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The clinical application of antisense oligonucleotides (ASOs) is becoming more of a reality as several drugs have
been approved for the treatment of human disorders and many others are in various phases in development and
clinical trials. ASOs are short DNA/RNA oligos which are heavily modified to increase their stability in
biological fluids and retain the properties of creating RNA-RNA and DNA-RNA duplexes that knock-down or
correct genetic expression. This review outlines several strategies that ASOs utilize for the treatment of various
congenital diseases and syndromes that develop with aging. In addition, we discuss some of the mechanisms for
specific non-targeted ASO internalization within cells.
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Introduction

One of the growing fields of interest pertaining to nucleic
acid-based gene silencing/modification is the application of
antisense oligonucleotides (ASOs). ASOs are chemically
modified nucleic acid sequences that serve as highly
selective sequence pairs to specific regions of mRNA and
regulate the translation of genetic material into functional
proteins. ASOs bind complementary RNA by Watson-Crick
base pairing and can suppress gene expression via a number
of distinct antisense mechanisms. ASOs which contain
stretches of >5 DNA nucleotides activate the RNase H
antisense mechanism. RNaseH1 is a ubiquitously expressed
endonuclease which selectively cleaves the RNA strand of a
DNA/RNA heteroduplex ™. ASOs of other chemical
compositions can bind RNA to modulate splicing, arrest

translation or sequester endogenous microRNAs @ (Fig. 1).

The phosphodiester (PO) backbone of DNA and RNA is
susceptible to nuclease mediated degradation which limits
application of unmodified oligonucleotides as therapeutics.
In contrast, chemical modifications of the backbone enhance
the metabolic stability of oligonucleotides which enables
their use for therapeutic applications. One of the most widely
used modifications in oligonucleotide therapeutics is the
phosphorothioate modification ©!. The phosphorothioate (PS)
modification replaces a non-bridging oxygen atoms in the PO
linkage with a sulfur atom. This increases ASO stability in
biological fluids and also enhances their protein binding and
cell uptake properties . ASO stability is essential for the
molecules to not only remain intact while in circulation, but
also to be biologically active and internalized into the cell for
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Figure 1. RNase H mediated destruction of targeted mRNA. ASOs are internalized in the cells by several mechanisms
(clathrin/caveolin-mediated endocytosis, micropinocytosis, etc.) in which a small subset of the ASOs escape into the cytoplasm and/or
nucleus. Hybridization of the ASO with complementary hnRNA or mRNA induces RNase H cleavage of the RNA while leaving the ASO

intact for subsequent hybridizations.

gene silencing. However, this mechanism may only work if
the  ASO successfully navigates past the cell
plasma/endosomal membranes to target the specific mRNA
of interest. The mechanism for ASO internalization is not
well understood, though it is thought that efficient uptake
involves specific protein receptors ™ ®. At the present time, it
is believed that clathrin-mediated endocytic receptor(s)
allows ASO internalization at concentrations in the nM-uM
range 4.

Recent works focused on increasing the understanding of
these drugs have enabled great strides in the therapeutic
application. The FDA approved ASO therapeutic uses such
as treatment for familial hypocholesteremia, with many
others in phase Il clinical trials ®*4. New designs are
constantly being developed to increase effectiveness of these
drugs, as well as new approaches to different diseases, while
at the same time decreasing potential off-target side-effects [
121 The focus of this review is to highlight the development
of ASOs in clinical drug development for a variety of
diseases, as well as examine recent research to answer
fundamental questions of cellular ASO internalization and
systemic clearance.

Backbone Modifications for single stranded ASOs

One key aspect of ASO stability and functionality is
derived from the modifications on the phosphate backbone of
the nucleotide sequence. Second generation ASOs are
comprised of a central gap region of PS DNA flanked on
either ends with 2’-methoxyethyl RNA (MOE) nucleotides.
The MOE nucleotides enhance binding affinity for
complementary RNA and further enhance metabolic stability
which results in longer effectiveness in the clinic © 3. Other
ASO backbone structures such as phosphodiester (PO) or
methylphosphonates (MP) have been explored 4, but the PS
backbone modifications to have high stability both in-vitro
and in-vivo systems ', in addition to in-vivo internalization
% for single stranded ASOs.

MP oligonucleotides, which have reduced charge, have
higher nuclease stability than PS-ASOs % However, the
lack of charge on the MP molecule reduces protein binding
and cellular uptake "*°1. Novel techniques are being utilized
to increase the activity of ASOs, with a majority of clinical
drugs having a PS-2’-methoxyethyl (2’-MOE) modification
of the ribose sugar which increases the T,, of RNA by 2° C
for each modification, while also aiding to reduce access to
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Figure 2. Backbone structures of ASO modifications. A. Unmodified phosphodiester
backbone. B. Generation 1 phosphorothioate (PS-ASO) modification. C. Generation 2
2'-methoxyethyl phosphorothioate (2 MOE-PS-ASO) modification.

the linkage of the backbone ! (Fig. 2). It is important to note
that while PS-ASOs are currently being utilized based on
their increased activity, the PS modifications are relatively
easy to synthesize compared to other phosphate
modifications ™. Currently, over 35 ASOs are in clinical
development, and of these, at least a majority contain PS
backbone structures, and many newer chemical structures
contain 2’-MOE modifications as well .

