-yloxy)

tripyrrolidinophosphonium
hexafluorophosphate

RNAi: RNA interference
RISC: RNA-induced silencing complex
RNase: Ribonuclease
RP-HPLC: Reverse phase HPLC
siRNA: Small interfering RNA
TBDMS: t-Butyldimethylsilyl
Tm: Melting temperature.
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Stable nucleic acid lipid vesicles (SNALPs) encapsulating miR-34a to treat multiple myeloma (MM) were developed. Wild type or
completely 2󸀠-O-methylated (OMet) MiR-34a was used in this study. Moreover, SNALPs were conjugated with transferrin (Tf) in
order to target MM cells overexpressing transferrin receptors (TfRs). The type of miR-34a chemical backbone did not significantly
affect the characteristics of SNALPs in terms of mean size, polydispersity index, and zeta potential, while the encapsulation of
an OMet miR-34a resulted in a significant increase of miRNA encapsulation into the SNALPs. On the other hand, the chemical
conjugation of SNALPs with Tf resulted in a significant decrease of the zeta potential, while size characteristics and miR-34a
encapsulation into SNALPs were not significantly affected. In an experimental model of MM, all the animals treated with SNALPs
encapsulating miR-34a showed a significant inhibition of the tumor growth. However, the use of SNALPs conjugated with Tf and
encapsulating OMet miR-34a resulted in the highest increase of mice survival. These results may represent the proof of concept for
the use of SNALPs encapsulating miR-34a for the treatment of MM.

1. Introduction

MicroRNAs (miRNAs) are noncoding nucleic acids able to
regulate basic biological functions and pathways essential to
tumor development and progression [1]. In the last years, the
development of miRNA-based anticancer therapies received
growing attention. Some miRNAs, such as miR-34a, have a
tumor suppressor activity and their reintroduction into dis-
eased tissues can drive a therapeutic response [2]. The devel-
opment of therapies based on miRNAs, as well as in general
on nucleic acids, is hampered by several drawbacks, including
cost and production of clinical grade material [3], degrada-
tion and inactivation by nucleases in plasma and cells [4],
poor intracellular delivery [5, 6], rapid plasma elimination

[7–9], and renal and dose-limiting hemodynamic toxicities
[10]. For antisense oligonucleotides (ONs), which are furthest
along the clinical development, nuclease sensitivity has been
minimized through chemical modifications to the nucleic
acid backbones and/or sugars [11], while hemodynamic
toxicities have been reduced through the use of repeated,
slow infusions (2 h) or continual infusion protocols up to 21
days [12]. The use of nanovectors for the delivery of nucleic
acids represents a valid and widely investigated approach to
overcome the previously described biopharmaceutical issues
[11, 13]. This will be particularly critical for RNA agents on
whichmodificationswould be increasinglymore complicated
and costly. Conventional and cationic liposomes have been
used extensively to increase the therapeutic index of a variety
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of ONs by changing their pharmacokinetic and pharma-
codynamic characteristics [14–16]. However, the low ONs
encapsulation efficiency (especially for neutral liposomes),
the instability in serum, and the toxicity issues associated
with the use of cationic lipid [13] limited the in vivo use of
cationic liposomes. The use of an ionizable aminolipid into
the lipid vesicles allowed facilitating the encapsulation of
nucleic acids into the vesicle that can subsequently be brought
at physiological pH with consequent increased stability in
serum [17]. These nanocarriers, the so-called stable nucleic
acid lipid vesicles (SNALPs), have shown promising results
to deliver plasmids, antisense oligonucleotides, and small
interfering RNAs (siRNA) in vivo [18–20].

Previously, our group developed SNALPs encapsulating
miR-34a for the treatment of medulloblastoma cells [21]. The
miR-34 is a family of noncoding RNAs directly regulated
by the transcription factor p53 [22–24]. miR-34a activates
the p53 oncosuppressor activity, by inhibiting cell growth,
inducing apoptosis, and causing a senescence-like phenotype
[25]. Several studies have confirmed that themiR-34 family is
required for normal cell responses to DNA damage following
irradiation in vivo.

