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Abstract

DNA-based approaches can now be utilized as low-risk methods to change gene expression. It appears that this
approach has the ability to partially replace RNA-based approaches for altering gene expression, which in the majority of
cases leads to immunological responses in patients. When utilized as a technique to silence target gene expression, DNA
interference (DNAI) is a single-stranded DNA created to complement the upstream region of a gene. This DNAi molecule
is stabilized using a variety of chemical changes, including phosphorothioates, methylphosphonate setC, etc. Several
studies of the efficient application of DNA-based methods both in eukaryotic cell lines and the therapy of various
disorders, such as Duchenne muscular dystrophy, cancer, etc., have been mentioned. Understanding the DNAI process,
its transfer carriers, stabilization techniques, and their limitations is crucial for advancing these applications and predicting
the future of DNAI both in basic science and the treatment of disorders brought on by abnormal gene expression. The
main purpose of this review is introducing benefits of using DNAI in gene silencing. this review has discussed about
different applications of DNAI in drug discovery and treatment, criteria of designing DNAI, possible modifications,
introducing different types of carriers and limitations of DNAi administration.
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Introduction siRNA in clinical therapy, low resistance to
o _ ) endogenous RNase, and the high price of this

Gene silencing which is known as a technique, some gene knockout techniques based on
potential method to control some diseases, such as DNA have been proposed (Riasi et al., 2022). The
cancer and heteropathy, has no favorable treatment DNA interference (DNAI) technique is / a novel
for any of them. The usage of antisense approach that is developed to inhabit or alter gene

oligonucleotide techniques to treat various genetic function. Some beneficial features of these
disorders caused by mutated genes or a lack of  pgjecules are: Likely more stable in the cells in
exprgssion of natural. genes is Wlfiely usgd in comparison with RNAi; Overall costs are lower than
medical, pharmaceutical, and animal science other oligonucleotides; would be administered in
research as well as treatments. One of the powerful naked form. However, there is some limitations such
approaches for gene silencing that has been using as lack of tissue-specific action and temporal
since 1998, is RNA interference (RNAI) (Fire et al., effectiveness that are considered among all antisense
1998). RNAI depends on the formulation of double- oligonucleotides.

stranded RNA  (dsRNA) ' designed to be Few species, such as plants, ciliates, and archaea,
corpplementary to the transcript of the target gene. were the first organisms to interfere with the DNAI
This mechanism is called the pre—translathn process (Palauqui and Balzergue, 1999., Rutherford
knockout gene, and / operates through two main etal., 2004. Voinnet et al., 1998). Also, the design of
steps. In the first step, the enzyme Dicer cleaves long DNA fragments without a promotor region has been
dsRNA  molecules into short double-strand shown to induce sequence-specific gene silencing in
fragments of 21_23 bp n}lcleoti.des. Then, in the tobacco and Adiantum (Omotezako et al., 2015.
second step, siRNAs, which guide the sequence- Voinnet et al., 1998). Since the high efficiency of
specific cleavage of the RNA transcript of the target this technique became clear, it has been used as an
gene, are loaded into the effector RNA-induced effective method of treatment (Tolcher et al., 2014).
silencing complex (RISC) and inhibit target genes The importance of review articles in medicine and

(McManus and Sharp, 2002). Because of some science is to gradually improve some intelligent
limitations of the RNAi method, such as difficulty of
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systems for drug delivery and gene expression
regulation. As far as we know, there is a small
number of studies that have evaluated and reviewed
the application of DNAIi in gene silencing. This
article investigates some gene silencing methods
based on DNA, with particular references to the
major interest in drug delivery. It also considers the
limitations of such a technique, the proper carrier to
transfer DNA, and tries to indicate some examples
of how successful such a method is. We also
reviewed the articles that wused chemical
modification to stabilize the DNA molecule and
increase efficiency in inhibiting gene expression.

Application of DNAIi for drug discovery and
treatment

Antisense oligonucleotide (AONSs) therapeutic
approaches as a potential therapy have been used
over the past decades for treating rare genetic
diseases, cancer, and viral infections (Touznik et al.,
2014). AONs are short synthetic single-stranded
DNA or RNA of 15-35 nucleotides in length that
selectively bind to specific regions in the pre-mRNA
through Watson-Crick hybridization (Lee et al.,
2013). Antisense therapies aim to modulate splicing
through the use of AONs. There are various
mechanisms by which AONs can target pre-mRNA,
depending on their design and chemical
modifications. For example, targeted RNA can be
cleaved through RNAse H-mediated mechanisms or
interference RNA. Nowadays, intelligent systems of
drug delivery, with the aim of improving therapeutic
indicators, increasing drug concentration in tumor
cells, and minimizing drug side effects through
reducing exposure to natural tissues are being
promoted. Therefore, considering some different
aspects of such a gene knockout method based on
DNA, several new perspectives will be created to use
such a method more effectively and safely in
treatment (Purwaningsih and Schubert, 2010).
Cancer is one of the chronic, non-communicable
diseases that threaten the health of people and their
minds and can affect the economy and social
situation. B-cell lymphoma 2 belongs to the family
of antiapoptotic proteins that control cell death and
is encoded in humans by the BCL2 gene (Tsujimoto
et al.,, 1984). BCL-2 is located on the outer
membrane of mitochondria and plays a key role in
the action of pro-apoptotic proteins and cellular
survival. Overexpression of the BCL-2 gene leads to
hematopoietic and lymphatic cancers (Davids and
Letai, 2012., Yonetani et al., 2001). BCL-2 silencing
is a desirable goal for therapeutic improvement.

