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Abstract: Approximately 30% of pancreatic cancer patients harbor targetable mutations. However,
there has been no therapy targeting these molecules clinically. Nucleic acid medicines show high
specificity and can target RNAs. Nucleic acid medicine is expected to be the next-generation
treatment next to small molecules and antibodies. There are several kinds of nucleic acid drugs,
including antisense oligonucleotides, small interfering RNAs, microRNAs, aptamers, decoys, and CpG
oligodeoxynucleotides. In this review, we provide an update on current research of nucleic acid-based
therapies. Despite the challenging obstacles, we hope that nucleic acid drugs will have a significant
impact on the treatment of pancreatic cancer. The combination of genetic diagnosis using next
generation sequencing and targeted therapy may provide effective precision medicine for pancreatic
cancer patients.
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1. Introduction

Despite advances in diagnostics and therapeutics, the prognosis of pancreatic cancer remains
poor with an overall five-year survival rate of 6%, due in part to difficulties in treating carcinoma at an
advanced stage. Mutations of KRAS, CDKN2a, TP53, and SMAD4 are driver mutations in pancreatic
cancer; however, a targeted approach for those molecules has not been successful yet. Precision
medicine for individual patient has been greatly expected to improve pancreatic cancer patients’
outcomes. Recent advances of comprehensive gene analysis using next-generation sequencers can
provide a wealth of information of genetic abnormalities of cancers [1,2]. There have been several
candidates for treatment targets in pancreatic cancer. Approximately 30% of pancreatic cancer patients
harbor druggable mutations; for example, KRAS, BRCA1 and 2, PALB2, ATM, HER2, MET, MLH1,
MSH2, MSH6, PMS2, PI3CA, PTEN, CDKN2A, BRAF, and FGFR1 [2]. However, there has been no
clinical therapy targeting these molecules, because it is difficult to inhibit target RNA in humans.

RNA interference (RNAi) is a biological process in which RNA molecules inhibit gene expression
or translation by neutralizing targeted mRNA molecules. Nucleic acid medicine consists of natural or
chemically modified nucleotides that can act directly without changes in gene expression [3]. These
drugs show high specificity and can target mRNA and noncoding RNAs. Nucleic acid medicine is
considered the next-generation treatment next to small molecules and antibodies. There are several
aspects of nucleic acid therapy that are potentially advantageous over traditional drugs. These include
the ability to generate specific inhibitors of targets that were previously inaccessible, with the only limit
being the genetic information available. Inhibition of mRNA expression has the potential to produce
faster and longer-lasting responses than protein inhibition by conventional targeted therapy. Moreover,
the side-effects of nucleic acid medicine might be less than those of conventional therapy [4]. Lastly,
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oligonucleotides can be chemically synthesized and thus their development duration is relatively short
compared to antibodies.

There are several kinds of nucleic acid drugs, including antisense oligonucleotides (ASOs), small
interfering RNAs (siRNAs), microRNAs (miRNAs), aptamers, decoys, and CpG oligodeoxynucleotides
(CpG oligos) (Table 1). They can be classified as either extracellular or intracellular according to their
site of function; ASOs, siRNAs, miRNAs, and decoys act in the nucleus or cytoplasm, while aptamers
bind to extracellular proteins and CpG oligos act on Toll-like receptor 9 (TLR9) in the endosome.
The drugs also have different targets; ASOs, miRNAs, and siRNAs target RNA, whilst aptamers,
decoys, and CpG oligos target proteins. Nucleic acid drugs are suited for coextinction or therapeutic
synergy, which may represent an important step to overcome compensatory effects typically observed
in cancer cells following knockdown of a single target. In this review, we provide an update on the
current research of nucleic acid-based therapies, focusing on ASO and siRNA for pancreatic cancer,
and summarize the outcomes from published data.

Table 1. Nucleic acid medicines.

Antisense
Oligonucleotides siRNAs Antisense

miRNAs
miRNA
Mimics Decoys Aptamers CpG

Oligodeoxynucleotides

Structure Single strand
DNA/RNA

Double
strand
RNA

Single
strand

DNA/RNA

Double
strand RNA

Double strand
DNA

Single
strand

DNA/RNA
Single strand DNA

Length
(base
pairs)

12–21
20–30 20–25 12–16 20–25 20 26–45 20

Site
Intracellular

(nucleus,
cytoplasm)

Intracellular
(cytoplasm)

Intracellular
(cytoplasm)

Intracellular
(cytoplasm)

Intracellular
(nucleus) Extracellular Extracellular

(endosome)

Target
mRNA

pre-mRNA
miRNA

mRNA miRNA mRNA
Protein

(transcription
factor)

Protein Protein (TLR9)

Function

mRNA
degradation
Translational

inhibition
miRNA

inhibition
Splicing

inhibition

mRNA
degradation

miRNA
degradation

mRNA
degradation
Translational

inhibition

Transcriptional
inhibition

Inhibition
of protein
function

Activation of natural
immunity via TLR9

Drug
delivery
system

Modified or
unnecessary Necessary Necessary Necessary Necessary PEGylation Antigen

TLR9, toll like receptor 9.

2. Functions

2.1. Antisense Oligonucleotides

ASOs are single strands of DNA or RNA that are complementary to a chosen sequence. In the
case of antisense RNA, they prevent protein translation of certain messenger RNA strands by binding
to them [5].

Antisense DNA can be used to target a specific, complementary (coding or noncoding RNA). If
binding takes place, this DNA/RNA hybrid can be degraded by the enzyme RNase H. After crossing the
cell membrane, ASOs target mRNA directly in the nucleus or cytosol, thus blocking and neutralizing
the targeted miRNA, with the help of the enzyme RNase H1. Furthermore, ASOs have various
functions, including the inhibition of translation, miRNA, and splicing. ASOs have been investigated
for more than 20 years and their use is now a standard technique in developmental biology and they are
used to study altered gene expression and gene function. Recently, several ASOs have been modified
for an unnecessary drug delivery system (DDS).
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2.2. siRNAs

siRNAs are double-stranded RNAs with a length of 20–25 base pairs. siRNAs can suppress the
gene expression via sequence specific inhibition of RNA expression (RNA interference, RNAi). The
cellular process of RNAi occurs in almost all eukaryotic organisms [6]. After being processed by
the ribonuclease III-like DICER enzyme, siRNA interacts with RNA-induced silencing complex to
block and neutralize the target mRNA [7]. siRNA libraries have been created to dissect the function
of independent genes since they show high sequence specificity. The application of siRNAs allows
researchers to discover novel targets and pathway mediators.