Diseases Targeted by ASOs
Duchenne’s muscular dystrophy

Duchenne’s muscular dystrophy (DMD) is a rare but
debilitating X-linked disease causing muscle wasting by
mutations arising from the DMD gene, which codes for
dystrophin. This protein has been determined to connect the
sub-sarcolemmal cytoskeleton to the extra-cellular matrix
(ECM). Dystrophin, along with the dystrophin associated
glycoprotein complex (DGC) work to stabilize muscle fibers
during muscle contraction from the binding of the
cytoskeleton to the ECM. When this protein is lost due to the
DMD gene mutations, it leads to muscle degeneration,
inflammation, and overall progression of DMD . This
disease is the most common fatal neuromuscular disorder
found in children, which affects 1 in 3,500 males . Patients
are traditionally treated by the age of 5 to prevent premature
death when diagnosed at an early age. Although if left
untreated (without preventative measures), children often
suffer from cardiac or respiratory failure leading to death
before the age of twenty ?>?2. The disease is caused by
genetic missense or nonsense mutations in the open reading
frame of the DMD gene, dystrophin 1?2,

Antisense oligonucleotides may utilize multiple splicing
mechanisms for when a gene is mistranslated including exon
skipping, cryptic splicing restoration, or even changing levels

of alternate gene splicing **!. One of the early ASOs used in
DMD treatment, PRO-051, or Drisapersen, utilized exon
splicing modulation for exon 51 (of the 79 exons present) of
Dystrophin to force skip this exon, allowing for rescue of the
ORF 1. Although it proceeded into stage Ill of clinical
trials, it failed to be awarded FDA approval due to the high
doses required for effective treatment and long-term toxicity
side-effects ?°!. Drisapersen was a modified 2’0-Me RNA
modification. A second drug was developed with a
morpholino backbone @, which utilizes excision of the
pre-mRNA splicing of dystrophin’s exon 51 %] hased on the
same rescue of the ORF as Drisapersen. The mechanism of a
morpholino modified ASO allows for hybridization binding
to exon 51, which when bound does not allow the splicing
machinery to recognize it, allowing for the ORF to remain
intact, while removing the mutated region ! (Fig. 3A).
Currently, this drug is in stage Il clinical trials and has
demonstrated lower toxicity than its 2° O-Me counterpart.
Although further testing is required before FDA approval,
there seems to be hope that this morpholino-based ASO will
help in future treatments of DMD, based on the
improvements from the previous 2” O-Me drug.

Spinal Muscular Atrophy

Spinal muscular atrophy (SMA), not to be confused with
spinal muscular dystrophy, is currently the leading cause of
genetic infant mortality. This disease causes motor neurons
in the central nervous system to decay and lose function 7.
Loss of neuromuscular junctions causes muscles to weaken
and atrophy over time. The loss of muscle function can have
devastating secondary impacts from sleeplessness to
scoliosis, joint contractures, and respiratory failure. This
genetic disorder arises from mutations on exon 7 of the
SMN1 gene, which codes for the survival motor neuron
proteins, with 95-98% of patients displaying a homozygous
trait of this gene 27 sMN proteins localize to the cytosol
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Figure 3. Exon skipping as a mechanism for “gene” correction. A. The ASO mechanism for the treatment of Duchenne’s Muscular
Dystrophy (DMD) in which the ASO binds to exon 51 containing the mutation and force skips the exon in transcription producing a slightly
shorter but active gene product. B. In cases of Spinal Muscular Atrophy (SMA), heterogenous nuclear ribonuclear proteins (hnRNPs) bind
to exon 7 and prevent further hnRNA modification and subsequent translation. C. SMA treatment with a 2’-methoxyethyl (2'-MOE) modified
ASO (ASO-10-27) displaces hnRNPs and allows translation of the full-length gene product. D. SMA treatment with a 2’-Fluoro (2’-F)
modified ASO recruits Interleukin Enhancer 2 and 3 proteins which displace hnRNPs and allow for the translation of a shorter mRNA
producing a smaller protein product that is still partially active. Figure adapted and modified from Aartsma-Rus et al. [23] and Rigo et al.

[35]

and nucleus, where they are involved in a multiprotein
complex. These proteins are involved in RNP complex
formation, and have been shown to accumulate in Cajal
bodies ® 21 SMN2 is also involved in this disease,

however, the copy number increases in the presence of
SMN1 mutations, leading to phenotype modifications.

