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OncomiRs	in	cancer	

Weinberg described six essential features of cancer progression:

self-sufficiency in growth signals, insensitivity to anti-growth

signals, apoptosis evasion, limitless replicative potential,

sustained angiogenesis and tissue invasion and metastasis

(Hanahan & Weinberg, 2000). Dysregulated miRNAs may

function as either tumour suppressors or oncogenes in cancer

by targeting each one of these features (Fig 3).

Gain- and loss-of-function experiments, together with target

prediction analyses, have provided insights into the role of

miRNAs in carcinogenesis.

Computational algorithms for target identification (Table 2),

mainly based on the free binding energy between amiRNA and a

putative target mRNA sequence, are by definition prediction

tools, which need an experimental validation. The validation

methodmost commonly used is represented by a reporter assay,

where the co-transfection of themiRNA of interest and the tested

30-UTR cloned downstream a luciferase gene reduces the

reporter activity, inhibitory effect reverted by mutating the

miRNA binding sequence of the target mRNA. However, even

though this method suggests a physical and functional

interaction between a miRNA and its target, it does not prove

it directly. To this aim, more rigorous pull-down assays have

been designed, as immunoprecipitation of labelled miRNA/

mRNA complexes and consequent target identification by RT-

PCR and sequencing (Hsu et al, 2009), or immunoprecipitation

with Ago2 antibody, thus isolating the ternary, presumably

functional, miRNA/mRNA/Ago2 complex (Chi et al, 2009).

However, the rules of miRNA/target mRNA regulation are

even more complicated than expected. A very recent report by

Pandolfi’s group (Salmena et al, 2011) has introduced the

revolutionary concept that miRNA effect on mRNA containing

common miRNA recognition elements (MREs) can be affected

by ceRNAs (competing endogenous RNAs): RNA transcripts,

both protein coding and non-coding, can compete for miRNA

binding, thus co-regulating each other.

Gain-of-function approaches have shown that miRNAs acting

as tumour suppressors target oncoproteins with crucial roles in

various cancer pathways, such BCL2 (targeted bymiR-15a–miR-

16-1; Cimmino et al, 2005), RAS (regulated by let-7; Johnson

et al, 2005), myeloid cell leukaemia sequence 1 (BCl-2-related,

MCL1, and targeted by miR-29; Garzon et al, 2009; Mott et al,

2007) and MYC (targeted by let-7; Sampson et al, 2007). Vice

versa, to assess the biological effects of oncogenic miRNAs,

often overexpressed in cancer cells, in vitro silencing was

carried out using antisense oligonucleotides. For example

miR-21 expression has been reported at high levels in breast

(Iorio et al, 2005), glioblastomas (Ciafre et al, 2005), pancreas

(Bloomston et al, 2007) and colon cancer (Schetter et al, 2008)

among others. Chan and colleagues blocked miR-21 expression

in glioblastoma cell lines and reported an increased activation of
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Figure 3. MicroRNAs targeting the hallmarks of cancer.
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miRNA	
Biogenesis	and	
Mechanisms	
of	Action	

in chromosomal loci prone to deletions or amplifications, as was

found in many different human tumours (Calin et al, 2004).

Indeed, chromosomal regions encompassing microRNAs

involved in the negative regulation of a transcript encoding a

known tumour suppressor gene can be amplified in cancer

development. This amplification would result in the increased

expression of the microRNA and consequent silencing of the

tumour suppressor gene. Conversely, microRNAs repressing

oncogenes are often located in fragile loci, where deletions or

mutations can occur and result in reduced microRNA levels and

overexpression of the target oncogene (Fig 2).

Therefore, alterations of microRNA expression are not

exceptional but rather the rule in human cancer. Next, as an

attempt to establish whether microRNA profiling could be used

for tumour classification, diagnosis and prognosis, different

platforms to assess the global expression of microRNA genes in

normal and diseased tissues were developed (Calin & Croce,

2006): after an extensive use of custom-made (Liu et al, 2004)

and then commercial miRNA microarrays, and bead-based flow

cytometric miRNA analysis methods (Lu et al, 2005), the last

generation of large-scale profiling method is represented by the

high-throughput deep sequencing (Creighton et al, 2009; Farazi

et al, 2011).

Genome-wide profiling showed that miRNA expression

signatures (miRNome) allowed different types of cancer to be

discriminated with high accuracy (Lu et al, 2005; Volinia et al,

2006) and the tissue of origin of poorly differentiated tumours to

be identified. By contrast, mRNA profiles were highly inaccurate

indicators of tissue or cancer type.

Indeed, miRNA mis-expression patterns are more accurate in

identifying the origin of tumours that are otherwise difficult to

be determined as the tumour spread to multiple metastatic sites,

suggesting that tumours more clearly maintain a unique ‘tissue

miRNA expression profile’. One study, for example, developed a

classifier of 48 miRNAs from a sample of 336 primary and

metastatic tumours, and was able to use this classifier to

accurately predict the tissue origin in 86% of a blind test set,

including 77% of themetastatic tumours (Rosenfeld et al, 2008).

Given that cancers of undefined origin account for approxi-

mately 4% of all malignancies and are associated with poor

prognosis (Oien & Evans, 2008), the continued development of

miRNA classifiers has foreseeable benefits in aiding clinical

diagnosis and subsequent treatment.

Another major issue in clinics is clearly represented by the

need of biomarkers for an early diagnosis, extremely important

considering that survival and prognosis of patients depends on

the stage of the tumour at the time of detection, with an early

diagnosis usually been associated with the best prognosis.

MicroRNAs have revealed a great potential as new potential

early diagnosis biomarkers: overexpression of miR-205 and

miR-21 in ductal adenocarcinoma, for example has been

reported to precede phenotypic changes in the ducts, thus

suggesting the possibility to use them for an early detection of

this neoplasm (du Rieu et al, 2010).

Furthermore, miRNAs are certainly more stable due to their

small size as compared to long mRNAs, allowing expression

profiling from fixed tissues or other biological material, and thus

supporting their possible use as novel, minimally invasive and

robust biomarkers. Certainly, miRNAs can be reliably extracted

and detected from frozen and paraffin-embedded tissues, from

blood (either total blood, plasma or serum; Mitchell et al, 2008;

Schwarzenbach et al, 2011), circulating exosomes (Taylor &

Gercel-Taylor, 2008), and from different biologic fluids like

urine (Hanke et al, 2010), saliva (Michael et al, 2010; Park et al,

2009) and even sputum (Xie et al, 2010; Yu et al, 2010).