http://jemr.um.ac.ir

Accordingly, one study has been conducted by
Rodrigueza et al. in 2014 that evaluated inhibition of
the BCL2 gene by DNAI in vitro as well as in vivo.
The oligonucleotide sequence designed to target 5’
region upstream of the BCL2 gene, was tested for
antiproliferative  activity against breast and
melanoma cell lines. The preclinical results of that
study indicated that PNT2258, a specific DNAI that
can suppress the BCL2 gene, with a dose of up to
150 mg/m2 had an effective activity to suppress
solid tumors. Furthermore, in vitro studies
demonstrated some progress toward increasing the
effectiveness of DNAi-based therapeutics. A study
on down-regulation of BCL-2 expression in DLCL2
cell lines carried out by Saravani et al. in 2018, due
to the high expression of the BCL2 gene in non-
Hodgkin lymphoma cancer, this study evaluated the
effect of antisense oligonucleotide-based drugs on
inhibiting the expression of this gene. thus, for
manufacturing DNAi  containing  pegylated
nanoliposomes, three formulations with 5, 10, and
15% PEG with defined ratios of phospholipid and
cholesterol were prepared. The results showed that
using PEGI10 nanoliposomes could efficiently
increase DNAI preservation and release (Saravani et
al.,, 2018). In this regard, Tolcher et al. have
published an article with the aim of BCL2
suppression in patients with advanced solid tumors.
In this study, the S-untranscribed regulatory region
of the BCL2 gene was selected to inhibit the gene by
using the DNAi method. The sequence of 24
nucleotides single-strand DNA encapsulated in the
aqueous core within the liposomal nanoparticle,
named PNT2258, was given to 22 patients
intravenously through sixty 21-day cycles at varying
doses of 1 to 150 mg/m2. It was found that a dose of
150 mg/m2 of PNT2258 had no clinically
unmanageable grade 3 or 4 toxicities, and higher
doses could be suggested in clinical programs.
Though no biopsy was performed in patients to
determine the expression of the BCL2 gene,
fortunate results were provided for further research
(Table 1) (Tolcher et al., 2014).

Application of Exon-skipping for drug discovery
and treatment

Another method is antisense-mediated exon
skipping. Exon skipping employs AONs to modulate
splicing by hiding specific splicing sites within
exons or introns from the splicing machinery.
Therefore, this will exclude the target exon from
mRNA, leading to exon skipping, restoration of the
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reading frame, and finally, producing a semi-
functional protein instead of a non-functional protein
(Aartsma-Rus et al., 2005. Spitali and Aartsma-Rus,
2012). Exon-skipping was first demonstrated by
Dominski and Kole in 1993. They used AONs (2-
omethylribooligonucleotides) to restore correct
splicing of mutated human B-globin pre-mRNAs in
various [B-thalassemia disorders (Dominski and
Kole, 1993). Since then, exon-skipping therapeutic
strategies have been exploited in a wide range of
genetic diseases, including lung cancer (Taylor et al.,
1999), Usher's syndrome (Slijkerman et al., 2016),
allergic diseases (Arthur and Cruse, 2018) and
multiple neuromuscular  disorders, including
Duchenne muscular dystrophy (DMD) (Wilton et
al., 2007), limb-girdle muscular dystrophy 2B
(Aartsma-Rus et al., 2010) and spinal muscular
atrophy (SMA) (Rigo et al., 2012). DMD is a fatal,
rare, X-linked recessive, and progressive muscle
wasting disorder that is often caused by out-of-frame
intragenic deletions of one or more exons in the
dystrophin gene, leading to premature termination of
the transcript and the consequent loss of the
dystrophin protein (Aartsma-Rus et al., 2010.
Muntoni et al., 2003. Touznik et al., 2014). A milder
version of the disease, Becker muscular dystrophy
(BMD), is also caused by mutations in the
dystrophin gene that arise from in-frame mutations
and produce a truncated but functional dystrophin
protein (Van Den Bergen et al., 2014).
Corticosteroids are currently used to treat DMD,
which help maintain muscle strength and delay
disease progression. These drugs, despite
their significant efficacy, have also had several
adverse effects, such as vulnerability to infection,
weight gain, cataracts, and weakened bones
(Dzierlega and Yokota, 2020., Manzur et al., 2008).
The majority of patients (~70%) carry large out-of-
frame deletions in the dystrophin gene. Exon-
skipping has emerged as a promising therapeutic
approach for DMD (Bladen et al., 2015). The aim of
exon-skipping therapy in DMD is to restore the
reading frame with excluding out-of-frame exons
from the DMD pre-mRNA using AONs to bypass
exons flanking deletions, resulting in the production
of a truncated but functional protein instead of a non-
functional protein (Touznik et al., 2014).

To date, four antisense-mediated exon skipping
drugs have been approved by the Food and Drug
Administration (FDA) for treating DMD: Eteplirsen
(EXONDYS 51) is used to induce exon 51 skipping
in the dystrophin gene (Lim et al., 2017); Golodirsen
(VYONDYS 53) is an exon skipping drug
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that targets exon 53 (Anwar and Yokota, 2020);
Viltolarsen (VILTEPSO) targets exon 53 for
skipping (Roshmi and Yokota, 2019); and
Casimersen (AMONDYS 45) is designed to skip
exon 45 (Shirley, 2021).

SMA is the second most common lethal, rare
autosomal recessive neuromuscular disease after
cystic fibrosis in children. This disorder is caused by
a mutation in the survival motor neuron 1 gene
(SMN1), which results in skeletal muscle weakness
and atrophy. The survival motor neuron (SMN) gene
is composed of an inverted duplication consisting of
telomeric survival motor neuron 1 (SMNI) and
centromeric survival motor neuron gene (SMN2)
(Melki et al., 1990). SMN2 is an almost identical
gene to SMNI1, which is different by only 5
nucleotides. SMN2 contains a silent ¢.840C>T
transition in exon 7, which leads to disruption of the
exonic splicing enhancer, exclusion of exon 7, and
ultimately a production of a non-functional SMN
protein (Koed Doktor et al., 2011). About 10% of the
SMN2 mRNA transcript enable to escape the exon 7
exclusion and produce a full-length SMN?2 transcript
that generates a functional SMN protein (Pao et al.,
2014), so SMN2 partially moderates the severity of
SMA (Touznik et al., 2014). SMA is caused by a
homozygous deletion of SMNI exon 7 in
approximately 96% of patients (Lefebvre et al.,
1995). Recently, modulation of pre-mRNA SMN?2
splicing using AONs has provided a promising
therapeutic approach for the treatment of SMA
(Sumner and Crawford, 2018). The aim of this
strategy is to enhance functional SMN protein by
promoting exon 7 inclusion with AONs (Finke,
2016). Nusinersen (SPINRAZA), a modified 2'-
omethoxyethyl, is the first AONs drug for patients
with SMA that was approved by the FDA in 2016
(Sumner and Crawford, 2018). It is designed to
promote the inclusion of exon 7 by binding to the
intron-splicing silencer region of SMN2 pre-mRNA
and thereby increasing the production of full length
SMN protein (Singh et al., 2006).