Currently, there is no specific treatment for the disease
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itself, as most therapies are for treating the symptoms 2%,
One potential therapy, proposed a decade ago, was to utilize
quinizoline derivatives as a potential mechanism for
increasing SMN2 promoter activity to induce SMN splicing
patterns to relieve the mutated gene BY. A study, compiling
multiple compounds that increased SMN promotor activity
identified these derivatives as a potential target with a 2.5
fold increase in activity ®%. Although this mechanism did
produce improvement of motor function in mouse models, a
work-stop was issued and the drug company has canceled
clinical phase 11 testing %34,

Modulating splicing of MRNA can also be accomplishes
using ASOs. This class utilizes pre-messenger RNA as a
source for correcting an aberrant mRNA product. When
untreated with ASOs heterogenous nuclear
ribonuclearproteins (hnRNPs) are recruited to the exon to
silence the targeted region . One example for treatment to
inhibit hnRNP activation of pre-mRNA in SMA is
ASO-10-27, which works to provide corrected SMN
expression via a gene splicing mechanism similar to that of
the DMD example 2* *! (Fig. 3B-D). ASO-10-27 is a
generation 2 drug that is used to boost functional SMN
production by careful splice modification of SMN2, based on
its paralogous gene similarity to SMN1 % *1 The key
mechanism for this ASO is when bound, it does not allow for
hnRNP to bind to the targeted exon 7 by blocking the
binding site, allowing for the gene to remain intact.
Interestingly, a 2’-fluoro modified ASO, recruits interleukin
enhancer-binding 2 and 3 complex (ILF2/3) to bind to the
active site causing the exon to be skipped B30, Currently, the
ASO-10-27 MOE modified drug demonstrates marked
improvement in clinical trials from the mechanism of exon 7
splicing, as this therapy is currently in clinical phase IlI
trials. However, it is worth nothing that other chemical
modifications are being studied for future use as a new
mechanism for treatment of SMA along with a wide variety
of other potential disease targets.

Factor XI for Thrombosis

Thrombosis (blood clotting) is a major health issue that
may arise from adverse drug reactions, post-surgical
outcomes, stroke, myocardial infarction, or spontaneously by
ill-defined mechanisms. Factor Xl is a serine protease
enzyme that is converted to Factor Xla and directly involved
in the coagulation cascade B, This enzyme has been
targeted as a potential upstream inhibitor for thrombosis by
ASO-based gene knock-down therapy utilizing a second
generation ASO (FXI-ASO), which has a 2’-O-MOE RNA
modification coinciding with the PS modification allowing
for this ASO to stably be incorporated into the cell for
targeting factor XI mRNA B!, The rationale for targeting this

specific factor, was the lack of potential bleeding events,
while also lowering the rate of blood clotting. FXI-ASO was
tested in animals and showed no disruption of homeostasis
during knock-down of Factor XI protein activity by over
90% B8, FXI-ASO is able to bind to mRNA of factor XI in
the liver, specifically in the hepatocytes which is the primary
site of factor XI formation ®%. The hepatic inhibition leads to
a downstream reduction of plasma factor XI levels.
Currently, this drug is in phase Il of clinical trials, as it has
been subject to a human open-label phase study, by which no
treatment disguise or placebo is used “%. This study showed
that at higher doses, there were no reported toxicity events,
and all noted side-effects were negligible, as the patients
responded to positive anti-coagulation without increased
bleeding risk, [ which is novel to most anti-coagulant based
treatments. At this time, more work needs to be done since
ASO targeting of hepatic factor XI production has shown
promising results for the future treatment of patients with
high risk of suffering from thrombosis.

Hyperlipoproteinemia/Apolipoproteinemia

Hyperlipoproteinemia, also known as
hypercholesterolemia, is a condition in which increased
amounts of serum low density lipoprotein (LDL) cholesterol
accumulates in the blood stream. This is traditionally a
precursor for cardiovascular diseases, as well as plaque
formation based on the age at which onset occurs B There
are a variety of factors that contribute to a patient diagnosed
with this disease, though there is a genetic predisposition,
known as familial hypercholesterolemia (FH). FH is thought
to be most commonly associated with a mutation in the LDL
receptor (LDLR) gene in patients expressing either
heterozygous, with one allele being mutated, or homozygous
genes, with both alleles mutated . Although the LDLR
mutation is very common in FH diagnoses, there are also
reported cases indicating that a mutation in apolipoprotein B
(ApoB) can also cause FH, with phenotypic similarities that
make diagnosis virtually indistinguishable from other causes.
FH caused by dysfunctional ApoB is found in approximately
1 in 500 people in Western cultures 3. A common form of
treatment for FH is to prescribe statins, which effectively
reduce cholesterol synthesis by HMG-CoA reductase,
although most patients require additional drug therapy and
lifestyle changes 2.