Multiplemyeloma is a hematologicmalignancy, incurable
in most cases, which needs development of novel therapeutic
strategies [26]. Deregulated expression of miR-34a in MM
patients had been evidenced [27], thus suggesting an interest
for these molecules as antitumor therapeutic agents. In this
light, a recent report by our group has demonstrated that
miR-34a replacement strategies are active in controlling the
proliferation of several MM cell lines in different animal
models [28]. However, the optimization of the delivery of
miR-34a is required in order to translate these models in the
clinical setting.

The aim of this study was to develop SNALPs encapsu-
lating miR-34a with enhanced delivery properties for MM.
In particular, we investigated the possibility to encapsulate
synthetic miRNAs, namely, wild type miR-34a and a com-
pletely 2󸀠-O-methylated (OMet) miR-34a, into the SNALPs.
Moreover, SNALPs encapsulating miR-34a were conjugated
with transferrin (Tf), in order to achieve improved transfec-
tion efficiency and targeting types of tumor cells. Antitumor
properties of the different miR-34a, encapsulated in SNALPs
or Tf-conjugated SNALPs (Tf-SNALPs), were investigated in
preclinical experimental model of MM.

2. Materials and Methods

1,2-Dioleyl-3-dimethylammonium propane (DODAP) and
N-palmitoyl-sphingosine-1-{succinyl[methoxy(polyethylene
glycol)2000]} (PEG

2000
-Cer
16
) were purchased from Avanti

Polar Lipids. Distearoylphosphatidylcholine (DSPC) was
kindly offered from Lipoid GmbH (Cam, Switzerland). Cho-
lesterol (CHOL), human transferrin (Tf), sodium chloride,
sodium phosphate, HEPES, citric acid, and sodium citrate
were purchased from Sigma Aldrich (USA). Ethanol and
other solvents were obtained from Carlo Erba Reagenti
(Italy). MiR-34a wild type sequence obtained by miR.org
database (5󸀠-UGG CAG UGU CUU AGC UGG UUG U-3󸀠)

was directly synthesized by MWG (Germany). As control
an oligonucleotide with scrambled sequence (miR-NC) was
used (Life Technologies).

2.1. 2󸀠-OMet Oligonucleotide Synthesis and Purification. The
2󸀠-OMet Oligonucleotide were synthesized on a Millipore
CyclonePlusDNAsynthesizer at 1𝜇mol scale, using commer-
cially available 5󸀠-O-(4,4󸀠-dimethoxytrityl)-2󸀠-O-methyl-3󸀠-
O-(2-cyanoethyl-N,N-diisopropyl) RNA phosphoramidite
monomers and 2󸀠-OMet RNA SynBase CPG 1000/110 as
solid phase support (Link technologies). The oligomers were
detached from the support and deprotected by treatment
with concentrated aqueous ammonia at 55∘C for 12 h. The
combined filtrates and washings were concentrated under
reduced pressure, redissolved in H

2
O, analysed, and puri-

fied by anion-exchange high-performance liquid chromatog-
raphy (HPLC) on a Nucleogel SAX column (Macherey-
Nagel, 1000-8/46), using buffer A: 20mM KH

2
PO
4
/K
2
HPO
4

aqueous solution (pH 7.0), containing 20% (v/v) CH
3
CN,

and buffer B: 1M KCl, 20mM KH
2
PO
4
/K
2
HPO
4
aqueous

solution (pH 7.0), containing 20% (v/v) CH
3
CN; a linear

gradient from 0 to 100% B for 45min and flow rate 1mL/min
were used. The purified oligomers were successively desalted
by Sep-Pak C-18 cartridges (Waters) and characterized by ESI
mass spectrometry.