Design of DNAI

According to criteria described by Rodrigueza
and his colleagues, efficient design of DNAI is: 1)
having the proper length of 20—34 bases; ii) using at
least one GC pair; iii) having at least 40% C and G
content; and iiii)) having no more than five
consecutive bases of the same sequence. In 2004,
Kawai-Toyooka et al. reported the first DNAI
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designed to complement the AcPHOT?2 gene in Fern

adiantum.

Table 1. Summary of studies using the method based on DNALI to inhibit gene expression

Target gene Description Delivery method Reference
Myostatin gene | 29bp, single-stranded, Inhibition of | Transfected to cell by PEI- | (payande et al,
gene in C2C12 cell g-PEG 2019)
BCL-2 gene 24bp, single-stranded, Inhibition of | encapsulated in a variety of | (Rodrigueza et al.,
gene in patients with advanced solid | liposome compositions 2014)
tumors and cell
BCL-2 gene 24 bp, single-stranded, Inhibition of | pegylated  nanoliposome | (Saravani et al.,
gene in DLCL2 Cell with different percent of | 2018)
PEG 2000
BCL-2 gene 24 bp, single-stranded, unmodified, | encapsulated in the aqueous | (Tolcher et al.,
Inhibition of gene in patients with | core within the liposomal | 2014)
advanced solid tumors nanoparticle
MYC gene Downregulation of gene in cell lines - (Psaras et al.,
2021)
BCL-2 gene 24 bp, single-stranded, Inhibition of - (Harb etal., 2021)
BCL-2 gene in patients
BCL-2 and | 13-16 bp, single-stranded, Inhibition - (Ebrahim et al.,
CDK4 gene of gene in DLCL2 cell 2017)
BCL-2 gene 24 bp, single-stranded, Inhibition of | Modified by  epigenic | (Sheikhnejad et
gene in rats modification (Bicelin) and | al., 2021)
injected
- 54bp, single-stranded, inhibition of - (Moelling et
HIV replication al.,2006)
Myostatin gene | 29bp, single-stranded, Inhibition of | Modified by | (Riasi et al., 2023)
gene in C2C12 cell phosphorothioate
modification and injected
intraperitoneally
The aim of this study was to efficiently deliver al.,1996). The first generation of modified
dsDNA fragments homologous to an endogenous oligonucleotides by replacing the backbone
gene, which may cause a knockout phenotype of a phosphodiester bond with phosphorothioates

corresponding gene in Adiantum (Kawai-Toyooka
et al., 2004). The results indicated that, by delivering
dsDNA fragments homologous to endogenous genes
in gametophytic cells, we can induce sequence-
specific gene silencing. By using such a method, a
maximum gene knockout efficiency of >90% has
been achieved for transformed plants. Please add an
explanation regarding other researchers who used
DNAI design.

Modification

Chemical variants of DNA and RNA backbones
were originally developed as an artificial means to

stabilize  oligonucleotides  against  nuclease
degradation. Also, it can be used in such studies
based on antisense pharmacology, structure-

function, and biosynthesis education in vitro, where
their resistance against nuclease enzymes and
enhanced cellular uptake are imperative (Thaler et
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(Matsukura et al., 1987), methylphosphonates
(Miller et al., 1979), phosphoroamidates (Letsinger
et al.,1988), phosphotriesters (Miller et al., 1971), or
phosphorodithioates (Marshall and Caruthers, 1993)
has been improved. It has been proven that such
oligonucleotide modifications display greatly
improved resistance to nucleases and better
bioavailability (Uhlmann and Peyman, 1990.
Varma, 1993). In this class, one of the oxygen atoms
is replaced with sulfur in the phosphate group. The
resulting compound is negatively charged and much
more resistant to nucleases (Cohen and Cohen,
1989). Also, it seems that the replacement of sulfur
bands confers several properties onto antisense
oligonucleotides, which play a critical role in the use
of systemic drugs (Eckstein, 2000). The second
generation of antisense oligonucleotide backbones,
in which two sugar units are connected by a linkage
that does not contain a phosphorus atom, appeared
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and was replaced by amino acids. In some cases, the
full modification of the backbone by such subunits
might have some disadvantages, such as solubility
and aggregation problems. In contrast, these natural
modifications improve the cellular uptake and
resistance of modified oligonucleotides towards
nucleases (De Mesmaeker et al.,1995). And the third
generation belongs to modifications at the sugar
moiety by introducing a 6-aminohexyl group. Such
modification strategies are essential for two main
reasons: first, the stability of the 6-
aminohexylmodified oligonucleotides against the
catalytic degradation effect of ribozymes is largely
improved, and second, the electrostatic repulsion
between the zwitterionic antisense cords is reduced.
The flexible alkyl group between the oxygen of the
ribose and the terminal amino function acts as a
spacer, enabling an optimal arrangement of the
amino group for a linkage to the complementary
DNA or RNA strands (Figure 1 A and B) (Urban and
Noe, 2003). Table 2 illustrates a list of studies
contain applying modified DNA-based techniques
for gene silencing.