With the advances in ASO technology, a RNase H1 active
second generation 2’-O-MOE PS-ASO (Mipomersen) was
developed that complements the coding region of ApoB
mRNA located at position 3249-3268 of the mRNA .
Following subcutaneous injection, Mipomersen is distributed
across a wide variety of tissues including the liver, and it has
been determined through clinical studies that it effectively
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reduces plasma LDL cholesterol levels. Additionally, it has
been shown that Mipomersen does not have deleterious
effects on high density lipoproteins (HDL), which are
important for lipid transport to liver and other steroidogenic
organs 4. Due to the success of Mipomersen by both low
toxicity reports and high apolipoprotein B inhibition, it has
been approved by the FDA for clinical use for FH treatment
o, Currently, with more mutations being discovered that lead
to LDL Cholesterol accumulation, additional ASO-based
drugs are currently being developed in the clinical pipeline.
A few of these are: lonis-APO(a)rx Which is a second
generation (2’-O-MOE) drug that is currently in clinical trials
for treatment of the protein apolipoprotein A, which is
implicated in cardiovascular disease and aortic valve stenosis
U1 and Apolipoprotein C-11l and its role in plasma
triglyceride levels. Currently, improvements and testing for
2’-0-MOE ASO lonis 304801 (Apo-C3gy) is in refinement to
reduce plasma triglyceride levels by binding to the the
ApoC3 mRNA to reduce apolipoprotein C-111 production (o,
This drug is currently in clinical phase 111 trials.

Cellular uptake of Phosphorothioate Modified ASOs

The understanding of uptake and clearance of PS-ASOs is
essential to calibrate the dose and pharmacology of
therapeutic ASOs. Cellular endocytosis of ASOs is of high
interest as a high number of targeted proteins are synthesized
by the liver 1% 2! pS-ASOs, as mentioned previously have
a higher stability based on the chemical modifications,
allowing them to remain intact for cellular uptake. The
rationale for understanding the pharmacokinetics of ASOs is
to correlate effective dose with clearance rates to optimize
effectiveness while reducing potentially harmful side-effects.
The chemical modifications allow for these drugs to have
high stability, but they are still susceptible to lysosomal
degradation, which allows them to be cleared from the body
after administration .

Phosphorothioate Modified ASOs and the Extra-cellular
Matrix

The extra-cellular matrix is an area that could hold the key
for understanding the mechanism for PS-ASO binding and
cellular internalization. Prevoius work has looked at the role
of proteins such as fibroblast growth factor receptors
(FGFR), as a poteintal mechanism of binding for PS-ASOs
based on the polyanionic charge of other molecules (heparin
sulfate and suramin ligands) that bind to these receptors
“81 1t was also of interest based on the high expression of the
FGFRs in the liver, which is a major site of accumulation,
activation, and degradation of ASO molecules . Previous
work that has looked at these proteins as well as many other
heparin binding proteins, such as lamelin and fibronectin

have been identified has poteintal targets for ASO binding
based on the role of ASOs binding to the ECM, as well as
their role in NF-kappaB nuclear transcription regulatory
factor, as a site specific cellular adhesion blocker .
Although this reasoning has shown binding of the ASOs to
the proteins, such as FGFR1 as a target for onset obesity by
allele specific single nucleotide polymorphisms “& 9 a clear
mechanism of internalization from these proteins has
remained elusive. Currently, there are two potential
mechanisms that have begun to explain the internalization of
these molecules; scavenger receptor A, and the stabilin
receptors I & Although these two protein receptors are good
candidates to help address the question of internalization of
ASOs, there are still many proteins in the ECM that could
play a significant role in how these drugs are not only
binding to cells, but being internalized as well.

Scavenger Receptor A

Scavenger receptors are a group of LDL recognition and
internalization receptors. Roughly two decades ago,
Bijsterbosch and coworkers detailed how a subset of
scavenger  receptor  proteins  were implicated in
internalization of PS-ASOs into the endothelial cells of the
liver. During the time of this publication there had been three
types of receptor proteins to be analyzed; class A and B in
mammalian systems, and class C which came from
Drosophila B, Scavenger receptor A (SR-A) are trimer
proteins that bind and internalize LDL, preferentially
modified by acetylation (in-vitro) or by oxidization (in-vivo)
B The class A receptors (SR-A), specifically types Al and
All were well-known which allowed for a comprehensive
investigation for these targets. Their work led to the
conclusion that class A receptors were the primary
internalization mechanism for PS-ASO uptake in the
endothelial cells of the liver . Further in-vitro and in-vivo
studies were performed utilizing SR-A receptors for
internalization, using co-administration of polyanionic
compounds such as dextran sulfate Y. These compounds
were shown to be competitor polyanionic compounds that
decreased PS-ASO saturation in tissue Y. Following that
claim, another group at lonis Pharaceuticals published work
that disputed the claim that SR-As were the primary
scavenger receptors for PS-ASO internalization 52 That
work investigated the same PS-ASO sequence as previously
reported by use of a SR-A murine knockout which
demonstrated no discernable difference of PS-ASO
internalization between the WT and SR-A KO mice leading
them to speculate that SR-A has no substantial effect on the
pharmacoactivity rates of the PS-ASO P2, There was
approximately a 50% decrease of high-affinity uptake
mechanisms between the WT and KO cell lines, however,
the authors speculated that other high affinity mechanisms
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could be responsible for at least 50% of the remaining
amount internalized. Currently, no new information
regarding SR-A as a systemic clearance receptor for ASOs is
available.