2.3. Aptamers

Nucleic acid aptamers are short single-stranded DNA or RNA oligonucleotides that fold into
unique three-dimensional structures and bind to a wide range of targets, including proteins, small
molecules, metal ions, viruses, bacteria, and whole cells [8]. Aptamers have high specificity and
binding affinities (in the low nanomolar to picomolar range) similar to those of antibodies and are
frequently referred to as ‘chemical antibodies’. Proteins constitute by far the largest class of aptamer
targets. The high stability of aptamer–protein complexes, frequently characterized by a Kd in the low
nanomolar range, combined with an excellent specificity of interaction make aptamers valuable tools
for various applications, such as affinity purification, bio-sensing, imaging, and enzyme inhibition [9].

2.4. Decoys

Decoys are double-stranded molecules that mimic the consensus DNA binding site of a specific
transcription factor in the promoter region of its target genes [10]. The regulation of transcription
of disease-related genes in vivo has important therapeutic potential. Gene expression controlled by
the transcription factor is effectively prevented, thereby effectively silencing gene expression and
preventing protein production. Therefore, being less specific in comparison with the siRNA or ASO
method, the decoy technique can be considered a gene silencing approach.

2.5. CpG Oligos

CpG oligodeoxynucleotides (CpG oligos) are short single-stranded synthetic DNA molecules
that contain cytosine triphosphate deoxynucleotide followed by a guanine triphosphate
deoxynucleotide [11]. Synthetic phosphorothioate oligodeoxynucleotides bearing unmethylated
CpG motifs can mimic the immune-stimulatory effects of bacterial DNA and are recognized by
Toll-like receptor 9 (TLR9), which is constitutively expressed only in B cells and plasmacytoid dendritic
cells. Nucleotide modifications at positions at or near the CpG dinucleotides can severely affect
immune modulation. CpG oligos induce type I interferon, cytokines, B cell proliferation, dendritic
cell maturation, and natural killer cell activation. CpG oligos have been applied for antiallergenic or
anticancer treatment.

3. Modifications of Nucleic Acid Drugs

Although, the function of nucleic acid drugs is promising, several challenges have been identified,
including lack of stability against extracellular and intracellular degradation by nucleases, poor
uptake and low potency at target sites of nucleic acid drugs, and off-target effects [12]. Off-target
effects are nonspecific suppressive effects of nucleic acid drugs. Although it has been considered that
nucleic acid drugs possess high specificity, several nucleic acid drugs can affect gene expression of
multiple genes. Furthermore, nucleic acid drugs are quickly degraded by RNase in vivo. In humans,
naked nucleic acid drugs preferentially accumulate in the liver and kidneys, which causes the nucleic
acid drugs to be rapidly cleared from circulation with poor tissue distribution [13]. The pursuit of
clinically viable antisense drugs has led to the development of various types of strategies, such as
carriers or chemical modifications. Apart from structural modification of oligonucleotides, different
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cell-penetrating peptides and ligands conjugated to oligonucleotide-based DDS are normally adopted
following the conjugation.

3.1. Structural Modifications of Nucleic Acid Drugs

Important modifications have been implemented to improve the therapeutic potential of nucleic
acid medicines. However, the properties of the modifications have also led to some decreased
affinity for the target sequence, with associated nonhybridization toxicities such as complement
activation, increased coagulation times, or immune activation (Table 2). Another concern relates to the
hybridization-dependent toxicity, caused by exaggerated action of the drug or off-target hybridization.

Table 2. Modifications of nucleic acid drugs.

Structural
Modifications Contents Stability Cellular

Uptake

Gene
Silencing

Effect
Cytotoxicity Binding

Affinity

Diester
modification Phosphorothioate superior superior inferior superior

Ribose
modification 2’-O-Me, 2’-O-A, 2’-F superior inferior

Base
modification

Adenine methylation
and deamination,

cytosine methylation,
hydroxy methylation

and carboxy
substitution, Guanine

oxidation

superior

Oligonucleotide
analogues

replacement

Peptide nucleic acid,
locked nucleic acid,

morpholino
phosphamide

superior superior inferior

Conjugation to
cell-penetrating

peptides

Cysteine, transactivator
of transcription peptide,

gelatin
superior superior inferior

Aptamer 20–100 nucleotides superior superior

The first of the modifications included phosphorothioate backbone modification, which defined
the first-generation nucleic acid drugs [5]. One of the nonbridge oxygen atoms in the diester bond
is replaced by sulfur. Chemical modification can help enhance cellular uptake and increase the
bioavailability of the modified nucleic acid drugs. Resistance to circumscribed nucleases is also
effectively increased. However, although the modified siRNA is found to be significantly stable
in the body, it increases the cytotoxicity and decreases the gene silencing effect. Modification of
phosphorylated phosphate ester in the phosphorylation location damages RISC activity [14].

The second-generation nucleic acid drugs included the nucleoside analogues containing a modified
sugar moiety, such as 2′-O-methyl-modified or 2′-O-methoxyethyl. The 2′ modifications inhibit the
ability of RNase H to cleave the bound sense RNA strand within the heteroduplex formed between
the nucleic acid drugs and the target RNA [15]. The widespread use of thiophosphate modifications
results in a certain cytotoxicity, but the 2′-O-methylation improves the siRNA activity and is nontoxic
to normal cells [16]. The activity of siRNA depends on the position of the modified parts.

Base modification plays an important role in the function of nucleic acid drugs; for example, it can
improve the function of siRNA and increase the ability of the siRNA interaction with the target mRNA.
The modification increases the ability of RISC to recognize and cleave the mRNA. The modifications on
the base include adenine methylation and deamination, cystosine methylation, hydroxymethylation
and carboxyl substitution, and guanine oxidation, etc. [17]. The modified bases are related to the
changes of functional groups, which is the basis of triggering the functional changes through the
modification of structure of nucleic acid drugs.

Oligonucleotide analogs’ replacement includes peptide substitution, and the resulting materials
typically include peptide nucleic acid, locked nucleic acid, and morpholino phosphamide. They can
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reduce the degradation of oligonucleotides by nucleases, and have low toxicity and a slight decrease
in affinity compared with unmodified sequences [18]. These nucleotide analogs do not support the
cleavage of RNase H-mediated target mRNA in ASPs; thereby, they primarily exhibit their reflective
activity by steric hindrance to prevent gene expression during transcription or translation. This method
further enhances the binding affinity, nuclease resistance, and targeted effect compared with several
other chemical modifications.