2.2. Preparation of miR-34a Encapsulating SNALPs Con-
jugated or Not with Tf. SNALPs formulations were prepared
by modified ethanol injection method. Briefly, lipid stock
solutions were prepared in ethanol. Aliquots (0.4mL
total volume) of stock lipids (CHOL/DSPC/DODAP/
PEG
2000

-Cer
16

or CHOL/DSPC/DODAP/DSPE-PEG
2000

-
Mal/PEG

2000
-Cer
16
) were added to a glass tube. In a

separated tube, 0.2mg of miRNA was dissolved in 0.6mL of
20mM citric acid at pH 4.0. The two solutions were warmed
for 2-3min to 65∘C and the lipid solution was quickly
added to the miRNA solution under stirring. The mixture
was passed 5 times through 200 nm and 20 times through
100 nm polycarbonate filters using a thermobarrel extruder
(Northern Lipids Inc., Vancouver, BC, Canada) maintained
at approximately 65∘C. Therefore, the preparation was
dialyzed (3,5 kDa cutoff) against 20mM citrate buffer at
pH 4.0 for approximately 1 h to remove excess of ethanol,
followed by further dialysis against HBS (20mM HEPES,
145mM NaCl, and pH 7.4) for 12–18 h to remove the citrate
buffer and to neutralize the DODAP. Unencapsulated
miRNA was removed by DEAE-Sepharose CL-6B column
chromatography. A typical 1mL formulation consisted of
DSPC/CHOL/DODAP/PEG

2000
-Cer
16

or DSPC/CHOL/
DODAP/DSPE-PEG

2000
-Mal/PEG

2000
-Cer
16

(25/45/20/10
or 25/45/20/5/5mol/mol/mol/mol, resp.) and 0.2mg of miR
in a final solution. Tf was coupled on the preformed
SNALPs vesicles containing DSPE-PEG-Mal in the lipid
mix (SNALPs-Mal). Briefly, Tf was thiolated using 2-
iminothiolane (Traut’s reagent). Tf was dissolved in 0.1M
Na-borate buffer/0.1mM EDTA, pH 8, followed by the
addition of Traut’s reagent (1 : 40mol/mol). After incubation
for 60min at room temperature, thiolatedTfwas immediately
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used for conjugation with SNALPs-Mal overnight at room
temperature. The excess of Tf was removed by molecular
exclusion chromatography, Sepharose CL-B4 column.

2.3. SNALPs Characterization: Mean Diameter, Polydispersity
Index, and Zeta Potential. The mean diameter and size dis-
tribution of SNALPs were determined at 20∘C by photon cor-
relation spectroscopy (PCS) (N5, Beckman Coulter, Miami,
USA). Each samplewas diluted in deionized/filtered (0.22 𝜇m
pore size, polycarbonate filters, MF-Millipore, Microglass
Heim, Italy) water and analysed with detector at 90∘ angle.
As measure of the particle size distribution, polydispersity
index (PI) was used. For each batch, mean diameter and
size distribution were the mean of three measures. For each
formulation, the mean diameter and PI were calculated as
the mean of three different batches. The zeta potential (ZP)
of the SNALPs was determined in distilled water at 20∘C
by Zetasizer Nano Z (Malvern, UK). For each batch, mean
diameter, size distribution, and ZP were the mean of three
measures.