Among the various types of modification, two
types of phosphorothioates and methylphosphonates
are more commonly used for DNA. Some studies
have shown the biological effects of
phosphorothioate oligonucleotides in vivo. For
example, in 1996 Thaler et al. tested four artificial
backbone chemistries for DNA and RNA (Thaler et
al., 1996) phosphorothioate DNA, phosphorothioate
RNA, 2'-0-methyl RNA, and methylphosphonate
DNA. The results of comparing such modifications
proved that only phosphorothioate DNA supported
genetic information transfer in vivo. Another group
utilized phosphorothioate oligonucleotides to induce
gene expression in mice and demonstrated that such
modifications have a long-lasting effect (Dean and
McKay, 1994). The result indicated a significant
effect of this type of modification of gene inhibition
in mice. In 1992, to determine the inactivation of the
expression of Tax and NF-KB proteins, Kitajima et
al. performed a study. In this investigation, they used
3'-terminal phosphorothioate (PS)-modified
antisense oligodeoxynucleotides (ODNs) in cell
lines transformation and successful reducing tumor
growth. On the other hand, oligonucleotides seem
useful as radiopharmaceuticals for nuclear medicine
imaging studies. It is mentioned in many sources that
single- or double-stranded oligonucleotides are
utilized to block transcription or silencing of genes
within the cell nucleus and inhibit translation of
messenger RNA in the cytoplasm (Dewanjee, 1993.,
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Uhlmann and Peyman, 1990). The Modification of
DNA with a phosphorothioate backbone has various
applications in treatment (Graham et al., 1998).

Delivery systems for oligonucleotides

The main limitations of oligonucleotide (ONs)-
based therapeutics are difficulties in their delivery to
target tissues and rapid digestion by exo- and
endonucleases in vivo. Therefore, oligonucleotides
must be structurally modified to increase their
resistance to nuclease degradation while preserving
their target specificity (Buck et al., 2002). To
achieve this goal, various technologies, such as
conjugates and nanoparticles (NPs), are used as
delivery systems. Carriers used for delivery should
be stable, non-toxic, and improve the absorption,
distribution, metabolism, and excretion (ADME)
properties (Kontturi et al., 2019). The conjugation of
chemical molecules such as lipids, polymers, and
peptides to oligonucleotides is an exciting approach
for improving cellular uptake, stability, and
resistance to nucleases (Lei Mon et al., 2020. Odeh
etal., 2019).

Lipids
Conjugation of oligonucleotides with lipids
such as cholesterol and cholic acid improves

delivery by enhancing plasma half-life and
tissue accumulation (Prakash et al., 2019). Cationic
liposomes are one of the most widely used
oligonucleotide delivery systems. Oligonucleotides
are anionic and easily encapsulated into cationic
liposomes by electrostatic interactions (Wang et al.,
2015). The main components of these carriers are
cationic lipids that have a hydrophobic chain and a
cationic head, in fact, negatively charged
oligonucleotides interact with the cationic head. In
addition to the cationic head function, the alkyl chain
also contributes to the endosomal escape of the
liposome. However, the use of cationic liposomes
for in vivo applications is limited because too much
positive charge might be toxic, activate the innate
immune system, and have poor pharmacokinetic
properties (Knudsen et al., 2015). Because neutral or
anionic liposomes interact less with complement
components and serum proteins, they are less toxic
and have superior pharmacokinetic characteristics.
However, cellular absorption and intracellular
delivery of entrapped ONs with neutral liposomes
are typically subpar because non-cationic lipids do
not interact with cellular membranes as effectively
as cationic ones.
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Table 2. Summary of studies using modified DNAI to suppress gene expression in treatment

Modification type

Aim

References

Phosphorothioate backbone

Suppressed factor-beta 2 in pancreatic
cancer in cell and mice

(Sheikhnejad et al., 2021)

Phosphorothioate backbone

Suppressed gene modulated in the
central nervous system in mice

(Lei Mon et al., 2020)

Locked nucleic acid

Inhibition of tumor growth by RNA
polymerase II gene in mice

(Fluiter et al., 2002)

Locked nucleic acid

Knockdown of PKC-a in human lung
carcinoma in cell

(Hansen et al., 2003)

Locked nucleic acid

Inhibition of Human Telomerase in
cell

(Elayadi et al., 2002)

Block inhibition of HIV-1 in cell

2’-O-methyl oligonucleotides and
Locked nucleic acid

(Arzumanov et al., 2003)

inhibition

Locked nucleic acid dimerization

of
and
replication in cell

HIV-1
inhibit

genome
virus

(Elmén et al., 2004)

2'F-ANA
phosphorothioate oligos

gapmer
cell

Inhibition Bcl-2 gene expression in

(Souleimanian et al., 2012)

Phosphorothioate backbone

Inhibition MSTN gene in mice

(Riasi et al., 2022)

Ionizable lipids are currently the most ideal lipid
formulations (Blenke et al., 2018). When the
oligonucleotides are loaded into liposomes, these
lipids are able to carry positive charges, however,
after administration but before delivery to the cell,
they are able to lose their charges (Wang et al.,
2015).

In our previous study, Lipofectamine 3000 (Sigma-
Aldrich, Germany) was used to increase the efficacy
of transfection, ultimately maximizing the efficiency
of genetic modifications and simplifying the
downstream processes (payande et al., 2019.
payande et al., 2019).

Polymers

Conjugation of polyethylene glycol (PEG) has
mainly been used for therapeutic proteins, but
recently it has also been used for oligonucleotides,
for example the PEG RNA aptamer pegaptanib that
selectively targets vascular endothelial growth
factor (VEGF). PEG is a highly hydrophilic, non-
charged, and flexible polymer with end group
functionalization. PEG coatings on drug conjugates
protect them with a hydration shell that prevents
biomacromolecules from binding to the drug. Also,
PEGylation enhances blood circulation time by
increasing oligonucleotide stability and reducing

http://jemr.um.ac.ir

12

renal clearance (Ng et al.,, 2016). PEI-g-PEG
(Sigma-Aldrich, Germany) was able to effectively
transforme the DNAi molecule into the C2C12 cell
(payande et al., 2019).