3.2. Conjugation of Ligand or Cell-Penetrating Peptides

Cell-penetrating peptides are a class of short peptides that are rich in cations and can efficiently
enter cells through penetrating biofilms. Based on these properties, cell-penetrating peptides are used to
modified DNA, RNA, and oligonucleotides and are loaded on nanocarriers for therapy. The conjugation
of oligonucleotides and cell-penetrating peptides can overcome the deficiencies of cytotoxicity
and enhance the efficiency in eukaryotic cells. Complexes formed by cationic cell-penetrating
peptides and anionic oligonucleotides which are formed through electrostatic interaction can promote
oligonucleotides’ entry into cells and initiate RNA interfering, leading to silencing of endogenous
genes [19]. Cell-penetrating peptides include cysteine, transactivator of transcription peptide [20], and
gelatin [21].

4. Aptamers

Aptamers are synthetic single-stranded oligonucleotides of short length (20–100 nucleotides)
whose three-dimensional disposition confers high avidity for their target DNA or RNA. They shows high
stability, lack of immunogenicity, flexible structure, and small size, which increases their penetration
strength [22]. Aptamer-based targeted delivery of siRNAs using aptamer–siRNA chimeras are becoming
a very useful tool for targeting gene-knockdown in cancer therapy [23]. Aptamer–siRNA chimeras
bind the aptamer’s receptor and upon engagement, the chimera–receptor complex is embedded into
an endocytosis vesicle. The chimera reaches the cytoplasm and the duplex siRNA is recognized by
Dicer and loaded into Dicer and RNA-induced silencing complex (RISC). Several aptamers have been
reported for treatment of prostate, breast, and colon cancer, melanoma, lymphoma, and glioblastoma,
for example PSMA, 4-1BBm EpCAP, CTLA4, PDGFRβ, HER2, and HER3 [23].

5. Drug Delivery Systems of Nucleic Acid Drugs

DDS has been necessary to regulate the drug distribution in the body in terms of quantity and
spatiotemporal aspects. Several kinds of DDSs have been developed based on the diameter of medicine,
specific antibody for tumor, sustained release, and percutaneous absorption. They are expected to
improve the specificity, effects, usability, and economy of drug as well as to suppress the side-effects.

Various carriers of siRNAs have become increasingly available because RNAi can integrate short
hairpin RNA into the cell genome, leading to stable siRNA expression and long-term knockdown of
a target gene. Nonviral carriers have been increasingly preferred owing to lower toxicity compared
with other carrier methods. These carriers typically involve a positively charged vector (cationic
cell-penetrating peptides, cationic polymers, and lipids), small molecules (cholesterol, bile acids, lipids,
and PEGylated lipids), polymers, antibodies, aptamers, and lipid and polymer-based nanocarriers
encapsulating the siRNA [24]. Specific delivery of siRNAs to hepatocytes has been accomplished by
conjugation to N-acetylgalactosamine in order to target an asialoglycoprotein receptor present in the
liver [25].
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Different nanocarrier strategies are still needed in practical applications to make them more effective
in diagnosing and treating diseases. A combination of chemical modification and a nanoparticle-based
DDS is likely to be more effective for oligonucleotide delivery. For example, the siRNA can be
modified with the free thiol group of the amino acid cysteine on cell-penetrating peptides, then they are
encapsulated into ultrasound-sensitive nanomicrobubbles. When nanomicrobubbles reach the target
site, they disintegrate under external ultrasonic irradiation, releasing siRNA to achieve cytoplasmic
delivery [26].

Liposomes are widely used as oligonucleotide delivery systems (Table 3). Cationic liposomes
include monovalent lipids such as DODMA and DOTAP [27]. Oligonucleotides are negatively charged
and easy to encapsulate into cationic liposomes. Neutral liposomes are primarily constructed by neutral
lipids, which include PC, PE, cholesterol, and DOPE [28]. Neutral liposomes have good biocompatibility
and excellent pharmacokinetic characteristics, but they cannot interact with oligonucleotides to adsorb
them and encapsulate them into the liposomes efficiently. Neutral liposomes are adopted to modified
cationic liposomes to enhance particle stability. Ionizable liposomes are important for siRNA delivery.
They can protonated and deprotonated according to the acidity of the environment [28]. Under hypoxic
conditions, tumor tissues are more acidic and pH-responsive liposomes have more positive charges.
Cationic liposomes are the most widely used form of liposomes.

Table 3. Drug delivery systems.

Materials

Liposomes

Cationic liposome DOTAP, DODMA, DOGS, DC-Chol

Neutral liposome PC, Chol, DOPE

Ionizable liposome DODMA, DODAP

Micelles

Polymeric micelles
Amphiphilic copolymer, PEG, polyamino acid,

polylactic or glycolic acid, polycaprolactone, and
short phospholipid chains

Cationic polymer micelles PEG-PLL-PLLeu, PEI-CG-PEI, PgP

Nanoparticles

Albumin-based thiol, arginine-glycine-aspartic acid peptide

Metal-based gold, silver, magnetic

Polymeric micelles have promising applications in drug delivery including extending the drug
cycle time, changing the drug release curve, and easily connecting targeted ligands [29]. Cationic
polymer micelles can ensure good oligonucleotide loading capacity through electrostatic adsorption.
They show long circulation times, tumor passive targeting by the enhanced permeability and retention
effect, and efficient oligonucleotide endosome release by the proton sponge effect [30]. Furthermore,
the suitable carrier should can deliver oligonucleotides and chemotherapy drugs together to the tumor
tissue and release the two drugs simultaneously, for example polymeric micelles with doxorubicin and
siRNA targeting P-glycoprotein [31].

Nanoparticles using albumin, metals, and polymers have been used for drug delivery. Tumor
cells can take up human serum albumin through endocytosis; therefore, albumin-based nanoparticles
can show high stability without cytotoxicity [32]. Metallic nanometer-sized particles, such as silver,
gold, and magnetic metals show the property of the enhanced surface to volume ratio; therefore, they
have good applications in oligonucleotide delivery [33].