2.4. miR-34a Encapsulation into SNALPs Formulations. The
amount of miRNA encapsulated into the SNALPs was
measured spectrophotometrically. Briefly, 10 𝜇L of SNALPs
suspensionwas dissolved in 990 𝜇L ofmethanol and analysed
at 260 nm. Actual loading was calculated as amount (mg) of
miRNA/mg of mg total lipids. The amount of miRNA loaded
into the nanocarriers was expressed asmiRNA actual loading
and encapsulation efficiency, calculated as mg of miRNA/mg
of total lipids and percent ratio between miR actually loaded
into SNALPs and miR theoretical loading, respectively. For
each batch, the results were the mean of three measures. For
each formulation, the results were calculated as the mean
of the measures obtained in three different batches (𝑛 =
3). The phospholipid content of the carrier suspension was
determined by the Stewart assay [29]. Briefly, an aliquot of
the SNALPs suspension was added to a two-phase system,
consisting of an aqueous ammonium ferrothiocyanate solu-
tion (0.1 N) and chloroform.The concentration of DSPC was
obtained by measuring the absorbance at 485 nm into the
organic layer.The concentration of the total lipid content was
calculated considering a constant ratio between the lipids.

2.5. Animals and In Vivo Models of Human MM. Male
CB-17 severe combined immunodeficient (SCID) mice (6-
to 8-week old; Harlan Laboratories, Inc., Indianapolis) were
housed and monitored in our Animal Research Facility. All
experimental procedures and protocols had been approved
by the Institutional Ethical Committee (Magna Graecia
University) and conducted according to protocols approved
by the National Directorate of Veterinary Services (Italy). In
accordance with institutional guidelines, mice were sacrificed
when their tumors reached 2 cm in diameter or in the event
of paralysis or major compromise in their quality of life, to
prevent unnecessary suffering. For our study 25 SCID mice
were inoculated in the interscapular area (sc)with 5× 106MM
cells in 100𝜇L RPMI-1640 medium. After detection of pal-
pable tumors, approximately 3 weeks following injection of

MM cells, animals were randomized into 5 groups including
5 mice per group, and treatments were initiated. Each animal
received a dose of 20 𝜇g ofmiR-34a SNALPs formulation.The
treatment schedule included 5 treatments, three days apart,
via tail vein. The tumor sizes were measured every two days
until the day of first mouse sacrifice, using a caliper, and
volume was calculated using the formula 𝑉 = 0.5 × 𝑎 × 𝑏2,
where 𝑎 and 𝑏 are the long and short diameters of the tumor,
respectively.

2.6. Survival Analysis and Kaplan-Meier Plot. Survival was
evaluated from the first day of treatment until death or
sacrifice of animals. The observations were followed until
last animal death or the tumors reached 2 cm in diameter
according to our institutional guidelines. Percent of mice that
survive with respect to the totality of animals included in
each group is calculated and used to plot the survival curves
(Kaplan-Meier curve).

2.7. FACS Analysis of TfR Expression in SKMM-1 Multiple
Myeloma Cells. For determination of cell surface expression
of TfR, fluorescence-activated cell sorting (FACS) analysis
was performed using indirect staining of TfR (CD71). Briefly,
we have seeded 50,000 SKMM-1 cells/well in 6 multiwell
plates and incubated at 37∘C for 24, 48, and 72 h. At the
established times, the cells were collected, counted in aBurker
chamber, and centrifuged at 1,300 rpm for 5min at 4∘C in
order to remove the medium. The cells were suspended
in PBS in order to obtain 500,000 cells for each time
point. After another centrifugation at 2,000 rpm at 4∘C for
5min, the cells were suspended in 4% paraformaldehyde and
incubated for 15min at 4∘C in the dark. Thereafter, after
another centrifugation the cells were suspended in PBS/BSA
(1%w/v) and incubated for 10min at 4∘C.Thereafter, the cells
were incubated with a primary mouse monoclonal antibody
raised against human TfR (CD71, H68.4, dilution: 1 : 100;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) or with an
irrelevant immunoglobulin (IgG1) or in PBS overnight at 4∘C.
After incubation with primary antibody, the cells were again
centrifuged and incubatedwith the secondary antibody (anti-
mouse-FITC), in the dark for 1 h at 4∘C. After washing, FACS
sorting was performed using a FACScan (Becton Dickinson,
MountainView, CA,USA), and analysis was performed using
CellQuest 2.0 (Becton Dickinson).