Stabilin-1 and Stabilin-2

Given the understanding of negatively charged PS-ASO
interactions with heparin binding domains, it was of interest
to determine if the class H scavenger receptors, Stabilin-1
and -2, played a role in PS-ASO systemic clearance and
internalization. Both receptors bind to similar ligands such as
heparin B, advanced glycation end-products ©*, and low
density lipoproteins 1 These proteins represent a good
model based on their inability to have a strong binding
affinity for phosphodiester-containing nucleic acids (561,
Stabilin receptors are type | receptors that contain seven
Fas-1 domains, 20 epidermal growth factor (EGF) domains
found in 4 clusters, an X-link domain, and a single
transmembrane domain. Stabilin-1 and Stabilin-2 receptors
are expressed in many tissues, particularly in key areas of
PS-ASO accumulation in the body such as the liver, kidney,
spleen adrenal cortex, macrophages, and lymph nodes 7 %8,
One key difference between both Stabilin receptors is that
Stabilin-2 is expressed as two isoforms; the full-length
315-HARE and the 190-HARE which is derived from the
315-HARE by proteolytic cleavage and retains full protein
functionality ®%. Another important distinction is that both
receptors have distinct ligands (hyaluronan and several
chondroitin sulfates for Stabilin-2 and Lactogen and SPARC
for Stabilin-1) and different affinities for shared ligands
(heparin, modified LDLs, etc).

Recent work has indicated that these receptors are
mechanistically significant in PS-ASO cellular endocytosis
and clearance . This work has shown that by incorporation
of 2’-O-MOE modifications with a PS backbone, ASOs are
internalized at a much higher rate in recombinant cells
over-expressing either Stabilin-1 or each of the Stabilin-2
isoforms than in the parental cell line which does not express
either receptor. The content of PS-ASO in liver and spleen of
Stabilin-2 knock-out mice is much lower than in the WT
controls 3 days post-injection . Using competition assays,
similar chemically modified ASOs are internalized by these
receptors, however, the 2’MOE second generation ASO has
the highest rate of internalization by Stabilin receptors.
PS-ASOs are able to bind to the 190-HARE by ionic
interaction, allowing for internalization into the cell 61 Once
internalized via clathrin mediated endocytosis, the ASOs are
transported via the endosomal pathway for degradation in the
lysosome 1 The increased rate of PS-ASO internalization in

cell culture experiments also correlated to increased
knock-down activity of the target gene of interest suggesting
that once internalized, the ASO is escaping the endosomal
pathway, leading to increased genetic silencing. Although
recent work demonstrates how Stabilin receptors are
implicated in the internalization of PS-ASO, a detailed
understanding of the mechanism for ASO escape from
endosomes for RNase H mediated mRNA degradation is
lacking.

Conclusion

Recent and continued work of chemical modifications has
allowed for progress of ASO drugs for suppressing gene
expression for therapeutic purposes. Currently, over 35 of
these drugs are either in clinical trials, or have been approved
by the FDA for use against a variety of diseases. Although
much work has been done to increase the selectivity and
potency of these drugs, while decreasing side effects and
toxicity, some of the basic mechanisms for PS-ASO
internalization and activity against their specific targets is
just beginning to be understood. More mechanisitic work in
the basic science is required to determine the trafficking and
activation of productive ASOs in primary cells. Despite these
obstacles, the field of antisense oligonucleotide therapy has
proven to be a promising one for current and future treatment
of genetic disorders.

Conflicting interests

The authors have declared that no conflict of interests
exist.

Acknowledgements

We would like to thank Punit P. Seth, PhD at lonis
Pharmaceuticals for careful review of the manuscript. This
manuscript was supported by a grant from National Heart
Lung and Blood Institute at NIH to ENH (R01 HL130864).

Author Contributions
CMM and ENH wrote the paper, CMM designed figures.
Abbreviations

ASO: antisense oligonucleotide; DMD: Duchenne’s
muscular dystrophy; FH: familial hypercholesterolemia;
hnRNA:  heteronuclear  ribonucleic  acid; MOE:
methoxyethyl; MP: methylphosphonate; PO: phosphodiester;
PS: phosophorothioate; SMA: spinal muscular atrophy; SMN:
survival motor neuron; SR-A: scavenger receptor class A.

Page 7 of 9



RNA & DISEASE 2016; 3: €1393. doi: 10.14800/rd.1393; © 2016 by Colton M. Miller, et al.
http://www.smartscitech.com/index.php/rd

References

10.

11.

12.

13.

14.

15.

Wu H, Lima WF, Crooke ST. Properties of Cloned and Expressed
Human RNase H1. J Biol Chem 1999; 274:28270-28278.

Bennett CF, Swayze EE. RNA Targeting Therapeutics: Molecular
Mechanisms of Antisense Oligonucleotides as a Therapeutic
Platform. Annu Rev Pharmacol Toxicol 2010; 50:259-293.