Another challenge to overcome in the DDS for pancreatic cancer is intratumoral injection [34]
or implantation [35,36] of siRNAs in the pancreas (Figure 1). Implantation of Local Drug EluterR
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(LODER), can release siRNAs targeting KRAS over months in pancreatic cancer in vivo [36]. LODER is
a biodegradable polymeric matrix that shields drugs against enzymatic degradation. EUS have enabled
researchers to obtain pancreatic tissue samples and inject medicines into the pancreas repeatedly;
therefore, DDS using EUS may improve the effectiveness of siRNA treatment for pancreatic cancer.
In an animal model, we have reported that administration of siRNA by intratumoral injection with
atelocollagen [37] and intravenous injection [38]. Both settings were effective to reduce targeted
mRNA expression in vivo without severe side effects in the short term. Clinical trials are necessary to
determine the long-term effects and safety of nucleic acid medicines.
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EUS, and (3) intratumoral implantation.

6. Clinical Trials

6.1. Antisense Oligonucleotide

Eight nucleic acid medicines have been approved by the FDA (Table 4), five of which are ASOs
used to treat nervous muscular diseases and familial metabolic diseases.

There have been a lot of reports about ASOs for pancreatic cancer treatment in preclinical studies.
KRAS is the most common target because approximately 90% of pancreatic cancer harbor KRAS
mutation. AZD-4785, a high-affinity constrained ethyl-containing therapeutic ASO targeting KRAS
mRNA, potently depleted KRAS mRNA in KRAS-mutant colon, pancreatic, and lung cancer cell lines,
with no feedback activation of MAPK signaling. Significant antitumor activity was obtained in mice
bearing KRAS-mutant lung cancer xenografts [39].

ASOs have been tested in more than 1000 clinical trials. Various ASOs have reached clinical
trials for the treatment of pancreatic cancer. The targets of these molecules were related to cell
proliferation (X-linked inhibitor of apoptosis protein, XIAP [40]; Protein Kinase A, PKA [41]), cell
signaling (HRAS) [42], resistance to chemotherapy (heat shock protein 27, Hsp27) [43], or cancer stroma
(TGFβ2) [44]. However, few ASOs have shown antitumor effects in clinical trials.
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Table 4. Food and Drug Administration (FDA)-approved nucleic acid medicines.

Drug Nucleic Acid Disease Modification Administration Company

Vitravene [45] ASO Cytomegalovirus
retinitis Phosphorothioated Intravitreous

Isis
Pharmaceuticals,
Carlsbad, CA

Macugen [46] Aptamer Age-related macular
degeneration

PEGylation
2’-F

2’-OMe
Intravitreous

Valeant
Pharmaceuticals,
Laval, Canada

Kynamro [47] ASO Homozygous familial
hypercholesterolemia

Phosphorothioated
2’-MOE Subcutaneous

Kastle
Therapeutics,
Chicago, IL

Exondys 51 [48] ASO Duchenne muscular
dystrophy

Morpholino
nucleic acid Intravenous

Sarepta
Therapeutics,
Cambridge,

MA

Spinraza [49] ASO Myelopathic muscular
atrophy

Phosphorothioated
2’-MOE Intraspinal

Biogen,
Cambridge,

MA

Heplisav-B [50] CpG oligo Hepatitis B Phosphorothioated Intramuscular
Dynavax

Technologies,
Berkeley, CA

Tegsedi [51] ASO
Hereditary

transthyretin-mediated
amyloidosis

Phosphorothioated
2’-MOE Subcutaneous

Akcea
Therapeutics,
Boston, MA

Onpattro [52] siRNA
Hereditary

transthyretin-mediated
amyloidosis

2’-MOE Intravenous

Alnylam
Pharmaceuticals,

Cambridge,
MA

FDA, Food and Drug Administration; ASO, antisense oligonucleotide; CpG oligo, CpG oligodeoxynucleotide;
2’-MOE, 2’-O-methoxyethyl; 2’-OMe, 2’-O-Methyl; 2’-F, 2’-Fluoro.

ISIS 2503 (ASO targeting XIAP) showed evidence of growth inhibition when combined with
gemcitabine in locally advanced or metastatic pancreatic cancer in first-line treatment [40]. In that study,
58% of patients who received the combination survived 6 months or longer. Addition of apatorsen, the
Hsp27-targeting antisense oligonucleotide, to chemotherapy did not improve outcomes in unselected
patients with metastatic pancreatic cancer in the first-line setting, although a trend toward prolonged
overall survival in patients with high baseline serum Hsp27 suggests that this therapy may warrant
further evaluation in this subgroup.

6.2. Clinical Trials for siRNAs

Fourteen years after the first clinical trial using RNAi was entered (2004), the FDA approved the first
therapeutic RNAi, ONPATTRO (patisiran), a lipid complex injection for treatment of peripheral nerve
disease caused by hereditary transthyretin-mediated amyloidosis in adults [52] (Table 4). However,
there is no clinically available therapeutic RNAi for pancreatic cancer.

Some siRNAs have already entered clinical trials for the treatment of locally advanced pancreatic
cancer. siRNA targeting mutated KRAS is the most common [35,36]. The vast majority of KRAS
mutations in pancreatic cancer are gain-of-function mutations, most of which occur in codon 12 with
substitution of the Glycine for Aspartate (G12D). Golan et al. implanted siRNA targeting KRAS
(G12D) in the pancreatic tumor using LODER in combination with Gemcitabine treatment [35]. The
majority of patients (83%) demonstrated stable disease and 17% of patients showed partial response.
Decrease in CA19-9 was observed in 70% of patients. The most frequent adverse events observed were
grade 1 or 2 severity (89%); transient abdominal pain, diarrhea, and nausea. They concluded that
the combination of mutated KRAS-targeting siRNAs and chemotherapy is well tolerated, safe, and
demonstrated potential efficacy in pancreatic cancer patients [53].

Nishimura et al. have shown that EUS-guided fine-needle injection (EUS-FNI) of a synthetic
double-stranded RNA oligonucleotide directed against CHST15 (STNM01), an extracellular matrix
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component, was safe and feasible [34]. There were no adverse effects. STNM01 is also directly injected
by endoscopy to treat ulcerative colitis.

Atu027 is a liposomally formulated siRNA with antimetastatic activity, which silences protein
kinase N3 (PKN3) expression in the vascular endothelium [54]. PKN3 acts as a Rho effector downstream
of PI3K. Combination of Atu027 and gemcitabine for the treatment of advanced pancreatic cancer was
safe and well tolerated.

TKM-080301 is a lipid nanoparticle formulation of an siRNA against Polo-like kinase 1 (PLK1),
which regulates critical aspects of tumor progression [55]. Preliminary antitumor efficacy for advanced
pancreatic cancer has been observed. A potential molecular therapeutic context of increased PLK1
expression with inactivation of p53 or NF1 was observed in a remarkable responder.