2.8. Statistical Analysis. Student’s 𝑡-test, two-tailed test, and
Log rank test were used to calculate all reported 𝑃 val-
ues using GraphPad software (http://www.graphpad.com/).
Graphs were obtained using SigmaPlot version 11.0.

3. Results and Discussion

In this study, we investigated the possible use of miR-34a in
the treatment of MM. We have previously investigated the
activity of miR-34a in different preclinical models using a
commercial available lipidic emulsion [28]. Moreover, we
previously developed SNALPs encapsulatingmiR-34a to treat
medulloblastoma cells in vitro [21]. Here we proposed the use
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Table 1: Mean diameter, polydispersity index, and zeta potential of the different SNALPs-based formulations.

Formulations miRNA chemistry Targeting ligand Mean diameter (nm) ± SD PI ± SD ZP (mV) ± SD
SNALP1 Wild type — 157.18 ± 17.18 0.16 ± 0.03 −13.52 ± 2.28

SNALP2 OMet — 127.75 ± 10.68 0.25 ± 0.03 −5.19 ± 5.38

Tf-SNALP1 Wild type Tf 158.32 ± 10.25 0.14 ± 0.05 −23.62 ± 1.54

Tf-SNALP2 OMet Tf 130.84 ± 8.41 0.21 ± 0.02 −18.13 ± 4.39

Table 2: miRNA encapsulation into the SNALPs.

Formulations Actual loading
(𝜇g miRNA/mg lipids)

Encapsulation
efficiency (%)

SNALP1 160.0 ± 4.8 80 ± 3

SNALP2 196.5 ± 10.6 98 ± 5

Theoretical loading: 200 𝜇g miRNA/mg lipids.

of SNALPs encapsulating miR-34a to treat MM in vivo. We
also investigated the possibility to modify the previously
developed SNALPs in order to obtain enhanced antitumor
activity. To do this, as first strategy, we encapsulated a
chemically modified miRNA into the SNALPs. In particular,
OMet miR-34a was selected due to substantial degree of
nuclease resistance and high binding affinity with the target
[30]. A second strategy consisted of Tf conjugation with
SNALPs in order to enhance targeting and delivery to cancer
cells in vivo. In fact, SKMM-1 MM cells (used in our study)
expressed on their surface significantly high levels of the TfR
as demonstrated by the analysis of TfR expression performed
during FACS analysis (Figure 1). Interestingly, the expression
of the receptor increased in a time-dependentmanner during
the culture of SKMM-1 cells suggesting its role in the survival
of these cells. Moreover, MM cells are characterized by an
over-expression of the Tf receptor [33, 34]. On the basis of
these data and on the known high rate of internalization of
the TfR, we were prompted to develop SNALPs armed with
Tf for the treatment of MM.

In Table 1, the developed formulations, as well as their
characteristics in terms of mean diameter, PI, and ZP, are
reported. SNALPs have a mean diameter ranging between
about 128 and 158 nm; the use of an OMet miRNA slightly
decreasedmean diameter. All the formulations have a narrow
size distribution, although a slight increase from 0.16 to 0.25
was observed when encapsulating an OMet miR-34a.