Moreover, the profile of circulating miRNAs from individuals

affected by different neoplasias was shown to reflect the pattern

observed in the tumour tissues, suggesting the attractive

possibility of using circulating miRNAs as easily detectable

tumour biomarkers (Lawrie et al, 2008), especially for early

diagnosis (Heneghan et al, 2010; Huang et al, 2010; Xing et al,

2010). More recently, by analysing plasma samples of lung

cancer patients collected 1–2 years before the onset of disease,
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AKT	activation	is	an	interplay	between	miR-21	and	miR-17.	
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miRNA	inhibition	by	modified	oligonucleotides	
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LNA is another oligonucleotide modification that 
offers both enhanced binding affinity and good nuclease 
resistance. LNA is a bicyclic nucleic acid that tethers the 2ʹ 
oxygen to the 4ʹ carbon via a methylene bridge, locking the 
sugar structure into a 3ʹ endo conformation74. LNA mod-
ification offers the greatest increase in binding affinity  
among all the nucleic acid modifications, increasing 
the Tm by an average of 4 °C to 6 °C per LNA75. Chan 
et al.76 first reported the use of LNA-modified anti-miRs 
to inhibit miRNA expression. These LNA oligonucleo-
tides were designed with eight central LNA nucleotides 

flanked by seven DNA bases, and showed moderately 
improved efficacy compared with 2ʹ-OMe oligonucleo-
tides in transfected cells. Given that the flanking bases 
were sensitive to nuclease-mediated degradation, this 
result indicated that the LNA core was crucial for activity.  
Fully LNA-modified anti-miRs have also been analysed77 
but these showed only moderate efficiency for miRNA 
inhibition, possibly because of the tendency of LNA oli-
gonucleotides to form dimers with exceptional thermal 
stability78. This problem could potentially be circum-
vented by reducing the number and proximity of LNAs 
— for example, by using a repeated pattern of two DNAs 
followed by one LNA. Indeed, compared with other modi-
fied anti-miRs, oligonucleotides with this design exhib-
ited excellent miRNA-inhibitory activity at doses as low 
as 5 nM, and efficacy was further enhanced when the LNA 
substitutions were combined with other modifications, 
such as 2ʹ-F61.

Following a similar strategy, Elmen et al.17,79 reported 
good miRNA-blocking efficacy by LNAs in mice and 
non-human primates, supporting the therapeutic poten-
tial of the technology. The exceptional binding affinity 
of LNA oligonucleotides makes it possible to achieve 
efficient miRNA inhibition with shorter sequences. 
Obad et al.80 successfully used LNA-containing oligo-
nucleotides that bound only the seed regions of the  
target mi RNAs. This approach could potentially allow a 
single LNA-modified oligonucleotide to silence a family 
of mi RNAs while avoiding the off-target effects induced 
by binding to the 3ʹ sequence of the miRNA80. Besides 
all of these classical chemical modifications on the sugar 
ring, emerging discoveries of non-nucleotide modi-
fiers may provide novel insights into the development 
of more efficient and less toxic anti-miRs. One such 
example is N,N-diethyl-4-(4-nitronaphthalen-1-ylazo)-
phenylamine (ZEN). Lennox et  al.81 reported that 
incorporation of the ZEN modification at both ends of 
a 2ʹ-OMe-modified anti-miR considerably enhanced 
the binding affinity of such an oligonucleotide and 
thus resulted in more potent miRNA inhibition than its 
parental oligonucleotide. In addition to the increased 
potency and specificity, ZEN modification seems to have 
low toxicity in cell culture.

These examples illustrate the enormous effort made 
over the past decade to discover modifications that 
increase the binding affinity, nuclease resistance and 
miRNA-inhibitory activity of anti-miRs in vitro and 
in vivo. Strategies that combine LNA technology with 
other chemical modifications show particular promise 
for therapeutic application.

In vivo delivery strategies
Although considerable progress has been made to 
improve the target binding affinity and nuclease resist-
ance of anti-miRs, there is still much work to be done in 
the design of vehicles for their efficient delivery in vivo. 
Most of the chemically modified anti-miR oligonucleo-
tides show limited tissue distribution when adminis-
tered in the absence of a carrier, and are taken up by 
the liver and kidney and rapidly excreted in urine. In 
addition, the dose of oligonucleotide required for in vivo 

Figure 3 | miRNA inhibition strategies. a | MicroRNA (miRNA) sponges. Multiple 
miRNA-binding sites are inserted downstream of a reporter gene. When delivered into 
cells, the binding sites serve as decoys for the targeted miRNA, thereby reversing the 
suppression of endogenous target genes. b | Chemically modified miRNA-targeting 
antisense oligonucleotides (anti-miRs) are designed to be fully complementary to 
the target miRNA and bind with high affinity (high melting temperature; T

m
). When 

delivered into cells, the anti-miRs bind to the target miRNA, relieving inhibition of 
the endogenous target genes. Many anti-miRs also induce degradation of targeted 
mi RNAs. c | Small-molecule inhibitors can target at least three steps of miRNA 
assembly and function. First, small molecules can interfere with the transcription of 
primary miRNAs (pri-miRNAs). This inhibition could be at multiple steps, including 
transcription initiation, elongation and intron splicing. Second, small molecules can 
inhibit pri-miRNA processing by Dicer and loading into Argonaute 2 (AGO2) to form 
an active RNA-induced silencing complex (RISC). Third, interactions between RISC 
and target mRNA can be perturbed by small molecules. All of these mechanisms 
would lead to the loss of repression of a target mRNA by miRs. miRISC, miRNA-induced 
silencing complex.
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miR-17-5p	knockdown	by	DNA-LNA	chimera	unexpectedly	
decreased	PDCD4	and	PTEN	protein	in	MDA-MB-231	cells.	
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Jin,	Y.	Y.,	et	al.	(2015),	PLoS	One	10(12):	e0142574		
hairpin (Fig 3A). Most of the miR-17-3p is fully complementary to its guide strand miR-17-5p.
Since anti-miR-17-5p is fully complementary to miR-17-5p, its sequence is highly homologous
to miR-17-3p (Fig 3B). Therefore, we speculated that anti-miR-17-5p DNA-LNA chimera
could act as a miR-17-3p mimic, binding to miR-17-3p target sites in the 3’UTR of PDCD4 and
PTENmRNAs.

Fig 3. miR-17-3p is a potential regulator of PDCD4 protein level and competes with miR-17-5p for inhibition of PDCD4 and PTEN mRNAs.miR-21-
5p guide strand regulates PDCD4 protein level without competing with its passenger strand miR-21-3p. A: Mirbase search of miR-17-3p, forming the lower
arm of the miR-17 pre-miRNA hairpin.B: Homologous sequences between miR-17-5p and miR-17-3p are highlighted in yellow. C: PDCD4 and PTEN protein
Western blots at 48 hr post transfection with anti-miR-17-5p.D: PDCD4 and PTEN protein Western blots at 48 hr post transfection with anti-miR-17-3p. E:
PDCD4 protein Western blot at 48 hr post transfection with anti-miR-21. β-actin was used as loading control. Values are the average of three blots ± s.d. after
normalization to β-actin and to control/treatment group. Each blot was subjected to gamma setting adjustments.

doi:10.1371/journal.pone.0142574.g003

miR-17-5p Passenger Strand Activity

PLOS ONE | DOI:10.1371/journal.pone.0142574 December 2, 2015 7 / 20



pre-miRNA	structure	of	miR-17	revealed	sequence	similarity	
between	DNA-LNA	chimera	and	miR-17-3p	passenger	strand.		

Figure&2.&miR%17%3p!is!a!potential!regulator!of!PDCD4!protein!level!and!competes!with!miR%17%5p!for!
inhibition!of!PDCD4!and!PTEN!mRNAs.!miR%21%5p!guide!strand!regulates!PDCD4!protein!level!without!
competing!with!its!passenger!strand!miR%21%3p.!2A:!Mirbase!search!of!miR%17%3p.!Homologous!
sequences!between!miR%17%5p!and!miR%17%3p!are!highlighted!in!yellow.!2B:!PDCD4!and!PTEN!protein!
western!blot!at!48!hour!post!transfection!with!anti%miR%17%5p!LNA!gapmer.!2C:!PDCD4!and!PTEN!protein!
western!blot!at!48!hour!post!transfection!with!anti%miR%17%3p!LNA!gapmer.!2D:!PDCD4!protein!western!
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miRBase

Stem-loop sequence hsa-mir-17

Accession MI0000071

Symbol HGNC:MIR17

Description Homo sapiens miR-17 stem-loop

Gene family MIPF0000001; mir-17

Community
annotation

This text is a summary paragraph taken from the Wikipedia entry entitled mir-17_microRNA_precursor_family. miRBase and
Rfam are facilitating community annotation of microRNA families and entries in Wikipedia. Read more ...