Peptides

Cell-penetrating peptides (CPPs) are another
group of compounds used as carriers to deliver
oligonucleotides (Lehto et al., 2016). CPPs
commonly consist of 5-30 amino acids. They are
often positively charged due to the presence of basic
amino acids such as lysine and arginine in their
structure (Szabd et al., 2010). CPP can be directly
conjugated to oligonucleotides, thus increasing the
delivery of oligonucleotides across biological
barriers and cell membranes. Also, the usage of
nanoparticles can potentially enhance the activity of
such complexes. CPP/ON nanoparticles are formed
by hydrophobic and electrostatic interactions
between anionic ONs and cationic CPPs. Diverse
types of CPPs have shown significant potential for
oligonucleotide delivery in a nanoparticle format,
including PepFects (PFs) derivatives and MPG
(Lehto et al., 2016).
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Figure 1. Several chemical modifications were applied in the design of oligonucleotides to improve nuclease
resistance, biological activity, duplex thermal stability, and cellular uptake (A) Phosphodiester backbone, and (B)

Sugar backbone (Deleavey and Damha, 2012)

Limitations of DNAi

Despite some advantages of the DNAi method,
there are severe limitations regarding down-
regulation of gene expression in vivo, such as
efficient delivery of DNA to the target tissue, low
half-life of DNA in the circulatory system, DNase
sensitivity, toxicity, and immunogenicity, and stable
gene silencing (Riasi and Javadmanesh, 2020).
Additionally, the use of small antisense
oligonucleotides as a form of therapy, despite
serious limitations, can provide a greater range of
target genes compared to some approaches based on
proteins. Usually, targets for traditional small
molecular drugs are enzymes (e.g., proteases,
kinases, topoisomerases, and polymerases) and
some receptors for small molecular weight ligands
(e.g., neurotransmitters, eicosanoids, steroids, and
retinoids). Advances in structural biology and
screening technologies have increased the number of
genes available for small-molecule drugs, but
success in using these approaches is still limited
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(Wesierska-Gadek et al., 2002). Therefore, a large
number of target genes that are considered important
for drug purposes are not exploited. On the other
hand, another limitation of antisense
oligonucleotides is their pharmacokinetics, which
means that they do not distribute equally to all cell
types within tissue (Bennett and Swayze, 2010). It
seems that because of such limitations, drugs based
on the antisense oligonucleotide cannot cross the
blood-brain barrier; thus, they are not an operative
treatment for neurologic diseases. Apart from these
issues, the delivery of DNA by nuclease is the main
challenge in vitro and in vivo. Recently, some studies
have focused on using oligonucleotides in vivo.

Conclusion

Oligonucleotides, such as DNAi, have
demonstrated great therapeutic potential for a
treatment of wvarious diseases, including cancer,
infectious diseases, neurological diseases, and
genetic diseases. Despite numerous obstacles, there
have been recent advancements in the utilization of
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oligonucleotides as effective drugs in clinical
applications. The problems with oligonucleotides'
stability in plasma are successfully improved by a
variety of chemical modifications. In addition, some
delivery methods based on nanoparticles have been
used to encapsulate oligonucleotides and increase
their accumulation in the target tissue. Therefore, in
the near future there would be a higher confidence to
use DNAI as an efficient gene silencing molecule
with higher precision and lower side effects.

Acknowledgments
This study was supported by the
University of Mashhad.

Ferdowsi

References

Aartsma-Rus A., De Winter C. L., Janson A. A,,
Kaman W. E., Van Ommen G.J. B., Den Dunnen J.
T., et al. (2005) Functional analysis of 114 exon-
internal AONs for targeted DMD exon skipping:
indication for steric hindrance of SR protein binding
sites. Journal Oligonucleotides 15(4):284-197.

Aartsma-Rus A., Singh K. H., Fokkema I. F.,
Ginjaar I. B., van Ommen G. J., den Dunnen J. T., et
al.  (2010) Therapeutic exon skipping for
dysferlinopathies? European Journal of Human
Genetics, 18(8):889-894.

Anwar S. and Yokota T. (2020) Golodirsen for
Duchenne muscular dystrophy. Journal Drugs of
Today 56(8):491-504.

Arthur G. K. and Cruse G. (2018) Exon skipping of
FceRIP for allergic diseases. J Exon Skipping
Inclusion Therapies: Methods Protocols 503-518 pp.

Arzumanov A., Stetsenko D. A., Malakhov A. D.,
Reichelt S., Serensen M. D., Babu B. R., et al. (2003)
A structure-activity study of the inhibition of HIV-1
Tat-dependent trans-activation by mixmer 2'-O-
methyl oligoribonucleotides containing locked
nucleic acid (LNA), o-L-LNA, or 2'-thio-LNA
residues. Journal of Oligonucleotides 13(6):435-
453.

Bennett C. F. and Swayze E. E. (2010) RNA
targeting therapeutics: molecular mechanisms of
antisense oligonucleotides as a therapeutic platform.

J Annual Review of Pharmacology Toxicology
50:259-293.

Blenke E. O., Evers M. J., Baumann V., Winkler J.,
Storm G. and Mastrobattista E. J. (2018) Critical
evaluation of quantification methods for
oligonucleotides formulated in lipid nanoparticles. J

http://jemr.um.ac.ir

14

International Journal of Pharmaceutics 548(2):793-
802.

Buck A. C., Shen C., Schirrmeister H., Schmid-
Kotsas A., Munzert G., Guhlmann, A., et al. (2002)
Liposomal delivery of antisense oligonucleotides for
efficient downregulation of Bcl-2 and induction of
apoptosis.  Journal of Cancer Biotherapy
Radiopharmaceuticals 17(3):281-289.

Cohen P. T. and Cohen P. (1989) Discovery of a
protein phosphatase activity encoded in the genome
of bacteriophage A. Probable identity with open
reading frame 221. Biochemical Journal 260(3):931-
934.

Davids M. S., and Letai A. (2012) Targeting the B-
cell lymphoma/leukemia 2 family in cancer. Journal
of Clinical Oncology 30(25):3127.

De Mesmaeker A., Altmann K.H., Waldner A. and
Wendeborn S. (1995) Backbone modifications in
oligonucleotides and peptide nucleic acid systems.
Journal of Current Opinion in Structural Biology
5(3):343-355.

Dean N. M., and McKay R. (1994) Inhibition of
protein kinase C-alpha expression in mice after
systemic  administration of phosphorothioate
antisense  oligodeoxynucleotides.  Journal of
Proceedings of the National Academy of Sciences
91(24):11762-11766.

Deleavey G. F. and Damha M. J. (2012) Designing
chemically modified oligonucleotides for targeted
gene silencing. Journal of Chemistry Biology
19(8):937-954.

Dewanjee M. K. (1993) RADIOLABELED
ANTISENSE PROBES-DIAGNOSIS AND
THERAPY. Journal of Diagnostic Oncology

3(4):189-208.