In Table 2, the amount of miR-34a encapsulated into
the SNALPs is reported. All the formulations displayed a
high amount of miR-34a encapsulated into the SNALPs.
In particular, wild type miR-34a was encapsulated with an
efficiency of about 80%.This result was not surprising and in
agreement with other previously developed SNALPs formu-
lations [17, 21]. Interestingly, the use of an OMet miRNA led
to a significant increase of the encapsulation efficiency (about
98% of the miRNA initially used in the formulation). The
interaction between the negative charge of nucleic acid and
the positive one of cationic lipid is the driving force for the
encapsulation of nucleic acids into the SNALPs [17].However,
an OMet miR-34a, if compared to a wild type miR-34a, is
more lipophilic, due to the presence of the methyl residue
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Figure 1: FACS analysis of the surface expression of TfR in SKMM-
1 cells. SKMM-1 cells were cultured for 24, 48, and 72 h and the
expression of CD71 (TfR) was evaluated at FACS as reported in
Section 2. The intensity of TfR expression was represented as % of
mean fluorescence intensity (MFI) calculated by comparing theMFI
of cells incubatedwith antibodies with that of cells incubated in PBS.
A significant increase of MFI was observed in cells labelled with
anti-TfR (empty squares) if compared with that of cells labelled with
irrelevant IgG1 (full squares) suggesting a significant expression of
TfR on the surface of SKMM-1 cells. Each value was the mean of
at least three different determinations performed in three different
experiments. Bars, SEs.

bound to 2󸀠-position of the sugar moiety of each nucleotide.
Therefore, in our study, an additive hydrophobic interaction
between the miRNA and the lipid bilayer can represent an
additional contribution to high miRNA loading into the
SNALPs, when encapsulating a completely 2󸀠-O methylated
miRNA.

Thereafter, we modified the surface of SNALPs with Tf in
order to achieve an additional improvement of the delivery
in MM cells. SNALPs modified with targeting ligands have
previously been reported for glioblastoma cells [31]. In the
study from Costa et al., SNALPs were modified by postin-
sertion method. In the present work, we preferred to use a
different approach and Tf was coupled to preformed SNALPs.
Tf binding to the nanoparticle surface did not significantly
affect the size characteristics of the vesicles. On the contrary,
a slight decrease of the PI, from 0.16 to 0.14 and from
0.25 to 0.21, was observed for both SNALP1 and SNALP2,
respectively. This slight increase of PI can be explained with
the further purification step after the conjugation with Tf.
Tf-SNALPs also showed a significant decrease of the zeta
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Figure 2: Systemic delivery of miR-34a SNALPs formulations inhibits growth of human MM tumors in mice. (a) Mice carrying palpable
subcutaneous SKMM-1 tumor xenografts were treated with 20𝜇g of pre-miR-34a or miR-34a OMet SNALPs or Tf-SNALPs formulations
by intravenous tail vein injections. Caliper measurement of tumors was taken every 2 days from the day of first treatment. Averaged tumor
volumes of 5 mice per group are reported ± SD. (b) Survival curves (Kaplan-Meier) of treated mice show prolongation of survival after
formulated miR-34a treatment compared to controls (log-rank test, 𝑃 < 0.005). Survival was evaluated from the first day of treatment until
death or sacrifice.

potential (Table 1), as expected by the presence of the protein
on the vesicle surface. The Tf conjugation on the preformed
SNALPs did not affect miRNA encapsulation into the vesicles
(data not shown).

We next explored the effects of the systemic delivery
of miR-34a SNALPs formulations in controlling the growth
of SKMM-1 xenografts. When subcutaneous MM tumors
became palpable, mice were randomized and systemically
treated, via tail vein, with different miR-34a or miR-NC
SNALPs formulations at a concentration of 1mg miR-34a/kg
per mouse. Following 5 injections (3 days apart), a significant
antitumor effect of miR-34a SNALPs formulation (SNALP 1)
versus the control was detected (Figure 2(a)). The treatment
with plain SNALPs did not elicit any effect on the tumor
growth (Figure 2(a)).The use of SNALPs encapsulatingOMet
miR-34a resulted in a lower inhibition of tumor growth,
compared to SNALPs encapsulating wild type miR-34a. If we
consider that theONsmodificationwith a 2󸀠-O-methyl group
maintains a strong base-pairing with target [32], a different
delivery mechanism of the miRNA from the vesicle could
be responsible for the lower antitumor activity when using
SNALPs encapsulating OMet miR-34a. The modification of
Tf conjugation with SNALPs affected miRNA antitumor
activity, depending on the RNA chemistry. In particular,
the SNALPs conjugation with Tf significantly increased the
effect of OMet miR-34a on tumor growth (Figure 2(a)). In
particular, after 9 days from the beginning of the treatment,
the effect of Tf-SNALPs encapsulating OMet miR-34 was
comparable to that obtained in animal treated with SNALPs
encapsulating wild type miR-34a. Surprisingly, conjugation