The miR-17 microRNA precursor family are a group of related small non-coding RNA
genes called microRNAs that regulate gene expression. The microRNA precursor miR-
17 family, includes miR-20a/b, miR-93, and miR-106a/b. With the exception of miR-93,
these microRNAs are produced from several genomic microRNA gene clusters, which
apparently arose from a series of ancient evolutionary genetic duplication events, and
also include members of the miR-19, and miR-25 families. These clusters are
transcribed as long non-coding RNA transcripts that are processed to form ~70
nucleotide microRNA precursors and subsequently processed by the Dicer enzyme to
give a ~22 nucleotide product. The products are thought to have regulatory roles
through complementarity to the 3' UTR of specific target mRNAs. The paralogous
miRNA gene clusters that give rise to miR-17 family miRNAs (miR-17~92, miR-
106a~363, and miR-106b~25) have been implicated in a wide variety of malignancies
and are sometimes referred to as oncomirs. The oncogenic potential of these non-
protein encoding genes was first identified in mouse viral tumorigenesis screens. In
humans, the activating mutations of miR-17~92 have been identified in non-Hodgkin's
lymphoma, whereas the miRNA constituents of the clusters are overexpressed in a
multiple cancer types. miR-17 family members induce cell proliferation and deletion of
the miR-17~92 cluster, in mice, is lethal and causes lung and lymphoid cell
developmental defects.

Show Wikipedia entry  View @ Wikipedia  Edit Wikipedia entry
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targeting miRNAs. Moreover, the anti-miR inhibitors could be selected by Ago to perform
functions of a miRNA due to their pre-organized A-form structure, and could target mRNAs
with great side effects through binding to multiple 3’UTR sites.

Fig 13. Anti-miR-17-5p DNA-LNA can directly modulate the translation of PDCD4 and PTEN mRNAs through interactions with multiple binding
sites from the 3’UTR. Luciferase activity after co-transfecting MDA-MB-231 cells with indicated luciferase reporter constructs in the presence or absence of
DNA-LNA inhibitor. A: PDCD4. B: PTEN. All luciferase signals from pMir-report are normalized to signals from pRL-TK Renilla luciferase vector. The ratio of
normalized signal in the presence of DNA-LNA inhibitor to signal in the absence of inhibitor for each construct is then calculated. The pMir-report luciferase
vector was used as a negative control. Results represent fold changes of the above ratio relative to vector control. Values are the average of at least three
measurements ± s.e.m * indicates p<0.05, ** indicates p<0.01.

doi:10.1371/journal.pone.0142574.g013

Fig 14. Schematic view of competition between anti-miR-17-5p andmiR-17-5p for inhibition of PDCD4
mRNA.

doi:10.1371/journal.pone.0142574.g014

miR-17-5p Passenger Strand Activity

PLOS ONE | DOI:10.1371/journal.pone.0142574 December 2, 2015 16 / 20

Competition	between	anti-miR-17-5p	and	miR-17-5p	for	inhibition	
of	PDCD4	mRNA	

Jin,	Y.	Y.,	et	al.	(2015),	PLoS	One	10(12):	e0142574		



2 A. Product Description

Figure 1. pMIR-REPORT Luciferase

CMV Promoter: 2210–2813
Firefly luciferase: 540–2210
MCS: 467–539
SV40 Poly(A): 404–467
SV40 Promoter: 6139–6438

Puromycin: 5447–6046
SV40 pA signal: 5153–5188
Ampicillin: 4083–4943
ColE1 Origin: 3138–4024

Figure 2. pMIR-REPORT β-gal Control Plasmid

CMV Promoter: 3627–4232
β-gal: 463–3627
SV40 Poly(A): 404–463
SV40 Promoter: 7524–7849

Neomycin: 6691–7485
SV40 pA signal: 6388–6638
Ampicillin: 5504–6364
ColE1 Origin: 4561–5447
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Anti-miR-17-5p	DNA-LNA	lowered	the	expression	of	luciferase	
vectors	containing	several	predicted	PDCD4	and	PTEN’s	3’UTR	
target	sites	for	miR-17-3p.	Figure'5A'
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miRNA	blocker	design	strategy	

12	

•  Eliminate extra side-effects of conventional microRNA blockers 
•  TNBC cell-specific delivery method 
•  No complicated formulation, soluble in saline, intravenous route 
•  Next generation RNA backbones (FANA & NC-BNA vs. PNA) will 

elevate efficacy and potency 

miRNA	passenger	strand		

miRNA	guide	strand		

conventional	miRNA	blocker		

Mimick	each	other	

TNBC-elevated	
IGF1	receptor	
targeting	

Our	short	miRNA	blocker	

miRNA	guide	strand		20-22	bases		

Conventional Design 

Our Design 

Jin	et	al.	(2015)	PLoS	One	10:10.1371/journal.pone.0142574	
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Nucleotide	Analog	-	Peptide	Nucleic	Acids	
Increasing	stability,	binding	affinity	and	specificity		

•  High	binding	affinity	to	
complementary	DNA/RNA.	

•  Differentiation	of	single-base	
mismatch	by	high	destabilizing	
effect.	

•  High	chemical	stability	to	
temperature	and	pH.		

•  High	biological	stability	to	
nuclease	and	protease.	

•  Good	uptake	via	basic	peptides	
or	receptor-specific	ligands	

•  Mice	given	up	to	100	mg/kg	
dose	of	PNA-peptide	conjugate	
daily	did	not	show	any	
irreversible	toxicity	(Chaubey	et	
al.,	2008).			

RNA 

PNA 

Chaubey,	B.,	et	al.	(2008),	Oligonucleotides	18(1):	9-20	
Good	&	Nielsen	(1997)	Antisense	Nucl	Acid	Drug	Dev.	7:	431-437	
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Delivery	-	IGF1	retro-inverso	analog	

SCDLRRLEMY CAPLKPAKSA 
51 60 70 

Active site 

CYAAPLKPAKSC 

CSKAPKLPAAYC 

Active analog 

Reverse sequence 

CysSerLysCys 

D-Analog 

Basu	and	Wickstrom	(1997)	Bioconj.	Chem.	8:481-488	

D-Analog 
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!mol/L (33). It would appear that a peptide analog specific
for a cell surface receptor is far more effective than a steroid
capable of binding to a cytoplasmic protein after unassisted
uptake.

We pursued this cell-specific approach to enable the
application of PNAs as gene expression diagnostic agents in
vivo and to develop methods for the synthesis of peptide-
PNA-peptide chimeras that exhibit the same melting tem-
peratures with complementary RNA targets as do PNAs
without ligands (34). Twelve bases are sufficient for statis-
tical uniqueness among transcribed mRNAs, and the melt-
ing temperature results confirmed that 12 PNA residues
hybridize strongly enough and specifically enough to serve
as mRNA probes in vivo. Quantitative reverse transcription
(QRT)–polymerase chain reaction (PCR) measurements of
MYC mRNA in total RNA from MCF7 cells expressing
IGF1R (MCF7:IGF1R cells) revealed 4-fold inhibition after
preannealing with an N-GlyD(Ala)GlyGlyAba-MYC PNA-
(Gly)4D(CysSerLysCys) probe at 0.1 !mol/L before addi-
tion of the PCR primers and 8-fold inhibition after prean-

nealing with the probe at 1.0 !mol/L. The MYC mismatch
control probe had no effect, consistent with the hypothesis
that the complementary PNA probe would bind strongly to
the mRNA target (23).