However, these data must be interpreted with caution because they are early-phase trials and
some are still recruiting patients. The best responses observed so far have been tumor stabilization,
with very few complete or partial responses documented. siRNAs were well tolerated but one death
and a few grade 3–4 toxic effects due to elevation of liver enzymes were observed [56]. Several trials
with different combinations including siRNAs are ongoing, and the combination of several nucleic
acid medicines may be explored in the coming years.

7. Conclusions

Despite the challenging obstacles, we hope that nucleic acid drugs will have a significant impact
on the treatment of pancreatic cancer. The combination of genetic diagnosis using next-generation
sequencing and targeted therapy may provide effective precision medicine for pancreatic cancer patients.

Acknowledgments: We thank Sanae Kushida for preparing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Torres, C.; Grippo, P.J. Pancreatic cancer subtypes: A roadmap for precision medicine. Ann. Med. 2018, 50,
277–287. [CrossRef] [PubMed]

2. Gleeson, F.C.; Kerr, S.E.; Kipp, B.R.; Voss, J.S.; Minot, D.M.; Tu, Z.J.; Henry, M.R.; Graham, R.P.; Vasmatzis, G.;
Cheville, J.C.; et al. Targeted next generation sequencing of endoscopic ultrasound acquired cytology from
ampullary and pancreatic adenocarcinoma has the potential to aid patient stratification for optimal therapy
selection. Oncotarget 2016, 7, 54526–54536. [CrossRef] [PubMed]

3. Barata, P.; Sood, A.K.; Hong, D.S. RNA-targeted therapeutics in cancer clinical trials: Current status and
future directions. Cancer Treat. Rev. 2016, 50, 35–47. [CrossRef] [PubMed]

4. Jansen, B.; Zangemeister-Wittke, U. Antisense therapy for cancer—The time of truth. Lancet Oncol. 2002, 3,
672–683. [CrossRef]

5. Moreno, P.M.; Pego, A.P. Therapeutic antisense oligonucleotides against cancer: Hurdling to the clinic. Front.
Chem. 2014, 2, 87. [CrossRef]

6. Lee, R.C.; Feinbaum, R.L.; Ambros, V. The C. elegans heterochronic gene lin-4 encodes small RNAs with
antisense complementarity to lin-14. Cell 1993, 75, 843–854. [CrossRef]

7. Elbashir, S.M.; Harborth, J.; Lendeckel, W.; Yalcin, A.; Weber, K.; Tuschl, T. Duplexes of 21-nucleotide RNAs
mediate RNA interference in cultured mammalian cells. Nature 2001, 411, 494–498. [CrossRef]

8. Hori, S.I.; Herrera, A.; Rossi, J.J.; Zhou, J. Current Advances in Aptamers for Cancer Diagnosis and Therapy.
Cancers (Basel) 2018, 10, 9. [CrossRef]

9. Dausse, E.; Da Rocha Gomes, S.; Toulme, J.J. Aptamers: A new class of oligonucleotides in the drug discovery
pipeline? Curr. Opin. Pharmacol. 2009, 9, 602–607. [CrossRef]

10. Hecker, M.; Wagner, A.H. Transcription factor decoy technology: A therapeutic update. Biochem. Pharmacol.
2017, 144, 29–34. [CrossRef]

11. Vollmer, J.; Weeratna, R.D.; Jurk, M.; Davis, H.L.; Schetter, C.; Wullner, M.; Wader, T.; Liu, M.; Kritzler, A.;
Krieg, A.M. Impact of modifications of heterocyclic bases in CpG dinucleotides on their immune-modulatory
activity. J. Leukoc. Biol. 2004, 76, 585–593. [CrossRef] [PubMed]

http://dx.doi.org/10.1080/07853890.2018.1453168
http://www.ncbi.nlm.nih.gov/pubmed/29537309
http://dx.doi.org/10.18632/oncotarget.9440
http://www.ncbi.nlm.nih.gov/pubmed/27203738
http://dx.doi.org/10.1016/j.ctrv.2016.08.004
http://www.ncbi.nlm.nih.gov/pubmed/27612280
http://dx.doi.org/10.1016/S1470-2045(02)00903-8
http://dx.doi.org/10.3389/fchem.2014.00087
http://dx.doi.org/10.1016/0092-8674(93)90529-Y
http://dx.doi.org/10.1038/35078107
http://dx.doi.org/10.3390/cancers10010009
http://dx.doi.org/10.1016/j.coph.2009.07.006
http://dx.doi.org/10.1016/j.bcp.2017.06.122
http://dx.doi.org/10.1189/jlb.0104034
http://www.ncbi.nlm.nih.gov/pubmed/15218053


Int. J. Mol. Sci. 2019, 20, 4224 10 of 12

12. Wu, S.Y.; Yang, X.; Gharpure, K.M.; Hatakeyama, H.; Egli, M.; McGuire, M.H.; Nagaraja, A.S.; Miyake, T.M.;
Rupaimoole, R.; Pecot, C.V.; et al. 2’-OMe-phosphorodithioate-modified siRNAs show increased loading
into the RISC complex and enhanced anti-tumour activity. Nat. Commun. 2014, 5, 3459. [CrossRef] [PubMed]

13. Geary, R.S.; Norris, D.; Yu, R.; Bennett, C.F. Pharmacokinetics, biodistribution and cell uptake of antisense
oligonucleotides. Adv. Drug Deliv. Rev. 2015, 87, 46–51. [CrossRef] [PubMed]

14. Soutschek, J.; Akinc, A.; Bramlage, B.; Charisse, K.; Constien, R.; Donoghue, M.; Elbashir, S.; Geick, A.;
Hadwiger, P.; Harborth, J.; et al. Therapeutic silencing of an endogenous gene by systemic administration of
modified siRNAs. Nature 2004, 432, 173–178. [CrossRef] [PubMed]

15. Yu, R.Z.; Grundy, J.S.; Geary, R.S. Clinical pharmacokinetics of second generation antisense oligonucleotides.
Expert Opin. Drug Metab. Toxicol. 2013, 9, 169–182. [CrossRef] [PubMed]

16. Amarzguioui, M.; Holen, T.; Babaie, E.; Prydz, H. Tolerance for mutations and chemical modifications in a
siRNA. Nucleic Acids Res. 2003, 31, 589–595. [CrossRef] [PubMed]