Eckstein F. Phosphorothioates, Essential Components of
Therapeutic  Oligonucleotides. Nucleic Acid Ther 2014;
24:374-387.

Beltinger C, Saragovi HU, Smith RM, LeSauteur L, Shah N,
DeDionisio L, et al. Binding, uptake, and intracellular trafficking
of phosphorothioate-modified oligodeoxynucleotides. J Clin
Invest 1995; 95:1814-1823.

Bijsterbosch MK, Manoharan M, Rump ET, De Vrueh RLA, van
Veghel R, Tivel KL, et al. In vivo fate of phosphorothioate
antisense  oligodeoxynucleotides:  predominant uptake by
scavenger receptors on endothelial liver cells. Nucleic Acids Res
1997; 25:3290-3296.

Miller CM, Donner AJ, Blank EE, Egger AW, Kellar BM,
Ostergaard ME, et al. Stabilin-1 and Stabilin-2 are specific
receptors for the cellular internalization of
phosphorothioate-modified antisense oligonucleotides (ASOs) in
the liver. Nucleic Acids Res 2016; 44:278227-94.

Loke SL, Stein CA, Zhang XH, Mori K, Nakanishi M, Subasinghe
C, et al. Characterization of oligonucleotide transport into living
cells. Proc Natl Acad Sci U S A 1989; 86:3474-3478.

Yakubov LA, Deeva EA, Zarytova VF, lvanova EM, Ryte AS,
Yurchenko LV, et al. Mechanism of oligonucleotide uptake by
cells: involvement of specific receptors? Proc Natl Acad Sci U S
A 1989; 86:6454-6458.

Davidson MH. Novel nonstatin strategies to lower low-density
lipoprotein cholesterol. Cur Atheroscler Rep 2009; 11:67-70.

Graham MJ, Lee RG, Bell TA, Fu W, Mullick AE, Alexander VJ,
et al. Antisense Oligonucleotide Inhibition of Apolipoprotein C-111
Reduces Plasma Triglycerides in Rodents, Nonhuman Primates,
and Humans. Circ Res 2013; 112:1479-1490.

Bonetta L. RNA-Based Therapeutics: Ready for Delivery? Cell
2009;136:581-584.

Shemesh CS, Yu RZ, Gaus HJ, Seth PP, Swayze EE, Bennett FC,
et al. Pharmacokinetic and Pharmacodynamic Investigations of
ION-353382, a Model Antisense Oligonucleotide: Using
Alpha-2-Macroglobulin and Murinoglobulin  Double-Knockout
Mice. Nucleic Acid Ther 2016; doi: 10.1089/nat.2016.0607.

Guvakova MA, Yakubov LA, Vlodavsky I, Tonkinson JL, Stein
CA. Phosphorothioate Oligodeoxynucleotides Bind to Basic
Fibroblast Growth Factor, Inhibit Its Binding to Cell Surface
Receptors, and Remove It from Low Affinity Binding Sites on
Extracellular Matrix. J Biol Chem 1995; 270:2620-2627.

Zhao Q, Matson S, Herrera CJ, Fisher E, Yu H, Kreig AM.
Comparison of Cellular Binding and Uptake of Antisense
Phosphodiester, Phosphorothioate, and Mixed Phosphorothioate
and Methylphosphonate Oligonucleotides. Antisense Res Dev
1993; 3:53-66.

Graham MJ, Crooke ST, Lemonidis KM, Gaus HJ, Templin MV,
Crooke RM. Hepatic distribution of a phosphorothioate
oligodeoxynucleotide within rodents following intravenous

Page 8 of 9

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

217.

28.

29.

30.

31.

administration. Biochem Pharmacol 2001; 62:297-306.

Miller PS, Yano J, Yano E, Carroll C, Jayaraman K, Ts’o POP.
Nonionic nucleic acid analogs. Synthesis and characterization of
dideoxyribonucleoside methylphosphonates. Biochemistry 1979;
18:5134-5143.

Miller PS, McParland KB, Jayaraman K, Tso POP. Biochemical
and  biological  effects of nonionic  nucleic acid
methylphosphonates. Biochemistry 1981; 20:1874-1880.

Blake KR, Murakami A, Spitz SA, Glave SA, Reddy MP, Ts’o
POP,et al. Hybridization arrest of globin synthesis in rabbit
reticulocyte lysates and cells by oligodeoxyribonucleoside
methylphosphonates. Biochemistry 1985; 24:6139-6145.

Dias N, Stein CA. Antisense Oligonucleotides: Basic Concepts
and Mechanisms. Mol Cancer Ther 2002; 1:347-355.

Bushby K, Finkel R, Birnkrant DJ, Case LE, Clemens PR, Cripe
L, et al. Diagnosis and management of Duchenne muscular
dystrophy, part 1: diagnosis, and pharmacological and
psychosocial management. Lancet Neurol 2010; 9:77-93.