We report here the results of administration to nude mice
bearing human estrogen receptor–positive MCF7 breast
cancer xenografts 99mTc-peptide-PNA-peptide chimeras that
bind to IGF1R, are internalized, and hybridize to CCND1
mRNA (Fig. 1A).

MATERIALS AND METHODS

Peptide-PNA-Peptide Synthesis
The peptide-PNA-peptide chimeras were assembled, purified,

and characterized as described previously (34). Briefly, the IGF1
analog D(CysSerLysCys) or the mismatch control D(CysAlaAla-
Cys) was assembled by 9-fluorenylmethoxy carbonyl (Fmoc) cou-
pling on NovaSyn TGR resin (0.2–0.3 mmol/g) (Novabiochem) by
use of an Applied Biosystems 430A peptide synthesizer. Next, the
linker Fmoc-aminoethoxyethoxyacetic acid (AEEA) and PNA
monomers (Applied Biosystems) were sequentially coupled to the

FIGURE 1. 99mTc-chelator-PNA-peptide designed to bind to IGF1R, to be internalized, and to hybridize with CCND1 mRNA.
Scintigraphic imaging of "-rays emitted on decay of 99mTc will identify sites with high levels of CCND1 expression. (A) Schematic
structure of 99mTc-AcGlyD(Ala)GlyGlyAba-CTGGTGTTCCAT-AEEA-D(CysSerLysCys), WT4185. (B) Preparative C18 HPLC of cyclized
chimera AcGlyD(Ala)GlyGlyAba-CTGGTGTTCCAT-AEEA-D(CysSerLysCys), WT4185. (C) MALDI-TOF MS analysis of purified chi-
mera AcGlyD(Ala)GlyGlyAba-CTGGTGTTCCAT-AEEA-D(CysSerLysCys), WT4185. Experimental mass was 4,187.2 Da; the calcu-
lated mass was 4,185.0 Da.

2072 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 45 • No. 12 • December 2004
from outside the body. To test our hypothesis that a com-
plementary 99mTc-chelator-PNA-peptide probe specific for
CCND1 mRNA and IGF1R could visualize a CCND1-
expressing tumor, we administered approximately 18.5
MBq (0.5 mCi) of the 99mTc-PNA-peptide CCND1 probe to
cohorts of 5 nude mice bearing approximately 0.5-cm
MCF7:IGF1R xenografts to determine the specificity and
sensitivity of scintigraphic imaging at 4, 12, and 24 h after
administration (Fig. 6). To test whether the probe would
bind to tumor cells expressing high levels of IGF1R, we
administered the PNA-free chelator plus an IGF1 analog
control, WT990, independent of internalization and mRNA
binding. We did not observe tumor signals at 4, 12, or 24 h
after injection.

Similarly, to test whether a probe containing 4 central
PNA mismatches would bind to tumor cells expressing high
levels of IGF1R and CCND1 mRNA, we administered the
PNA mismatch control, WT4172. We did not observe tumor
signals at 4, 12, or 24 h after injection. Next, to test whether
the complementary probe with 2 central peptide mismatches
would bind to tumor cells expressing high levels of IGF1R
and CCND1 mRNA, we administered the peptide mismatch
control, WT4113. We did not observe tumor signals at 4,
12, or 24 h after injection.

Finally, to test whether the complementary probe with the
correct IGF1 analog would bind to tumor cells expressing
high levels of IGF1R and CCND1 mRNA, we administered
the PNA antisense chimera, WT4185. In this experiment,
we observed faint tumor signals at 4 h, strong tumor signals

at 12 h, and intermediate tumor signals at 24 h after injec-
tion.

Digital scanning of the tumor site region of interest on the
right flank versus the mirror-image tumor-free region of
interest on the left flank enabled the quantitation of tumor
images. The ratios of tumor site intensities to control site
intensities are plotted in Figure 7 as a function of time. It is
presumed that any ratio greater than 1 implies some pref-
erential probe concentration. Although no tumor image was
obvious in Figure 6 after administration of the PNA-free
control, WT990, the measured ratios of about 1.5 imply
some weak binding. Similar ratios of about 1.5 were found
for the PNA mismatch control, WT4172, including the
IGF1 peptide analog. For the peptide mismatch control,
WT4113, some binding was apparent at 4 h after adminis-
tration but not at 12 or 24 h. Only a faint tumor image was

TABLE 2
Cyclin D1 Protein in Tumors Injected Intratumorally with

Peptide-PNA-Peptide Chimeras

Peptide-PNA-peptide

Cyclin D1 intensity

Mean ! SD Median

PNA mismatch, WT4172 6.39 ! 1.34 6.45
Peptide mismatch, WT4113 5.68 ! 1.51 5.57
PNA antisense, WT4185 2.93 ! 1.38 2.87

For each chimera, 4 tumors were analyzed in duplicate by West-
ern blotting. Bands on films were quantitated by scanning.

TABLE 3
CCND1 mRNA in Tumors Injected Intratumorally with

Peptide-PNA-Peptide Chimeras

Peptide-PNA-peptide

CCND1/TBP ratio

Mean ! SD Median

PNA mismatch, WT4172 7.78 ! 6.31 4.62
Peptide mismatch, WT4113 6.65 ! 3.57 5.36
PNA antisense, WT4185 12.29 ! 6.94 9.13

TBP " TATA-box binding protein.
For each chimera, 3 tumors were analyzed in duplicate.

FIGURE 6. Scintigraphic images of #-rays emitted by decay-
ing 99mTc in nude mice carrying human MCF7:IGF1R estrogen
receptor–positive breast tumor cell xenografts at 4, 12, and 24 h
after injection of the PNA-free control probe, WT990, the PNA
mismatch control probe, WT4172, the peptide mismatch control
probe, WT4113, and the PNA antisense probe, WT4185.
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from outside the body. To test our hypothesis that a com-
plementary 99mTc-chelator-PNA-peptide probe specific for
CCND1 mRNA and IGF1R could visualize a CCND1-
expressing tumor, we administered approximately 18.5
MBq (0.5 mCi) of the 99mTc-PNA-peptide CCND1 probe to
cohorts of 5 nude mice bearing approximately 0.5-cm
MCF7:IGF1R xenografts to determine the specificity and
sensitivity of scintigraphic imaging at 4, 12, and 24 h after
administration (Fig. 6). To test whether the probe would
bind to tumor cells expressing high levels of IGF1R, we
administered the PNA-free chelator plus an IGF1 analog
control, WT990, independent of internalization and mRNA
binding. We did not observe tumor signals at 4, 12, or 24 h
after injection.

Similarly, to test whether a probe containing 4 central
PNA mismatches would bind to tumor cells expressing high
levels of IGF1R and CCND1 mRNA, we administered the
PNA mismatch control, WT4172. We did not observe tumor
signals at 4, 12, or 24 h after injection. Next, to test whether
the complementary probe with 2 central peptide mismatches
would bind to tumor cells expressing high levels of IGF1R
and CCND1 mRNA, we administered the peptide mismatch
control, WT4113. We did not observe tumor signals at 4,
12, or 24 h after injection.