17. Yi, C.; Pan, T. Cellular dynamics of RNA modification. Acc. Chem. Res. 2011, 44, 1380–1388. [CrossRef]
[PubMed]

18. Fattal, E.; Barratt, G. Nanotechnologies and controlled release systems for the delivery of antisense
oligonucleotides and small interfering RNA. Br. J. Pharmacol. 2009, 157, 179–194. [CrossRef]

19. Simeoni, F.; Morris, M.C.; Heitz, F.; Divita, G. Insight into the mechanism of the peptide-based gene delivery
system MPG: Implications for delivery of siRNA into mammalian cells. Nucleic Acids Res. 2003, 31, 2717–2724.
[CrossRef]

20. Xie, X.; Yang, Y.; Lin, W.; Liu, H.; Liu, H.; Yang, Y.; Chen, Y.; Fu, X.; Deng, J. Cell-penetrating peptide-siRNA
conjugate loaded YSA-modified nanobubbles for ultrasound triggered siRNA delivery. Colloids Surf. B
Biointerfaces. 2015, 136, 641–650. [CrossRef]

21. Arami, S.; Mahdavi, M.; Rashidi, M.R.; Yekta, R.; Rahnamay, M.; Molavi, L.; Hejazi, M.S.; Samadi, N. Apoptosis
induction activity and molecular docking studies of survivin siRNA carried by Fe3O4-PEG-LAC-chitosan-PEI
nanoparticles in MCF-7 human breast cancer cells. J. Pharm. Biomed. Anal. 2017, 142, 145–154. [CrossRef]
[PubMed]

22. Keefe, A.D.; Pai, S.; Ellington, A. Aptamers as therapeutics. Nat. Rev. Drug Discov. 2010, 9, 537–550.
[CrossRef] [PubMed]

23. Soldevilla, M.M.; Meraviglia-Crivelli de Caso, D.; Menon, A.P.; Pastor, F. Aptamer-iRNAs as Therapeutics
for Cancer Treatment. Pharmaceuticals (Basel) 2018, 11, 108. [CrossRef] [PubMed]

24. Ramot, Y.; Rotkopf, S.; Gabai, R.M.; Zorde Khvalevsky, E.; Muravnik, S.; Marzoli, G.A.; Domb, A.J.; Shemi, A.;
Nyska, A. Preclinical Safety Evaluation in Rats of a Polymeric Matrix Containing an siRNA Drug Used as
a Local and Prolonged Delivery System for Pancreatic Cancer Therapy. Toxicol. Pathol. 2016, 44, 856–865.
[CrossRef]

25. Nair, J.K.; Willoughby, J.L.; Chan, A.; Charisse, K.; Alam, M.R.; Wang, Q.; Hoekstra, M.; Kandasamy, P.;
Kel’in, A.V.; Milstein, S.; et al. Multivalent N-acetylgalactosamine-conjugated siRNA localizes in hepatocytes
and elicits robust RNAi-mediated gene silencing. J. Am. Chem. Soc. 2014, 136, 16958–16961. [CrossRef]

26. Jing, H.; Cheng, W.; Li, S.; Wu, B.; Leng, X.; Xu, S.; Tian, J. Novel cell-penetrating peptide-loaded nanobubbles
synergized with ultrasound irradiation enhance EGFR siRNA delivery for triple negative Breast cancer
therapy. Colloids Surf. B Biointerfaces 2016, 146, 387–395. [CrossRef]

27. Rabbani, P.S.; Zhou, A.; Borab, Z.M.; Frezzo, J.A.; Srivastava, N.; More, H.T.; Rifkin, W.J.; David, J.A.;
Berens, S.J.; Chen, R.; et al. Novel lipoproteoplex delivers Keap1 siRNA based gene therapy to accelerate
diabetic wound healing. Biomaterials 2017, 132, 1–15. [CrossRef]

28. Wang, Y.; Miao, L.; Satterlee, A.; Huang, L. Delivery of oligonucleotides with lipid nanoparticles. Adv. Drug
Deliv. Rev. 2015, 87, 68–80. [CrossRef]

29. Amjadi, M.; Mostaghaci, B.; Sitti, M. Recent Advances in Skin Penetration Enhancers for Transdermal Gene
and Drug Delivery. Curr. Gene Ther. 2017, 17, 139–146. [CrossRef]

30. Yin, T.; Wang, L.; Yin, L.; Zhou, J.; Huo, M. Co-delivery of hydrophobic paclitaxel and hydrophilic AURKA
specific siRNA by redox-sensitive micelles for effective treatment of breast cancer. Biomaterials 2015, 61,
10–25. [CrossRef]

31. Shen, J.; Wang, Q.; Hu, Q.; Li, Y.; Tang, G.; Chu, P.K. Restoration of chemosensitivity by multifunctional
micelles mediated by P-gp siRNA to reverse MDR. Biomaterials 2014, 35, 8621–8634. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ncomms4459
http://www.ncbi.nlm.nih.gov/pubmed/24619206
http://dx.doi.org/10.1016/j.addr.2015.01.008
http://www.ncbi.nlm.nih.gov/pubmed/25666165
http://dx.doi.org/10.1038/nature03121
http://www.ncbi.nlm.nih.gov/pubmed/15538359
http://dx.doi.org/10.1517/17425255.2013.737320
http://www.ncbi.nlm.nih.gov/pubmed/23231725
http://dx.doi.org/10.1093/nar/gkg147
http://www.ncbi.nlm.nih.gov/pubmed/12527766
http://dx.doi.org/10.1021/ar200057m
http://www.ncbi.nlm.nih.gov/pubmed/21615108
http://dx.doi.org/10.1111/j.1476-5381.2009.00148.x
http://dx.doi.org/10.1093/nar/gkg385
http://dx.doi.org/10.1016/j.colsurfb.2015.10.004
http://dx.doi.org/10.1016/j.jpba.2017.04.025
http://www.ncbi.nlm.nih.gov/pubmed/28505590
http://dx.doi.org/10.1038/nrd3141
http://www.ncbi.nlm.nih.gov/pubmed/20592747
http://dx.doi.org/10.3390/ph11040108
http://www.ncbi.nlm.nih.gov/pubmed/30340426
http://dx.doi.org/10.1177/0192623316645860
http://dx.doi.org/10.1021/ja505986a
http://dx.doi.org/10.1016/j.colsurfb.2016.06.037
http://dx.doi.org/10.1016/j.biomaterials.2017.04.001
http://dx.doi.org/10.1016/j.addr.2015.02.007
http://dx.doi.org/10.2174/1566523217666170510151540
http://dx.doi.org/10.1016/j.biomaterials.2015.05.022
http://dx.doi.org/10.1016/j.biomaterials.2014.06.035
http://www.ncbi.nlm.nih.gov/pubmed/25002258