Dominski Z. and Kole R. (1993) Restoration of
correct splicing in thalassemic pre-mRNA by
antisense oligonucleotides. Journal of Proceedings
of the National Academy of Sciences 90(18):8673-
8677.

Dzierlega K. and Yokota T. (2020) Optimization of
antisense-mediated exon skipping for Duchenne
muscular dystrophy. Journal of Gene Therapy
27(9):407-416.

Ebrahim A. S., Kandouz M., Emara N., Sugalski A.
B., Lipovich L. and Al-Katib A. M. (2017).
Unintended target effect of anti-BCL-2 DNAI.



Journal of Cell and Molecular Research (2023) 15 (1), 7-18

Gene Silencing Method Based on DNA (Riasi et al.)

Journal of Cancer Management Research 427-432
pp.

Eckstein F. (2000) Phosphorothioate
oligodeoxynucleotides: what is their origin and what
is unique about them? Journal of Antisense Nucleic
Acid Drug Development 10(2):117-121.

Elayadi A. N., Braasch D. A. and Corey D. R. (2002)
Implications of high-affinity hybridization by locked
nucleic acid oligomers for inhibition of human
telomerase. Journal of Biochemistry 41(31):9973-
9981.

Elmén J., Zhang H.Y., Zuber B., Ljungberg K.,
Wahren B., Wahlestedt C., et al. (2004) Locked
nucleic acid containing antisense oligonucleotides
enhance inhibition of HIV-1 genome dimerization
and inhibit virus replication. Journal of FEBS letters
578(3):285-290.

Finke R. (2016) The consequences of religious
competition: Supply-side explanations for religious
change. In Rational choice theory and religion (pp.
46-65): Routledge.

Fire A., Xu S., Montgomery M. K., Kostas S. A.,
Driver S. E. and Mello C. C. (1998) Potent and
specific genetic interference by double-stranded
RNA in Caenorhabditis elegans. Journal of Nature
391(6669):806-811.

Fluiter K., ten Asbroek A. L., van Groenigen M.,
Nooij M., Aalders M. C. and Baas F. (2002) Tumor
genotype-specific growth inhibition in vivo by
antisense oligonucleotides against a polymorphic
site of the large subunit of human RNA polymerase
II. Journal of Cancer Research 62(7):2024-2028.

Graham M. J., Crooke S. T., Monteith D. K., Cooper
S. R., Lemonidis K. M., Stecker K. K., et al. (1998)
In vivo distribution and metabolism of a
phosphorothioate oligonucleotide within rat liver
after intravenous administration. Journal of
Pharmacology Experimental Therapeutics
286(1):447-458.

Hansen J. B., Westergaard M., Albaek Thrue C.,
Giwercman B. and Oerum H. (2003) Antisense
knockdown of PKC-a using LNA-oligos. Journal of
Nucleosides, Nucleotides Nucleic Acids 22(5-
8):1607-1609.

Harb W., Lakhani N. J., Messmann R., Klencke B.
and Al-Katib A. M. (2021) A phase 2 study of
PNT2258 for treatment of relapsed or refractory B-
cell malignancies. Journal of Clinical Lymphoma
Myeloma Leukemia 21(12):823-830.

http://jemr.um.ac.ir

15

Kawai-Toyooka H., Kuramoto C., Orui K.,
Motoyama K., Kikuchi K., Kanegae T., et al. (2004)
DNA interference: a simple and efficient gene-
silencing system for high-throughput functional
analysis in the fern Adiantum. Journal of Plant Cell
Physiology 45(11):1648-1657.

Knudsen J. B., Liu L., Bank Kodal A. L., Madsen
M., LiQ., SongJ., etal. (2015) Routing of individual
polymers in designed patterns. Journal of Nature
Nanotechnology 10(10):892-898.

Koed Doktor T., Schroeder L. D., Vested A.,
Palmfeldt J., Andersen H. S., Gregersen N., et al.
(2011) SMN2 exon 7 splicing is inhibited by binding
of hnRNP A1 to a common ESS motif that spans the
3’ splice site. Journal of Human Mutation 32(2):220-
230.

Kontturi L.-S., Van Den Dikkenberg J., Urtti A.,
Hennink W. E. and Mastrobattista E. (2019) Light-
triggered cellular delivery of oligonucleotides.
Journal of Pharmaceutics 11(2):90.

Lee J.Y., Lee B.-S., Shin D.J., Woo Park K., Shin
Y.A., Joong Kim K., et al. (2013) A genome-wide
association study of a coronary artery disease risk
variant. Journal of Human Genetics 58(3):120126.

Lefebvre S., Biirglen L., Reboullet S., Clermont O.,
Burlet P., Viollet L., et al. (1995) Identification and
characterization of a spinal muscular atrophy-
determining gene. Journal of Cell 80(1):155-165.

Lehto T., Ezzat K., Wood M. J. and Andaloussi S. E.
(2016) Peptides for nucleic acid delivery. Journal of
Advanced Drug Delivery Reviews 106:172-182.

Lei Mon S. S., Yoshioka K., Jia C., Kunieda T.,
Asami Y., Yoshida-Tanaka., et al. (2020) Highly
efficient gene silencing in mouse brain by
overhanging-duplex oligonucleotides via
intraventricular route. Journal of FEBS letters
594(9):1413-1423.

Letsinger R. L., Singman C. N., Histand G. and
Salunkhe M. (1988) Cationic oligonucleotides.
Journal of the American Chemical Society
110(13):4470-4471.

Lim K. R. Q., Maruyama R. and Yokota T. (2017)
Eteplirsen in the treatment of Duchenne muscular
dystrophy. Journal of Drug Design, Development
Therapy 533-545 pp.

Manzur A. Y., Kuntzer T., Pike M. and Swan A. V.
(2008) Glucocorticoid corticosteroids for Duchenne



Journal of Cell and Molecular Research (2023) 15 (1), 7-18

Gene Silencing Method Based on DNA (Riasi et al.)

muscular dystrophy. Journal of Cochrane Database
of Systematic Reviews (1).

Marshall W. and Caruthers M. (1993)
Phosphorodithioate DNA as a potential therapeutic
drug. Journal of Science 259(5101):1564-1570.