Finally, to test whether the complementary probe with the
correct IGF1 analog would bind to tumor cells expressing
high levels of IGF1R and CCND1 mRNA, we administered
the PNA antisense chimera, WT4185. In this experiment,
we observed faint tumor signals at 4 h, strong tumor signals

at 12 h, and intermediate tumor signals at 24 h after injec-
tion.

Digital scanning of the tumor site region of interest on the
right flank versus the mirror-image tumor-free region of
interest on the left flank enabled the quantitation of tumor
images. The ratios of tumor site intensities to control site
intensities are plotted in Figure 7 as a function of time. It is
presumed that any ratio greater than 1 implies some pref-
erential probe concentration. Although no tumor image was
obvious in Figure 6 after administration of the PNA-free
control, WT990, the measured ratios of about 1.5 imply
some weak binding. Similar ratios of about 1.5 were found
for the PNA mismatch control, WT4172, including the
IGF1 peptide analog. For the peptide mismatch control,
WT4113, some binding was apparent at 4 h after adminis-
tration but not at 12 or 24 h. Only a faint tumor image was

TABLE 2
Cyclin D1 Protein in Tumors Injected Intratumorally with

Peptide-PNA-Peptide Chimeras

Peptide-PNA-peptide

Cyclin D1 intensity

Mean ! SD Median

PNA mismatch, WT4172 6.39 ! 1.34 6.45
Peptide mismatch, WT4113 5.68 ! 1.51 5.57
PNA antisense, WT4185 2.93 ! 1.38 2.87

For each chimera, 4 tumors were analyzed in duplicate by West-
ern blotting. Bands on films were quantitated by scanning.

TABLE 3
CCND1 mRNA in Tumors Injected Intratumorally with

Peptide-PNA-Peptide Chimeras

Peptide-PNA-peptide

CCND1/TBP ratio

Mean ! SD Median

PNA mismatch, WT4172 7.78 ! 6.31 4.62
Peptide mismatch, WT4113 6.65 ! 3.57 5.36
PNA antisense, WT4185 12.29 ! 6.94 9.13

TBP " TATA-box binding protein.
For each chimera, 3 tumors were analyzed in duplicate.

FIGURE 6. Scintigraphic images of #-rays emitted by decay-
ing 99mTc in nude mice carrying human MCF7:IGF1R estrogen
receptor–positive breast tumor cell xenografts at 4, 12, and 24 h
after injection of the PNA-free control probe, WT990, the PNA
mismatch control probe, WT4172, the peptide mismatch control
probe, WT4113, and the PNA antisense probe, WT4185.

EXTERNAL IMAGING OF CCND1 ACTIVITY • Tian et al. 2077

External Imaging of CCND1 Cancer Gene
Activity in Experimental Human Breast Cancer
Xenografts with 99mTc-Peptide-Peptide Nucleic
Acid-Peptide Chimeras
Xiaobing Tian, PhD1; Mohan R. Aruva, PhD2; Wenyi Qin, MD3; Weizhu Zhu, MD3; Kevin T. Duffy, MBA1;
Edward R. Sauter, MD3; Mathew L. Thakur, PhD2,4; and Eric Wickstrom, PhD1,4

1Department of Biochemistry and Molecular Pharmacology, Thomas Jefferson University, Philadelphia, Pennsylvania; 2Department
of Radiology, Thomas Jefferson University, Philadelphia, Pennsylvania; 3Department of Surgery, University of Missouri, Columbia,
Missouri; and 4Kimmel Cancer Center, Thomas Jefferson University, Philadelphia, Pennsylvania

Detection of a new or recurrent breast cancer lesion relies on
physical examination and imaging studies, primarily mammog-
raphy, followed by histopathologic evaluation of biopsy tissue
for morphologic confirmation. Approximately 66%–85% of de-
tected lesions are not malignant. Therefore, biopsies are unnec-
essary for at least two thirds of patients. Human estrogen re-
ceptor–positive breast cancer cells typically display an elevated
level of cyclin D1 protein because of the overexpression of
CCND1 messenger RNA (mRNA) and an elevated level of insu-
lin-like growth factor 1 (IGF1) receptor (IGF1R) because of the
overexpression of IGF1R mRNA. We hypothesized that scinti-
graphic detection of CCND1 peptide nucleic acid (PNA) hybrid-
ization probes with a 99mTc-chelating peptide on the N terminus
and an IGF1 peptide loop on the C terminus could detect
CCND1 mRNA in human MCF7 breast cancer xenografts in
nude mice from outside the body. Methods: We prepared the
CCND1 probes as well as mismatched controls by solid-phase
synthesis. We used fluorescence microscopy to detect the cel-
lular uptake of fluoresceinyl probes and quantitative reverse
transcription–polymerase chain reaction to detect the hybrid-
ization of probes to mRNA. We imaged 99mTc-probes in MCF7
xenografts scintigraphically and measured distribution by scin-
tillation counting of dissected tissues. Results: IGF1R-overex-
pressing MCF7 cells internalized the fluorescein-chelator-
CCND1 PNA-IGF1 peptide but not the mismatched control
peptide. The chelator-CCND1 PNA-IGF1 peptide but not the
control peptide lowered the level of cyclin D1 protein in IGF1R-
overexpressing MCF7 xenografts in nude mice after intratu-
moral injection. IGF1R-overexpressing MCF7 xenografts in
nude mice were visualized at 4, 12, and 24 h after tail vein
administration of the 99mTc-CCND1 antisense probe but not the
control probe. 99mTc-chimeras were distributed normally in the
kidneys, liver, tumors, and other tissues. Conclusion: Cancer
gene activity can be detected from outside the body by probing
with radionuclide-chelator-PNA-peptide chimeras.

Key Words: antisense; oligonucleotides; oncogenes; peptides;
radionuclides; scintigraphy

J Nucl Med 2004; 45:2070–2082

Mammography and physical examination, the only
generally accepted screening tools available, miss up to
40% of early breast cancers, the most common noncutane-
ous cancers in U.S. women. Moreover, if an abnormality is
found, an invasive diagnostic procedure still must be per-
formed to determine whether the breast contains atypia or
cancer, even though 66%–85% of abnormalities are benign
(1). Recent advances in mammography, including 2 views
rather than 1, spot compression, and digital images under
the guidance of the Breast Imaging Reporting and Data
System, have improved the sensitivity and specificity of
mammography (2). Nonetheless, most women with suspi-
cious mammograms undergo surgery only for the lesion to
be found benign, and many other women undergo yearly
mammograms interpreted as benign only to discover by
self-examination of the breast a palpable lump that is found
to be malignant.