Int. J. Mol. Sci. 2019, 20, 4224 11 of 12

32. Ji, S.; Xu, J.; Zhang, B.; Yao, W.; Xu, W.; Wu, W.; Xu, Y.; Wang, H.; Ni, Q.; Hou, H.; et al. RGD-conjugated
albumin nanoparticles as a novel delivery vehicle in pancreatic cancer therapy. Cancer Biol. Ther. 2012, 13,
206–215. [CrossRef] [PubMed]

33. Kahalekar, V.; Gupta, D.T.; Bhatt, P.; Shukla, A.; Bhatia, S. Fully covered self-expanding metallic stent
placement for benign refractory esophageal strictures. Indian J. Gastroenterol. 2017, 36, 197–201. [CrossRef]
[PubMed]

34. Nishimura, M.; Matsukawa, M.; Fujii, Y.; Matsuda, Y.; Arai, T.; Ochiai, Y.; Itoi, T.; Yahagi, N. Effects of
EUS-guided intratumoral injection of oligonucleotide STNM01 on tumor growth, histology, and overall
survival in patients with unresectable pancreatic cancer. Gastrointest Endosc. 2018, 87, 1126–1131. [CrossRef]
[PubMed]

35. Golan, T.; Khvalevsky, E.Z.; Hubert, A.; Gabai, R.M.; Hen, N.; Segal, A.; Domb, A.; Harari, G.; David, E.B.;
Raskin, S.; et al. RNAi therapy targeting KRAS in combination with chemotherapy for locally advanced
pancreatic cancer patients. Oncotarget 2015, 6, 24560–24570. [CrossRef] [PubMed]

36. Shemi, A.; Khvalevsky, E.Z.; Gabai, R.M.; Domb, A.; Barenholz, Y. Multistep, effective drug distribution
within solid tumors. Oncotarget 2015, 6, 39564–39577. [CrossRef]

37. Yamahatsu, K.; Matsuda, Y.; Ishiwata, T.; Uchida, E.; Naito, Z. Nestin as a novel therapeutic target for
pancreatic cancer via tumor angiogenesis. Int. J. Oncol. 2012, 40, 1345–1357.

38. Matsuda, Y.; Ishiwata, T.; Yoshimura, H.; Yamashita, S.; Ushijima, T.; Arai, T. Systemic Administration of
Small Interfering RNA Targeting Human Nestin Inhibits Pancreatic Cancer Cell Proliferation and Metastasis.
Pancreas 2016, 45, 93–100. [CrossRef]

39. Ross, S.J.; Revenko, A.S.; Hanson, L.L.; Ellston, R.; Staniszewska, A.; Whalley, N.; Pandey, S.K.; Revill, M.;
Rooney, C.; Buckett, L.K.; et al. Targeting KRAS-dependent tumors with AZD4785, a high-affinity therapeutic
antisense oligonucleotide inhibitor of KRAS. Sci. Transl. Med. 2017, 9. [CrossRef]

40. Mahadevan, D.; Chalasani, P.; Rensvold, D.; Kurtin, S.; Pretzinger, C.; Jolivet, J.; Ramanathan, R.K.;
Von Hoff, D.D.; Weiss, G.J. Phase I trial of AEG35156 an antisense oligonucleotide to XIAP plus gemcitabine in
patients with metastatic pancreatic ductal adenocarcinoma. Am. J. Clin. Oncol. 2013, 36, 239–243. [CrossRef]

41. Goel, S.; Desai, K.; Macapinlac, M.; Wadler, S.; Goldberg, G.; Fields, A.; Einstein, M.; Volterra, F.; Wong, B.;
Martin, R.; et al. A phase I safety and dose escalation trial of docetaxel combined with GEM231, a second
generation antisense oligonucleotide targeting protein kinase A R1alpha in patients with advanced solid
cancers. Investig. New Drugs 2006, 24, 125–134. [CrossRef] [PubMed]

42. Alberts, S.R.; Schroeder, M.; Erlichman, C.; Steen, P.D.; Foster, N.R.; Moore, D.F., Jr.; Rowland, K.M., Jr.;
Nair, S.; Tschetter, L.K.; Fitch, T.R. Gemcitabine and ISIS-2503 for patients with locally advanced or metastatic
pancreatic adenocarcinoma: A North Central Cancer Treatment Group phase II trial. J. Clin. Oncol. 2004, 22,
4944–4950. [CrossRef] [PubMed]

43. Ko, A.H.; Murphy, P.B.; Peyton, J.D.; Shipley, D.L.; Al-Hazzouri, A.; Rodriguez, F.A.; Womack, M.S.;
Xiong, H.Q.; Waterhouse, D.M.; Tempero, M.A.; et al. A Randomized, Double-Blinded, Phase II Trial of
Gemcitabine and Nab-Paclitaxel Plus Apatorsen or Placebo in Patients with Metastatic Pancreatic Cancer:
The RAINIER Trial. Oncologist 2017, 22, 1427–e129. [CrossRef] [PubMed]

44. Jaschinski, F.; Rothhammer, T.; Jachimczak, P.; Seitz, C.; Schneider, A.; Schlingensiepen, K.H. The antisense
oligonucleotide trabedersen (AP 12009) for the targeted inhibition of TGF-beta2. Curr. Pharm. Biotechnol.
2011, 12, 2203–2213. [CrossRef] [PubMed]

45. Vitravene Study Group. A randomized controlled clinical trial of intravitreous fomivirsen for treatment of
newly diagnosed peripheral cytomegalovirus retinitis in patients with AIDS. Am. J. Ophthalmol. 2002, 133,
467–474.