with Tf had no effect on SNALPs encapsulating wild type
miR-34a. The increased efficacy of the treatment, observed
in the case of Tf-SNALP2, can be explained with a higher
interaction and uptake of SNALPs inMM cells, characterized
by an overexpression of TfR (see also Figure 1) [33, 34]. The
importance of the TfR for the development of malignant
human hematopoietic has been well established [35]. More-
over, in the case of metastasis originated by the MM cells, an
increased growth of vessel characterizes the tumor mass. It
has been demonstrated that SNALPs predominantly deliver
siRNA to areas adjacent to functional tumor blood vessels
[36]. Therefore, in our study, a targeting of tumor vessel,
characterized by an enhanced expression of the TfR, can
also be hypothesized. It is worthy of note that the use of
Tf was beneficial only in the case of SNALPs encapsulating
wild type miR-34a. To justify these findings, we hypothesize
that the animal treatment with SNALP1 led to the highest
miRNA delivery, in these experimental conditions. For this
reason, animal treatment with Tf-SNALP1 did not result in
an increased inhibition of the tumor growth; in line with
this hypothesis, the use of Tf-SNALP2 led to an increased
inhibition of the tumor growth, which was similar to that
obtained in animals treated with SNALP1 and Tf-SNALP1.

In Figure 2(b), themice survival following treatment with
the different SNALP-based formulations is reported. All the
animals treated with plain SNALPs died after 17 days of
treatment. Mice survival was prolonged with all the SNALP-
based formulations encapsulating miR-34a. In particular,
mice treatment with SNALPs containing wild type miR-34a
or OMet miR-34a resulted in mice survival until 28-29 days
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from the beginning of the treatment. The conjugation of Tf
with SNALPs containing wild type miR-34a did not prolong
mice survival. Surprisingly, the use of Tf-conjugated SNALPs
encapsulating OMet miR-34a resulted in a significant pro-
longation of the mice survival until 49 days. This could be
explained with the higher biological stability of OMet miR-
34a that can result in the highest persistence of the miR-34a
into the cells. Of course, the superiority of the formulation
Tf-SNALP2 was not observed in the experiments of tumor
growth, where the animals were sacrificed, accordingwith the
institutional guidelines, following 17 days from the beginning
of the treatment.

4. Conclusions

In this work, we developed SNALPs to deliver miR-34a.
SNALPs were also modified to enhance miR-34a delivery
in cancer. The two strategies used, the encapsulation of a
chemicallymodifiedOMetmiR-34a and the bindingTf on the
nanoparticle surface, did not affect the technological prop-
erties of the nanocarriers. The antitumor effect of miR-34a
was demonstrated in an experimental animal model of MM.
A significant inhibition of the tumor growth was observed
in animals treated with all the formulations. However, only
the combination of OMet miR-34a and Tf-conjugation with
SNALPs resulted in a significant prolongation of the mice
survival.

This study demonstrated that miR-34a represents a pow-
erful tool to treat tumors asMM, for which present treatment
can only prolong the survival. However, this kind of therapy
will need to develop ad hoc delivery systems in order to
optimize the anticancer activity of miRNAs. As shown in
this work, chemical modifications aimed to improve the
biological stability of the miRNA that could be successfully
combined with targeting approaches based upon the active
delivery of the nanotechnological devices. This approach can
be reasonably extended to deliver miRNA and other nucleic
acids in other tumors characterized by over-expression of
TfR. Additional studies are required to investigate if the
developed treatment can be associated to toxicity in healthy
tissue.
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