Diagnostic efforts to identify women with precancerous
changes or breast cancer are hindered by the fact that the
evaluation of the breast traditionally has required a surgical
biopsy. A nonoperative method to evaluate women for the
presence of atypia or cancer of the breast would be very
beneficial. Sestamibi has demonstrated utility in imaging
lesions in a dense breast but is limited by the fact that other
cell types with high mitochondrial activity avidly take up
the tracer, leading to false-positive results in breasts with
inflammation or infection (3), false-negative results attrib-
utable to sensitivity limits of the technology (in which
tumors !8 mm in diameter are difficult to visualize) (4),
and the potential for false-negative results with well-differ-
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FIGURE 3. Transverse microPET and microCT images of immunocompromised NCr mice bearing human MCF7 ER1 xenografts
on their right flanks recorded at 4 and 24 h after tail vein injection of 3.7–7.4 MBq (100–200 mCi) of CCND1 [64Cu]WT4348
hybridization probe, [64Cu]WT4273 peptide mismatch probe, [64Cu]WT4322 PNA mismatch probe, or free 64CuCl2 as an
unchelated control. Yellow line on coronal CT image shows the level of transverse images. All images are displayed on the same
scale. Color scale of the images was normalized to the maximum/minimum of frame to show dynamic range of tumor uptake.
Ratios of maximum tumor PET image intensities to contralateral tissue average intensities were calculated for equal-sized ROI.
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The DO3A-CCND1 PNA-IGF1 analog (WT4348) was synthe-
sized with acceptable yields (Scheme 1) continuously on NovaSyn
TentaGel Rink (TGR) resin (0.1–0.17 mmol/g; Novabiochem)
on a 30-mmol scale using standard solid-phase Fmoc coupling
activated by 2-(7-aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyl-
uronium-hexafluorophosphate (HATU) on an PS3 peptide synthe-
sizer (Protein Technologies, Inc.). Two control chimeras were
synthesized (Scheme 1): one (WT4322) with 4 mismatched bases
that cannot hybridize to CCND1 mRNA, and another (WT4273)
with 2 mismatched amino acid residues that does not enable
IGF1R-mediated uptake.

The coupling times were optimized for amino acid monomer
coupling (45–60 min), PNA monomer coupling (25–35 min),
and tris(t-butyl)-1,4,7,10-tetra(carboxymethylaza)cyclododecane
(DOTA) coupling (60 min). Double coupling was not required.
The cysteine residues were cyclized on the solid phase with 10
equivalents of I2 in (CH3)2NCHO for 4 h at room temperature (12).
Next, the resin was washed with (CH3)2NCHO and MeOH and dried
under vacuum, and then cleaved and deprotected with CF3CO2H/m-
cresol/i-Pr3SiH (85:14:1) for 4 h at room temperature. Cold EtOEt
was added to the CF3CO2H solution to precipitate the off-white
solid product.

The probes were purified by reversed-phase high-performance
liquid chromatography (HPLC) on a Microsorb C18 column (300-Å
pore, 10-mm particle size, 10 · 250 mm; Varian, Inc.) eluted with a
linear gradient of 0%–60% CH3CN in aqueous 0.1% CF3CO2H over
35 min at 50!C at a flow rate of 1 mL/min, monitored by absorbance
at 260 nm (Fig. 2A). The major peaks were collected and then
concentrated to dryness in vacuum. Products were characterized by
electrospray ionization mass spectrometry (ESI/MS) on a SciEx

API 3000 liquid chromatography/tandem mass spectrometry sys-
tem (Applied Biosystems) (WT4348 and WT4322) (Fig. 2B).

Cell Lines and Animal Model
Human MCF7 ER1 estrogen-dependent breast cancer cells that

overexpress IGF1R (18) were maintained in Dulbecco’s modified
Eagle medium plus 5% calf serum, 50 U/mL penicillin, 5 mg/mL
streptomycin, 2 mM glutamine, and 7.5 nM 17-b-estradiol (Sigma
Chemical) at 37!C in a humidified incubator containing 5% CO2/
95% air and cultured to 80% confluence before splitting or implan-
tation. For tumor induction, 5–6 · 106 cells in 0.2 mL of culture
medium were implanted intramuscularly through a sterile 27-gauge
needle into the thighs of 6- to 8-wk-old female NCr immunocom-
promised mice (National Cancer Institute) and lightly anesthetized
with a mixture of ketamine (200 mg/kg), xylazine (10 mg/kg), and
acetopromazine (2 mg/kg) at a dose of 160 mL/25 g, as described
earlier (20).

Tumors were allowed to grow to ,1 cm in diameter, with mass
ranges from 300 to 500 mg. Each injection included 10 mg of
Matrigel (Becton-Dickinson). A 60-d release pellet containing
4.5 mg of 17-b-estradiol (Innovative Research of America) was
implanted subdermally in each mouse. All animal studies were
conducted in accordance with federal and state guidelines governing
the laboratory use of animals, and under protocols approved by the
Institutional Animal Care and Use Committee at Thomas Jefferson
University. Animals were euthanized in a halothane chamber,
consistent with U.S. Department of Agriculture regulations and
American Veterinary Medical Association recommendations.

Radiolabeling of DO3A-PNA-Peptide Hybridization
Probes

To a solution of 20 mg (;4.5 nmol) DO3A-PNA-peptides in 20
mL of sterile water, 2 mL of 64CuCl2 (7.4–11.1 MBq [200–300 mCi],
;1 nmol) (Washington University, St. Louis, MO, or MDS
Nordion) in 0.1 M HCl and 200 mL of 0.1 M NH4OAc, pH 5.5,
were added and then incubated at 90!C for 15 min (Scheme 1). The
radiochemical purity of the [64Cu]DO3A-PNA-peptides was mon-
itored by reverse-phase HPLC on a Dynamax C18 column (300-Å
pore, 5-mm particle size, 4.5 · 250 mm; Varian, Inc.) eluted with
aqueous 0.1% CF3CO2H in a gradient from 10% to 100% CH3CN
over 28 min, at 1 mL/min, at 25!C.

The thermodynamic stability of [64Cu]DO3A-PNA-peptides af-
ter exposure to 100-fold molar excesses of diethylenetriaminepenta-
acetic acid (DTPA), human serum albumin, or cysteine at 22!C for
30 min was determined by reverse-phase HPLC as above. The
metabolic stability of the CCND1 probe [64Cu]WT4348 was tested
by administering 13 MBq (350 mCi) with a sterile 27-gauge needle
into the lateral tail vein of a female NCr mouse. The mouse was
euthanized 3 min later and exsanguinated; 0.5 mL of blood was
sedimented for 10 min at 3,000g in a heparinized polypropylene
vial. Thirty microliters of the serum supernatant, containing 185
kBq (5 mCi) of 64Cu, were mixed with sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer,
heated, and analyzed on an 18% polyacrylamide Tris-glycine gel
(Invitrogen) as previously described (20). Duplicate gels were
autoradiographed or stained with Coomassie blue.

[64Cu]DO3A-PNA-Peptide Radiohybridization Probe
Administration

Approximately 4 mg (1 nmol) of [64Cu]DO3A-PNA-peptide,
containing 3.7–7.4 MBq (100–200 mCi), were injected with a sterile

Scheme 1
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MDA-MB-231	cell	uptake	of	Cal560-Anti-miR	PNA-IGF1	tetrapeptide	

Cal560	

DAPI	

Cells	were	incubated	in	200	nM	of	Cal560-Anti-miR	PNA-IGF1	tetrapeptide	and	negative	
controls	for	4	hours	at	37°C	in	complete	medium.	Ex:	543	Em:	560	

Merge	

Peptide	Mismatch	
–	CSAC	

Anti-miR-21	
PNA	–	CSKC	

Anti-miR-17	PNA	
–	CSKC	
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1	µM	anti-miR	PNA-IGF1	tetrapeptide	elevated	the	expression	
of	PDCD4	and	PTEN	

10	

1	µM	anB-miR	PNA-IGF1	tetrapepBde	changed	the	expression	of	
PDCD4	and	PTEN.	