Eagle M, Baudouin SV, Chandler C, Giddings DR, Bullock R,
Bushby K. Survival in Duchenne muscular dystrophy:
improvements in life expectancy since 1967 and the impact of
home nocturnal ventilation. Neuromuscular Disord 2002;
12:926-929.

Hoffman EP, Brown RH, Kunkel LM. Dystrophin: The protein
product of the duchenne muscular dystrophy locus. Cell 1987;
51:919-928.

Aartsma-Rus A, van Ommen G-JB. Antisense-mediated exon
skipping: A versatile tool with therapeutic and research
applications. RNA 2007; 13:1609-1624.

Arechavala-Gomeza V, Anthony K, Morgan J, Muntoni F.
Antisense Oligonucleotide-Mediated Exon Skipping for Duchenne
Muscular Dystrophy: Progress and Challenges. Curr Gene Ther
2012; 12:152-160.

DeFrancesco L. Drug pipeline:
34:457-457.

1Q16. Nat Biotech 2016;

Anthony K, Feng L, Arechavala-Gomeza V, Guglieri M, Straub
V, Bushby K, et al. Exon Skipping Quantification by Quantitative
Reverse-Transcription Polymerase Chain Reaction in Duchenne
Muscular Dystrophy Patients Treated with the Antisense Oligomer
Eteplirsen. Hum Gene Ther Methods 2012; 23:336-345.

Prior TW, Russman BS. Spinal Muscular Atrophy. In: Pagon RA,
Adam MP, Ardinger HH, et al., editors. GeneReview. [Internet]
Seattle (WA): University of Washington, Seattle; 1993-2016.

Terns MP, Terns RM. Macromolecular complexes: SMN — the
master assembler. Curr Biol 2001; 11:R862-R864.

Young PJ, Le TT, Dunckley M, thi Man N, Burghes AHM, Morris
GE. Nuclear Gems and Cajal (Coiled) Bodies in Fetal Tissues:
Nucleolar Distribution of the Spinal Muscular Atrophy Protein,
SMN. Exp Cell Res 2001; 265:252-261.

Arnold WD, Burghes AHM. Spinal muscular atrophy:
Development and implementation of potential treatments. Ann
Neurol 2013; 74:348-362.

Jarecki J, Chen X, Bernardino A, Coovert DD, Whitney M,
Burghes A, Stack J, et al. Diverse small-molecule modulators of
SMN expression found by high-throughput compound screening:
early leads towards a therapeutic for spinal muscular atrophy.



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

RNA & DISEASE 2016; 3: €1393. doi: 10.14800/rd.1393; © 2016 by Colton M. Miller, et al.
http://www.smartscitech.com/index.php/rd

Hum Mol Gen 2005; 14:2003-2018.
Thurmond J, Butchbach MER, Palomo M, Pease B, Rao M, Bedell

L, et al. Synthesis and Biological Evaluation of Novel
2,4-Diaminoquinazoline  Derivatives as SMN2 Promoter
Activators for the Potential Treatment of Spinal Muscular

Atrophy. J Med Chem 2008; 51:449-469.

Farooq F, McKenzie AE. Current and emergent treatment options
for spinal muscular atrophy. Degener Neurol Neuromuscul Dis
2015; 5:75-81.

Van Meerbeke JP, Gibbs RM, Plasterer HL, Miao W, Feng Z, Lin
M-Y, et al. The DcpS inhibitor RG3039 improves motor function
in SMA mice. Hum Mol Gen 2013; 22:4074-4083.

Rigo F, Hua Y, Chun SJ, Prakash TP, Krainer AR, Bennett CF.
Synthetic oligonucleotides recruit 1LF2/3 to RNA transcripts to
modulate splicing. Nat Chem Biol 2012; 8:555-561.

Hua Y, Sahashi K, Rigo F, Hung G, Horev G, Bennett CF, et al.
Peripheral SMN restoration is essential for long-term rescue of a
severe spinal muscular atrophy mouse model. Nature 2011;
478:123-126.

Younis HS, Crosby J, Huh J-1, Lee HS, Rime S, Monia B, et al.
Antisense inhibition of coagulation factor XI prolongs APTT
without increased bleeding risk in cynomolgus monkeys. Blood
2012; 119:2401-2408.

Yau JW, Liao P, Fredenburgh JC, Stafford AR, Revenko AS,
Monia BP, et al. Selective depletion of factor X1 or factor XII with
antisense oligonucleotides attenuates catheter thrombosis in
rabbits. Blood 2014; 123:2102-2107.

Cuker A. Factor XI: A Challenge to Common Sense. Hematologist
2015; 12:8.

Buller HR, Bethune C, Bhanot S, Gailani D, Monia BP, Raskob
GE, et al. Factor XI Antisense Oligonucleotide for Prevention of
Venous Thrombosis. New Engl J Med 2015; 372:232-240.

Varghese MJ. Familial Hypercholesterolemia: A Review. Ann
Pediatr Cardiol 2014; 7:107-217.