46. Ng, E.W.; Shima, D.T.; Calias, P.; Cunningham, E.T., Jr.; Guyer, D.R.; Adamis, A.P. Pegaptanib, a targeted
anti-VEGF aptamer for ocular vascular disease. Nat. Rev. Drug Discov. 2006, 5, 123–132. [CrossRef] [PubMed]

47. Raal, F.J.; Santos, R.D.; Blom, D.J.; Marais, A.D.; Charng, M.J.; Cromwell, W.C.; Lachmann, R.H.; Gaudet, D.;
Tan, J.L.; Chasan-Taber, S.; et al. Mipomersen, an apolipoprotein B synthesis inhibitor, for lowering of LDL
cholesterol concentrations in patients with homozygous familial hypercholesterolaemia: A randomised,
double-blind, placebo-controlled trial. Lancet 2010, 375, 998–1006. [CrossRef]

48. Stein, C.A. Eteplirsen Approved for Duchenne Muscular Dystrophy: The FDA Faces a Difficult Choice.
Mol. Ther. 2016, 24, 1884–1885. [CrossRef]

http://dx.doi.org/10.4161/cbt.13.4.18692
http://www.ncbi.nlm.nih.gov/pubmed/22354009
http://dx.doi.org/10.1007/s12664-017-0764-2
http://www.ncbi.nlm.nih.gov/pubmed/28674786
http://dx.doi.org/10.1016/j.gie.2017.10.030
http://www.ncbi.nlm.nih.gov/pubmed/29122598
http://dx.doi.org/10.18632/oncotarget.4183
http://www.ncbi.nlm.nih.gov/pubmed/26009994
http://dx.doi.org/10.18632/oncotarget.5051
http://dx.doi.org/10.1097/MPA.0000000000000427
http://dx.doi.org/10.1126/scitranslmed.aal5253
http://dx.doi.org/10.1097/COC.0b013e3182467a13
http://dx.doi.org/10.1007/s10637-006-2378-x
http://www.ncbi.nlm.nih.gov/pubmed/16683205
http://dx.doi.org/10.1200/JCO.2004.05.034
http://www.ncbi.nlm.nih.gov/pubmed/15611509
http://dx.doi.org/10.1634/theoncologist.2017-0066
http://www.ncbi.nlm.nih.gov/pubmed/28935773
http://dx.doi.org/10.2174/138920111798808266
http://www.ncbi.nlm.nih.gov/pubmed/21619536
http://dx.doi.org/10.1038/nrd1955
http://www.ncbi.nlm.nih.gov/pubmed/16518379
http://dx.doi.org/10.1016/S0140-6736(10)60284-X
http://dx.doi.org/10.1038/mt.2016.188


Int. J. Mol. Sci. 2019, 20, 4224 12 of 12

49. Hua, Y.; Sahashi, K.; Hung, G.; Rigo, F.; Passini, M.A.; Bennett, C.F.; Krainer, A.R. Antisense correction of
SMN2 splicing in the CNS rescues necrosis in a type III SMA mouse model. Genes Dev. 2010, 24, 1634–1644.
[CrossRef]

50. Splawn, L.M.; Bailey, C.A.; Medina, J.P.; Cho, J.C. Heplisav-B vaccination for the prevention of hepatitis B
virus infection in adults in the United States. Drugs Today (Barc.) 2018, 54, 399–405. [CrossRef]

51. Gales, L. Tegsedi (Inotersen): An Antisense Oligonucleotide Approved for the Treatment of Adult Patients
with Hereditary Transthyretin Amyloidosis. Pharmaceuticals (Basel) 2019, 12, 78. [CrossRef] [PubMed]

52. Adams, D.; Gonzalez-Duarte, A.; O’Riordan, W.D.; Yang, C.C.; Ueda, M.; Kristen, A.V.; Tournev, I.;
Schmidt, H.H.; Coelho, T.; Berk, J.L.; et al. Patisiran, an RNAi Therapeutic, for Hereditary Transthyretin
Amyloidosis. N. Engl. J. Med. 2019, 379, 11–21. [CrossRef] [PubMed]

53. Weng, Y.; Xiao, H.; Zhang, J.; Liang, X.J.; Huang, Y. RNAi therapeutic and its innovative biotechnological
evolution. Biotechnol. Adv. 2019, 37, 801–825. [CrossRef] [PubMed]

54. Suzuki, K.; Yokoyama, J.; Kawauchi, Y.; Honda, Y.; Sato, H.; Aoyagi, Y.; Terai, S.; Okazaki, K.; Suzuki, Y.;
Sameshima, Y.; et al. Phase 1 Clinical Study of siRNA Targeting Carbohydrate Sulphotransferase 15 in
Crohn’s Disease Patients with Active Mucosal Lesions. J. Crohns Colitis 2017, 11, 221–228. [CrossRef]
[PubMed]

55. Schultheis, B.; Strumberg, D.; Kuhlmann, J.; Wolf, M.; Link, K.; Seufferlein, T.; Kaufmann, J.; Gebhardt, F.;
Bruyniks, N.; Pelzer, U. A phase Ib/IIa study of combination therapy with gemcitabine and Atu027 in patients
with locally advanced or metastatic pancreatic adenocarcinoma. J. Clin. Oncol. 2016, 34, 385. [CrossRef]

56. Demeure, M.J.; Armaghany, T.; Ejadi, S.; Ramanathan, R.K.; Elfiky, A.; Strosberg, J.R.; Smith, D.C.; Whitsett, T.;
Liang, W.S.; Sekar, S.; et al. A phase I/II study of TKM-080301, a PLK1-targeted RNAi in patients with
adrenocortical cancer (ACC). J. Clin. Oncol. 2016, 34, 2547. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1101/gad.1941310
http://dx.doi.org/10.1358/dot.2018.54.7.2833984
http://dx.doi.org/10.3390/ph12020078
http://www.ncbi.nlm.nih.gov/pubmed/31117178
http://dx.doi.org/10.1056/NEJMoa1716153
http://www.ncbi.nlm.nih.gov/pubmed/29972753
http://dx.doi.org/10.1056/NEJMoa1716153
http://www.ncbi.nlm.nih.gov/pubmed/29972753
http://dx.doi.org/10.1093/ecco-jcc/jjw143
http://www.ncbi.nlm.nih.gov/pubmed/27484097
http://dx.doi.org/10.1200/jco.2016.34.4_suppl.385
http://dx.doi.org/10.1200/JCO.2016.34.15_suppl.2547
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Functions 
	Antisense Oligonucleotides 
	siRNAs 
	Aptamers 
	Decoys 
	CpG Oligos 

	Modifications of Nucleic Acid Drugs 
	Structural Modifications of Nucleic Acid Drugs 
	Conjugation of Ligand or Cell-Penetrating Peptides 

	Aptamers 
	Drug Delivery Systems of Nucleic Acid Drugs 
	Clinical Trials 
	Antisense Oligonucleotide 
	Clinical Trials for siRNAs 

	Conclusions 
	References