1	 µM	 anB-miR-17	 and	 anB-miR-21	 or	 scrambled	 control	 PNA-IGF1	
tetrapepBde	was	 incubated	with	MDA-MB-231	cells	48	hours.	Total	proteins	
were	extracted	at	48	hours.	

PDCD4	

PTEN	

β-ac/n	

1.21	 1.15	 1.00	

1.18	 1.15	 1.00	

A	

Fig. 1. PNA-AEEA-cyclo-D(Cys-Ser-Lys-Cys) blocker of miR-17-5p.  
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Triple negative breast cancer therapy by microRNA blockade with PNA-peptides, without passenger strand side effects 

Introduction 

Triple negative breast cancer (TNBC) attacks >40,000 young women annually in the US, and has no molecular targeted 
therapies. Highly expressed microRNA miR-17-5p is distinctive in TNBC and contributes to cancer cell survival [1]. We hypothesized 
that knocking down oncogenic miR-17-5p might illustrate a route to microRNA blockade therapy for TNBC. 

Contrary to conventional wisdom, that only one of the two strands in a pre-miRNA duplex is active, such as miR-17-5p, we 
previously observed activities from the complementary passenger strand, called miR-17-3p, in TNBC cells [2]. Furthermore, an 
antisense oligonucleotide against miR-17-5p created additional off-target effects by mimicking miR-17-3p [2], implying that 
therapeutic microRNA blockers should be designed to avoid resemblance to the opposing strands. 

Results 

 We developed a platform for designing microRNA blockers to avoid amplifying microRNA complementary strand activity. 
Guide strand specific blockers of miR-17-5p and miR-21 were designed to contain a peptide nucleic acid (PNA) backbone to increase 
efficacy and stability, and an insulin-like growth factor 1 (IGF1) tetrapeptide analog (Fig. 1) to facilitate cancer cell specific delivery 
through overexpressed IGF1 receptor (IGF1R). 

The anti-miR-17-5p and anti-miR-21 PNA-tetrapeptides successfully raised target protein levels, and elevated apoptosis in 
two mesenchymal stem-like TNBC cell lines. The anti-miR-21 PNA-tetrapeptide also inhibited migration in those cell lines.  

Discussion 

 Further optimization could be made to improve the efficacy of our existing miRNA blockers. Using anionic oligonucleotide 
backbone modifications that activate RNase H, as well as extending the length of the microRNA blockers, might increase potency. 
These optimization steps are currently underway. 

Conclusion 

Our results suggest that blocking cancer-driving microRNAs, such as miR-17-5p and miR-21, in TNBC is a promising 
therapeutic approach. Using PNA-IGF1 tetrapeptide agents provides the basis for potential targeted therapeutics for TNBC.  

Supported by Bound Therapeutics LLC. Conflict of interest: pending TJU PCT/US2015/015681 patent application licensed 
to Bound Therapeutics LLC. 
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Blocking	miR-21	with	anti-miR-21	PNA-IGF1	tetrapeptide	slowed	
down	MDA-MB-231	cell	migration.	
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Blocking	miR-21	with	PNA-IGF1	tetrapeptide	slowed	down	MDA-
MB-157	cell	migration.	
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Blocking	miR-21/17	with	PNA-IGF1	tetrapeptide	induced	
apoptosis	in	MSL	type	MDA-MB-231	and	MDA-MB-157	cells.	
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Summary	

•  The	functional	changes	as	a	result	of	1	μM	PNA-IGF1	peptide	
treatment	are	modest,	indicating	low	efficacy.	

•  TNBC	cell	lines	that	rely	on	PI3K/AKT/mTOR	pathway	are	likely	to	
respond	to	miR-21/17	blockage.	

•  Future	antagomiRs	can	be	optimized	by:	
–  Alternative	oligonucleotide	analog	that	triggers	RNase	H	(NC-
BNA,	FANA)	

	
	
	
–  Increasing	the	length	of	antagomiRs	without	mimicking	
passenger	strand	

–  Better	delivery	target	
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In Vivo Effect of BNA-based PCSK9 Inhibitors
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PCSK9 mRNA and serum LDL-C. However, a large dose of 
MOE is necessary to obtain sufficient efficacy. More recently, 
Gupta et al. demonstrated that a reduced amount of 2a,4a-
bridged nucleic acid (BNA) (also called as locked nucleic acid 
(LNA))-modified gapmer efficiently suppresses PCSK9 mRNA 
and induces an increase in LDLR protein levels both in vitro 
and in vivo.20 Due to the high-affinity binding of 2a,4a-BNA–
modified AON molecules, in many cases, 2a,4a-BNA–modified 
gapmer shows improved antisense potency in vivo as com-
pared to MOE-based gapmer. However, in some cases, the 
repeated administration of 2a,4a-BNA–modified gapmer causes 
hepatotoxicity.21 The development of more potent and less toxic 
antisense molecules is necessary for clinical usage.22 We have 
developed a series of 2a,4a-BNAs such as 2a,4a-BNA and 2a,4a-
BNANC, which have chemical bridges between the 2a and 4a 
positions of the ribose rings; 2a,4a-BNANC–modified oligonucle-
otides retain high-affinity binding to RNA and higher nucle-
ase stability than 2a,4a-BNA–modified oligonucleotides.23–25 
Therefore, 2a,4a-BNANC–modified anti-PCSK9 AONs would 
be expected to possess distinct cholesterol-lowering potency 
and toxicological risks in vivo. Actually, 2a,4a-BNANC–modified 
phosphatase and tensin homolog deleted from chromosome 
ten (PTEN) inhibitor showed high potency without the onset 
of hepatotoxicity.26 In this study, we present the effective gene 
silencing and cholesterol-lowering effects of both 2a,4a-BNA– 
and 2a,4a-BNANC–based anti-PCSK9 AON. In addition, we 
showed the toxicological characteristics of 2a,4a-BNA– and 
2a,4a-BNANC–based AONs.

Results

Physicochemical properties of a 2a,4a-BNA–modified 
anti-PCSK9 AON in vitro
The 2a,4a-BNA–modified phosphorothioate oligonucle-
otides (P900SL) and a conventional phosphorothioate 
AON (P900S) were designed based on the previously 
identified potential sequence.27 The control sequence was 
CR01S, which has the same conventional phosphorothio-
ate backbone as P900S, but does not target any specific 
genes in mice (Table 1). Upper and lower case letters in 
the sequences represent 2a,4a-BNA and DNA, respectively. 
We additionally selected another sequence, a consensus 
sequence between the mouse and human sequences to 
dispense with the sequence translation to adapt to human 
clinical trials. P901SL and P901SNC both possess five gaps, 
and nine of 20 nucleotides are substituted by 2a,4a-BNA and 
2a,4a-BNANC (Table 1, Figure 1). Note that the sequence, 
length, and composition of AONs have not been fully opti-
mized yet here. The melting temperature (Tm) values of 
P900S, P900SL, P901S, P901SL, and P901SNC with their 
target RNA were determined by UV-melting experiments. 
AONs modified with 2a,4a-BNA and 2a,4a-BNANC showed an 
excellent target affinity compared to conventional phospho-
rothioate AONs (Table 1).