Matsukura M., Shinozuka K., Zon G., Mitsuya H.,
Reitz M., Cohen J. S., et al. (1987) Phosphorothioate
analogs of oligodeoxynucleotides: inhibitors of
replication and cytopathic effects of human
immunodeficiency virus. Journal of Proceedings of
the National Academy of Sciences 84(21):7706-
7710.

McManus M. T. and Sharp P. A. (2002) Gene
silencing in mammals by small interfering RNAs.
Journal of Nature Reviews Genetics 3(10):737-747.

Melki J., Abdelhak S., Sheth P., Bachelot M., Burlet
P., Marcadet A., et al. (1990) Gene for chronic
proximal spinal muscular atrophies maps to
chromosome 5q. Journal of Nature 344(6268):767-
768.

Miller P. S., Fang K. N., Kondo N. S. and Ts'o P. O.
(1971) Syntheses and properties of adenine and
thymine nucleoside alkyl phosphotriesters, the
neutral analogs of dinucleoside monophosphates.
Journal of the American Chemical Society
93(24):6657-6665.

Miller P. S., Yano J., Yano E., Carroll C., Jayaraman
K. and Ts'o P. O. (1979) Nonionic nucleic acid
analogs. Synthesis and characterization of

dideoxyribonucleoside methylphosphonates.
Journal of Biochemistry 18(23):5134-5143.

Moelling K., Abels S., Jendis J., Matskevich A. and
Heinrich J. (2006) Silencing of HIV by hairpin-loop-
structured DNA oligonucleotide. Journal of FEBS
letters 580(14):3545-3550.

Muntoni F., Torelli S. and Ferlini A. (2003)
Dystrophin and mutations: one gene, several
proteins, multiple phenotypes. Journal of The Lancet
Neurology 2(12):731-740.

Ng C. L., Lee S. E., Lee J. K., Kim T. H., Jang W.
S., Choi J. S., et al. (2016) Solubilization and
formulation of chrysosplenol C in solid dispersion
with hydrophilic carriers. International Journal of
Pharmaceutics 512(1):314-321.

Odeh F., Nsairat H., Alshaer W., Ismail M. A.,
Esawi E., Qaqish B., et al. (2019) Aptamers
chemistry: Chemical modifications and conjugation
strategies. Journal of Molecules 25(1):3.

http://jemr.um.ac.ir

16

Omotezako T., Onuma T. A. and Nishida H. (2015)
DNA interference: DNA-induced gene silencing in
the appendicularian Oikopleura dioica. Journal of
Proceedings of the Royal Society B: Biological
Sciences 282(1807):20150435.

Palauqui J.C. and Balzergue, S. (1999) Activation of
systemic  acquired silencing by localised
introduction of DNA. Journal of Current Biology

9(2):59-66.

Pao P. W., Wee K. B., Yee W. C. and DwiPramono
Z. A. (2014) Dual masking of specific negative
splicing regulatory elements resulted in maximal
exon 7 inclusion of SMN2 gene. Journal of
Molecular Therapy 22(4):854-861.

Payande H., Ghahramani Seno M. M. and
Javadmanesh A. (2019) The inhibitory effect of
myostatin-specific siRNA on the differentiation and
growth of C2C12 cells. Paper presented at the The
3rd International & the 11th National Biotechnology
Congress of Islamic Republic of Iran.

Payande H., Javadmanesh A. and Ghahremani Seno
M. M. (2019) Inhibition of myostatin gene
expression in C2C12 cells by RNAi and DNAi
methods. Master Tesis. Ferdowsi University of
Mashhad.

Prakash T. P., Mullick A. E., Lee R. G., Yu J., Yeh
S. T., Low A., et al. (2019) Fatty acid conjugation
enhances potency of antisense oligonucleotides in

muscle. Journal of Nucleic Acids Research,
47(12):6029-6044.

Psaras A. M., Chang K. T., Hao T. and Brooks T. A.
(2021) Targeted Downregulation of MYC through
G-quadruplex Stabilization by DNAi. Journal of
Molecules 26(18):5542.

Purwaningsih E. H., and Schubert, R. (2010) The
Preparation of Liposomes derived from Mixed
Micelles of Lecithin added by Sodium Cholate,
followed by Dialysing using Hemoflow High Flux
F60S. Journal of Makara Journal of Health Research,
49-52 pp.

Riasi M. and Javadmanesh A. (2020) Limitations of
DNA Interference in Targeted Drug Delivery. Paper
presented at the International Congress on
Biomedicine 2020.

Riasi M., Javadmanesh A. and Mozaffari Jovin S.
(2022) Inhibition of myostatin gene expression in
mouse by DNAi, RNAi and ddRNAi methods.
Master Tesis. Ferdowsi University of Mashhad.



Journal of Cell and Molecular Research (2023) 15 (1), 7-18

Gene Silencing Method Based on DNA (Riasi et al.)

Riasi M., Mozaffari Jovin S. and Javadmanesh A.
(2022) Inhibition of myostatin gene expression using
siRNA in mice. Paper presented at the The 22nd
National and 10th Intenational Congress on Biology.

Riasi M., Mozaffari Jovin S. and Javadmanesh A.
(2023) The effect of modification of DNA
interference on myostatin gene expression in mice.
Journal of Genetics.

Rigo F., Hua Y., Krainer A. R. and Bennett C. F.
(2012) Antisense-based therapy for the treatment of
spinal muscular atrophy. In: The Rockefeller
University Press.

Rodrigueza W. V., Woolliscroft M. J., Ebrahim A.
S., Forgey R., McGovren P. J., Endert G., et al.
(2014) Development and antitumor activity of a
BCL-2 targeted single-stranded DNA
oligonucleotide. Journal of Cancer Chemotherapy
Pharmacology 74:151-166.

Roshmi R., and Yokota T. (2019) Viltolarsen for the
treatment of Duchenne muscular dystrophy. Journal
of Drugs Today 55(10):627.

Rutherford G., Tanurdzic M., Hasebe M. and Banks
J. A. (2004) A systemic gene silencing method
suitable for high throughput, reverse genetic
analyses of gene function in fern gametophytes.
Journal of BMC Plant Biology 4(1) 1-10.