Repas TB, Tanner JR. Preventing Early Cardiovascular Death in
Patients With Familial Hypercholesterolemia. J Am Osteopath
Assoc 2014; 114:99-108.

Innerarity TL, Mahley RW, Weisgraber KH, Bersot TP, Krauss
RM, Vega GL, et al. Familial defective apolipoprotein B-100: a
mutation of apolipoprotein B that causes hypercholesterolemia. J
Lipid Res 1990; 31:1337-1349.

Crooke ST, Geary RS. Clinical pharmacological properties of
mipomersen (Kynamro), a second generation antisense inhibitor of
apolipoprotein B. Br J Clin Pharmacol 2013; 76:269-276.

Tsimikas S, Viney NJ, Hughes SG, Singleton W, Graham MJ],
Baker BF, et al. Antisense therapy targeting apolipoprotein(a): a
randomised, double-blind, placebo-controlled phase 1 study.
Lancet 2015; 386:1472-1483.

Fennewald SM, Rando RF. Inhibition of High Affinity Basic
Fibroblast Growth Factor Binding by Oligonucleotides. J Biol
Chem 1995; 270:21718-21721.

Page 9 of 9

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Khaled Z, Benimetskaya L, Zeltser R, Khan T, Sharma HW,
Narayanan R, et al. Multiple mechanisms may contribute to the
cellular anti-adhesive effects of phosphorothioate
oligodeoxynucleotides. Nucleic Acids Res 1996; 24:737-745.

Jiao H, Arner P, Dickson SL, Vidal H, Mejhert N, Henegar C, et
al. Genetic Association and Gene Expression Analysis ldentify
FGFR1 as a New Susceptibility Gene for Human Obesity. J Clin
Endocrinol Metab 2011; 96:E962-E966.

Carroll JB, Warby SC, Southwell AL, Doty CN, Greenlee S,
Skotte N, et al. Potent and Selective Antisense Oligonucleotides
Targeting Single-Nucleotide Polymorphisms in the Huntington
Disease Gene / Allele-Specific Silencing of Mutant Huntingtin.
Mol Ther 2011; 19:2178-2185.

Matsumoto A, Naito M, Itakura H, lkemoto S, Asaoka H,
Hayakawa 1, et a,. Human macrophage scavenger receptors:
primary structure, expression, and localization in atherosclerotic
lesions. Proc Natl Acad Sci U S A 1990; 87:9133-9137.

Steward A, Christian RA, Hamilton KO, Nicklin PL.
Co-administration of polyanions with a phosphorothioate
oligodeoxynucleotide (CGP 69846A): a role for the scavenger
receptor in its in vivo disposition. Biochem Pharmacol 1998;
56:509-516.

Butler M, Crooke RM, Graham MJ, Lemonidis KM, Lougheed M,
Murray SF, et al. Phosphorothioate Oligodeoxynucleotides
Distribute Similarly in Class A Scavenger Receptor Knockout and
Wild-Type Mice. J Pharmacol Exp Ther 2000; 292:489-496.

Harris EN, Weigel JA, Weigel PH. The Human Hyaluronan
Receptor for Endocytosis (HARE/Stabilin-2) Is a Systemic
Clearance Receptor for Heparin. J Biol Chem 2008;
283:17341-17350.

Tamura Y, Adachi H, Osuga J, Ohashi K, Yahagi N, Sekiya M, et
al. FEEL-1 and FEEL-2 Are Endocytic Receptors for Advanced
Glycation End Products. J Biol Chem 2003; 278:12613-12617.

Harris EN, Weigel PH. The ligand-binding profile of HARE:
hyaluronan and chondroitin sulfates A, C, and D bind to
overlapping sites distinct from the sites for heparin, acetylated
low-density  lipoprotein, dermatan  sulfate, and CS-E.
Glycobiology 2008; 18:6386-48.

McGary CT, Raja RH, Weigel PH. Endocytosis of hyaluronic acid
by rat liver endothelial cells. Evidence for receptor recycling.
Biochem J 1989; 257:875-884.

Kzhyshkowska J, Gratchev A, Goerdt S. Stabilin-1, a homeostatic
scavenger receptor with multiple functions. J Cell Mol Med 2006;
10:635-649.

Goerdt S, Walsh LJ, Murphy GF, Pober JS. Identification of a
novel high molecular weight protein preferentially expressed by
sinusoidal endothelial cells in normal human tissues. J Biol Chem
1991; 113:1425-1437.

Harris EN, Kyosseva SV, Weigel JA, Weigel PH. Expression,
Processing, and Glycosaminoglycan Binding Activity of the
Recombinant Human 315-kDa Hyaluronic Acid Receptor for
Endocytosis (HARE). J Biol Chem 2007; 282:2785-2797.



	University of Nebraska - Lincoln
	DigitalCommons@University of Nebraska - Lincoln
	2016

	Antisense oligonucleotides: treatment strategies and cellular internalization
	Colton M. Miller
	Ed Harris

	Colton M. Miller, Edward N. Harris