In vitro gene silencing properties
We next evaluated in vitro gene silencing properties of AONs 
by using mice hepatic NMuLi cells (Figure 2a–c) treated with 
1–50 nmol/l of P900SL by means of lipofection.  Real-time 
reverse transcription-PCR revealed a  dose- dependent 

reduction of the PCSK9 mRNA level as compared to the 
GAPDH mRNA level (half-maximal inhibitory concentration 
(IC50) = 3.0 nmol/l) (Figure 2a). By contrast, no such effec-
tive reduction of the mRNA level occurred in P900S-treated 
cells (IC50 = 41.2 nmol/l) (Figure 2a), and treatment with 
CR01S and CR01SL did not yield any silencing (Figure 2b). 
To investigate whether suppression of PCSK9 mRNA by 
P900SL affects the PCSK9 protein level, we performed west-
ern blotting experiments. A dose-dependent reduction of the 
PCSK9 protein level occurred in P900SL-treated NMuLi cells 
(Figure 2a). On the other hand, the protein levels of LDLR in 
P900SL-treated cells were increased in a dose-dependent  
manner, showing the inverse relationship between PCSK9 
and LDLR protein levels. PCSK9 protein was thoroughly 
inhibited by P900SL at a concentration of ~10 nmol/l. The 
increase in LDLR protein simultaneously reached a pla-
teau at this concentration. Gene silencing properties of 
P901S, P901SL, and P901SNC were demonstrated both in 
murine and human hepatic cell lines. P901SL and P901SNC 
showed a similar silencing efficacy as P900SL in NMuLi cells 
(Figure 2a). Both P901SL and P901SNC showed far more 
efficient mRNA inhibitory activity than P901S in HepG2 cells 
(Figure 2d). The reduction rate of PCSK9 protein levels also 
supported this trend (Figure 2e).

The level of intrahepatic AONs in normal chow-fed mice 
after a single treatment with BNA-modified AONs
Next, we examined whether BNA-modified AONs can 
also be good inhibitors of PCSK9 in mice. A naked AON 
(P900SL) was intravenously (i.v.), subcutaneously (s.c.), and 

Table 1 Properties of modified oligonucleotides used in this study

Sequence 
ID Sequencea Tm

IC50 (nmol/l)

NMuLi HepG2

CR01S 5a-ccttccctgaaggttcctcc-3a – N.D. –

CR01SL 5a-cctTCCctgaagGTTCcTCc-3a – N.D. –

P900S 5a-gggctcatagcacattatcc-3a 37.0 23 –

P900SL 5a-GggCTCatagcaCaTTaTCc-3a 72.1 1.8 –

P901S 5a-ccaggcctatgagggtgccg-3a 49.6 – 100

P901SL 5a-CCaggCCTaTgagggTgCCg-3a 83.2 1.0 1.8

P901SNC 5a-CCaggCCTaTgagggTgCCg-3a 86.0 3.0 11.6

Abbreviations: BNA, bridged nucleic acid; IC50, half-maximal inhibitory 
concentration.
aOligonucleotides with 2a,4a-BNA (upper case), 2a,4a-BNANC (capital italic), 
and DNA (lower case letters). All internucleotide linkages are phospho-
rothioated. Melting temperature (Tm) of CR01S and CR01SL were not 
measured because no target site on transcripts, marked “–”. Non-detectable 
IC50 values, due to low potency, marked N.D. IC50 values were partly not 
determined, marked “–”.
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Figure 1 Structure of bridged nucleic acids (BNA) used in this 
study. LNA, locked nucleic acid.

A very large number of chemical modifications have been
made to ODN in order to enhance their stability, and raise the
melting temperature (Tm) of mRNA hybrids once formed. To a
great extent, these modifications have focused on the ribose
sugar and the internucleotide linkage group (2,5,7,12,13).
With regard to the latter, arguably the most successful, and
still widely employed, is the phosphorothioate modification
originally synthesized by Eckstein (14,15). Here, one of the
non-bridging oxygen atoms in the internucleoside phosphate
group is replaced with a sulfur atom creating the phos-
phorothioate (PS) modification of ODN (PS-DNA). When
compared with natural DNA, PS-DNA is moderately nuclease
resistant and retains the ability to activate RNase H. However,
these desirable properties are offset by the fact that the PS
modification lowers the Tm of ODN/mRNA heteroduplexes,
and the sulfur atom promotes non-specific binding to many
intra- and extracellular proteins (16–18). Unintended, and at
times undesirable, biological side effects can be observed as
a result (14,19,20).

Many chemical modifications have been developed to
enhance the gene silencing properties of PS-DNA molecules.
A typical strategy is to flank a central core of PS-DNA with
nucleotides modified to promote enhanced nuclease resist-
ance, and to raise the Tm of resulting heteroduplexes. The
most promising of these are 20-O-alkyl modifications such
as the 20-O-methyl and 20-O-methoxyethyl groups (21,22).
These substitutions confer an RNA-like (north or C30-endo)
conformation to the ONs which has the beneficial effect of
raising the Tm of formed heteroduplexes, but unfortunately,
this enhanced stability is achieved at the expense of RNase H
activation. Since RNase H activation is critical for effective
antisense activity in living cells (11), this latter characteristic
is highly undesirable.

A recently described 20-deoxy-20-fluoro-b-D-arabinonucleic
acid (20F-ANA) analog appears to overcome this important
disadvantage of the 20-O-alkyl modified gapmer molecules.
ANA is a 20-stereoisomer of RNA based on D-arabinose
(23). When the ANA is further modified by substitution of
the 20-OH group with a fluorine atom, the 20F-ANA is created
(24) (Figure 1). The 20F-ANA has significantly enhanced bind-
ing affinity to the target mRNA compared with native or PS

modified DNA (25,26). Remarkably, and importantly, 20F-
ANA/RNA duplexes, unlike 20F-RNA/RNA duplexes retain
the ability to activate RNase H (11,26). This is because
20F-ANA/RNA duplexes are structurally similar to normal
DNA/RNA duplexes (27,28). At the same time, because the
20F-substituent in 20F-ANA/RNA hybrids projects into the
major groove of the helix, it does not significantly interfere
with the binding and subsequent catalysis of RNA by RNase H
(19,29). Indeed, incorporation of DNA into the 20F-ANA
structure accelerates RNase H mediated RNA cleavage to a
level that is superior to that observed with PS-DNA (11). For
example, we have reported that PS-20F-ANA–DNA chimeras
consisting of a core of six DNA nucleotides flanked by
20F-ANA wings resulted in an AS ON with high-affinity
RNA binding, excellent RNase H cleavage properties
and gene silencing efficacy in the low nanomolar range
(<10 nM) (11). Herein we report studies which directly com-
pare the gene silencing efficiency of two different designs
of PS-20F-ANA–DNA chimeric molecules and PS-DNA
molecules. Our results indicate that the 20F-ANA-containing
ON with central, or alternating, stretches of PS-DNA had
greater potency, and duration of action, than those exhibited
by ON composed solely of PS-DNA.

MATERIALS AND METHODS

ODN synthesis

Unmodified phosphorothioate ODNs were synthesized by
Integrated DNA Technology (IDT, Coralville). PS-20F-
ANA–DNA chimeras were synthesized in the Department
of Chemistry (McGill University, Montreal, QC, Canada)
using a previously reported methodology (30). The sequences
of ODNs employed in this study are described in Table 1.

Cell culture and transfection

K562 cells were cultured in RPMI medium supplemented
with 10% of fetal bovine serum (FBS) and 0.5% penicillin/
streptomycin at 37!C in a humidified incubator (95%
humidity) and 5% CO2. Culture media was changed every
second day or as required by rapidity of cell growth.

Figure 1. Chemical structure of 20F-ANA compared with RNA and ANA.
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