Saravani F. B., Tafvizi F. and Jaafari M. R. (2018)
The Effect of Synthesis of Pegylated Nanoliposome
Containing DNAi on Reduction of BCL-2 Gene
Expression in DLCL2 Cell Line. Qom Univ Med
Sci.

Sheikhnejad R., Ashrafi F., Talebi A., Mazaheri B.,
Moslemi F. and Nematbakhsh M. (2021) Bicelin (B-
cell lymphoma 2 inhibitor) a Highly Safe DNA-
based Anti-cancer Drug Showed No in vivo
Cytopenia, Nephrotoxicity and/or Hepatotoxicity.
Reasearch Square.

Shirley M. (2021) Casimersen: first approval.
Journal of Drugs 81:875-879.

Singh N. K., Singh N. N., Androphy E. J. and Singh
R. N. (2006) Splicing of a critical exon of human
Survival Motor Neuron is regulated by a unique
silencer element located in the last intron. Journal of
Molecular Cellular Biology 26(4):1333-1346.

Slijkerman R. W., Vaché C., Dona M., Garcia-
Garcia G., Claustres M., Hetterschijt L., et al. (2016)
Antisense oligonucleotide-based splice correction
for USH2A-associated retinal degeneration caused

http://jemr.um.ac.ir

17

by a frequent deep-intronic mutation. Journal of
Molecular Therapy-Nucleic Acids 5.

Souleimanian N., Deleavey G. F., Soifer H., Wang
S., Tiemann K., Damha M. J., et al. (2012) Antisense
2'-deoxy, 2'-fluoroarabino nucleic acid (2’ F-ANA)
oligonucleotides: in vitro gymnotic silencers of gene
expression whose potency is enhanced by fatty
acids. Journal of Molecular Therapy-Nucleic Acids
1.

Spitali P. and Aartsma-Rus A. (2012) Splice
modulating therapies for human disease. Journal of
Cell, 148(6):1085-1088.

Sumner C. J. and Crawford T. O. (2018) Two
breakthrough gene-targeted treatments for spinal
muscular atrophy: challenges remain. The Journal of
Clinical Investigation 128(8):3219-3227.

Szabo Z., Himéldinen J., Loikkanen I., Moilanen A.
M., Hirvikoski P., Viisénen T., et al. (2010) Sorbitol
dehydrogenase expression is regulated by androgens
in the human prostate. Journal of Oncology Reports
23(5):1233-1239.

Taylor G. J., Bagby R. M. and Parker J. D. (1999)
Disorders of affect regulation: Alexithymia in
medical and psychiatric illness: Cambridge
University Press.

Thaler D. S., Liu S. and Tombline G. (1996)
Extending the chemistry that supports genetic
information transfer in vivo: phosphorothioate
DNA, phosphorothioate RNA, 2'-O-methyl RNA,
and methylphosphonate DNA. J Proceedings of the
National Academy of Science 93(3):1352-1356.

Tolcher A. W., Rodrigueza W. V., Rasco D. W.,
Patnaik A., Papadopoulos K. P., Amaya A., et al.
(2014) A phase 1 study of the BCL2-targeted
deoxyribonucleic acid inhibitor (DNAi) PNT2258 in
patients with advanced solid tumors. Journal of
Cancer Chemotherapy Pharmacology 73:363-371.

Touznik A., Lee J. J. and Yokota T. (2014) New
developments in exon skipping and splice
modulation therapies for neuromuscular diseases.
Journal of Expert Opinion on Biological Therapy
14(6):809-819.

Tsujimoto Y., Finger L. R., Yunis J., Nowell P. C.
and Croce C. M. (1984) Cloning of the chromosome
breakpoint of neoplastic B cells with the t (14; 18)
chromosome translocation. Journal of Science,
226(4678):1097-1099.



Journal of Cell and Molecular Research (2023) 15 (1), 7-18

Gene Silencing Method Based on DNA (Riasi et al.)

Uhlmann E. and Peyman A. (1990) Antisense
oligonucleotides: a new therapeutic principle.
Journal of Chemical Reviews 90(4):543-584.

Urban E. and Noe C. R. (2003) Structural
modifications of antisense oligonucleotides. Journal
of Il Farmaco 58(3):243-258.

Van Den Bergen J., Wokke B., Janson A., Van
Duinen S., Hulsker M., Ginjaar H., et al. (2014)
Dystrophin levels and clinical severity in Becker
muscular dystrophy patients. Journal of Neurology,
Neurosurgery Psychiatry 85(7):747-753.

Varma R. S. (1993) Synthesis of oligonucleotide
analogues with modified backbones. Journal of
Synlett, 1993(09):621-637.

Voinnet O., Vain P., Angell S. and Baulcombe D. C.
(1998) Systemic spread of sequence-specific
transgene RNA degradation in plants is initiated by
localized introduction of ectopic promoterless DNA.
Journal of Cell 95(2):177-187.

Wang Y., Miao L., Satterlee A. and Huang L. (2015)
Delivery  of  oligonucleotides  with  lipid
nanoparticles. J Advanced Drug Delivery Reviews
87:68-80.

Wesierska-Gadek J., Schloffer D., Kotala V. and
Horky M. (2002) Escape of p53 protein from E6-
mediated degradation in HeLa cells after cisplatin

therapy. J International Journal of Cancer
101(2):128-136.

Wilton S. D., Fall A. M., Harding P. L., McClorey
G., Coleman C. and Fletcher S. (2007) Antisense
oligonucleotide-induced exon skipping across the
human dystrophin gene transcript. Journal of
Molecular Therapy 15(7):1288-1296.

Yonetani N., Ueda C., Akasaka T., Nishikori M.,
Uchiyama T. and Ohno H. (2001) Heterogeneous
breakpoints on the immunoglobulin genes are
involved in fusion with the 5' region of BCL2 in B-
cell tumors. J Japanese Journal of Cancer Research
92(9):933-940.

http://jemr.um.ac.ir

18

Open Access Statement:

This is an open access article distributed under the
Creative Commons Attribution License (CC-BY),
which permits unrestricted use, distribution, and
reproduction in any medium, provided the original
work is properly cited.





