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RNA Therapeutics Are
Stepping Out of the
Maze
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RNA therapeutics are finally taking
their place as a main drug category
alongside small molecules and
proteins. Here, we follow the twists
and turns on their road to success
and highlight areas of ongoing
research.

The Twists and Turns on the Road
The central dogma of molecular biology
proposed by Francis Crick in 1958 states
that sequence information encoded in
nucleic acids can be transferred to other
nucleic acids and proteins but not from
protein to protein or protein to nucleic
acids [1]. tRNA, rBNA, mRNA, miRNA,
small nucleolar RNAs (snoRNA), functional
noncoding RNA (ncRNA), and long non-
coding RNA (IncRNA) are essential in this
transfer (Figure 1).

Thus, modulating nucleic acids will affect
proteins and can induce therapeutic ef-
fects. Starting with this premise, the road
of RNA therapeutics forked into two sepa-
rate directions: one where mRNA is intro-
duced to cells to produce desired
proteins (MRNA therapy) and one where
synthetic nucleic acids are used to manip-
ulate cellular RNAs (RNA therapeutics) [2].
Here, we concentrate on the latter ap-
proach. (See Figure 2).

RNA therapeutics first gained attention in
1978, when Paul Zamecnik reported that
a synthetic 13-mer oligonucleotide com-
plementary to the viral MRNA could inhibit
replication of Rous sarcoma virus [3].
These findings established the viability of
the antisense approach; however, further
progress was slow. According to Paul

Zamecnik, there was disbelief that an oli-
gonucleotide could enter cells. Addition-
ally, methodologies for sequencing DNA
and synthesis of oligonucleotides were
not yet practical or established. In the
mid-1980s, improved synthesis methods
developed by the Gait, Letsinger, and
Caruthers laboratories revived efforts to
use antisense oligonucleotides (ASOs) as
therapeutics. While working in Gait’s labo-
ratory in 1986, | received a call from Paul
Zamecnik in which he described his recent
data showing that ASOs could inhibit rep-
lication of HIV-1, a human retrovirus that
had recently been discovered. He sug-
gested that achieving drug-like properties
for ASOs would require experimenting
with the chemistry, a project he wanted
me to take on. This phone call certainly
changed the course of my career.

Our first objective was to improve
nucleolytic stability so that the oligonucleo-
tides could survive in biological fluids and
reach target cells. To achieve this, we
chemically modified the internucleotide
linkages, but we soon realized that
nucleolytic stability was only one parameter
[4] and discovered that affinity to target
RNA and RNase H activation were also im-
portant. Based on growing data, phospho-
rothioate (PS) modification became the
choice for first generation ASOs and a
number of companies quickly formed to
advance therapeutic applications. Regret-
tably, during preclinical and clinical evalua-
tions, side effects, including complement
activation, the prolongation of activated
partial thromboplastin time (aPTT) related
to the polyanionic nature of PS ASOs, and
immune activation, became apparent [5].
This led to the discontinuation of most of
the PS antisense candidates and a broader
scrutiny of the underlying mechanism of
action. News started to appear with titles
such as ‘antisense has growing pains’.

With more experience, we began to un-
derstand that each chemical modification
confers particular properties to the

Trends in Molecular Medicine, December 2020, Vol. 26, No. 12

Cell

REVIEWS

modified oligonucleotide. However, to
achieve the optimal therapeutic profile,
the desirable characteristics of several
chemical modifications needed to be
combined. We developed hybrid oligonu-
cleotides (also known as gapmers) with a
central PS DNA region that allows for
RNase H activity when bound to comple-
mentary RNA as well as two modified
RNA wings that protect the central region
[6]. This gapmer design is now the stan-
dard for ASOs and has been utilized in
the approved drugs Tegsedi and Waylivra.

Many Roads Split Off

Chemical modifications that do not permit
RNase H activity are used in splice
switching ASOs that force the cellular ma-
chinery to splice pre-mRNA into mRNA in
desired ways [7]. This property can be
used for a variety of therapeutic purposes:
restoration of cryptic splicing, reading
frame restoration, exon inclusion or exclu-
sion, forcing nonsense-mediated MRNA
decay of resulting isoforms, changing ra-
tios of naturally occurring splice isoforms,
or reducing synthesis of nonproductive
mRNA and thus increasing the synthesis
of productive mRNA [8]. Several splice
modulating therapeutics are now FDA ap-
proved, including Spinraza [9], Exondys
51, and Vyondys 53.

In parallel to these developments, novel
functions of RNAs and the mechanisms of
gene regulation were also discovered. In
1998, the Mello laboratory demonstrated
that double-stranded RNA could interfere
with gene expression in Caenorhabditis
elegans. Further studies showed that long
double-stranded RNAs as well as pre-
miRNAs derived from the genome are
cleaved by Dicer into 20-25 bp-long
siRNAs and mature miRNAs, respectively.
These products are then loaded onto the
RNA-induced silencing complex (RISC)
complex where the guide strand locates
and hybridizes to complementary mRNA
that is then cleaved by Ago2 [10]. Synthetic
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Figure 1. RNAs Transfer Genetic Information. Genetic information, stored in DNA, is transcribed into RNA and then translated into proteins. This information transfer
involves various RNAs in addition to mRNA, such as miRNAs, rRNAs, small nucleolar RNAs (snoRNAs), tRNAs, noncoding RNA (ncRNA), and long noncoding RNAs
(IncRNAs). snoRNAs add endogenous modifications to rRNAs and tRNAs, which are required for their function in the translation of mMRNA into protein. mRNAs may
undergo alternative splicing to make a wider array of proteins. ncRNAs regulate cellular nucleic acids by various mechanisms. Both antisense oligonucleotides (ASOs)
and siRNAs can modulate the expression of the protein product of their target mRNA but may also be used to target any of the other RNAs in the cell. In these
approaches, a synthetic oligonucleotide complementary to RNA or DNA is employed. While the intended target of these compounds is RNA or DNA, these
compounds could also be recognized by pattern recognition receptors (PRRs) as pathogen associated molecular patterns (PAMPs). Nucleic acids from pathogens are
recognized by PRRs, including Toll-like receptors (TLRs), RIG-like receptors (RLRs), and cytosolic DNA sensors as part of the innate immune system and induce
immune signaling cascades to mount a host defense. Abbreviation: RISC, RNA-induced silencing complex.

siRNAs, miRNA mimics, and miRNA
antagomirs can all be designed to take ad-
vantage of this process. The first siRNA
therapeutic (Onpattro) was approved in
2018, with a second, Givlaari, closely fol-
lowing. Many more are in clinical trials.
miRNA mimics and ASOs targeting
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miRNA are in clinical studies, but until re-
cently the outcomes have been disappoint-
ing, either due to lack of clinical activity or
safety signal concerns. Antisense candi-
dates targeting ncRNA and IncRNA have
shown encouraging results in preclinical
models [11].

26, No. 12

Similar problems have beset aptamers,
despite the fact that the aptamer Macugen
was the first approved RNA therapeutic.
Aptamers are protein-binding nucleic
acids selected from a pool of random se-
quences in a reiterative process known
as SELEX (systematic evolution of ligands
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Figure 2. Timelines of Key Developments in RNA Therapeutics. Abbreviations: ASO, antisense
oligonucleotide; CNS, central nervous system; GalNAc, N-acetylgalactosamine; GMP, good manufacturing
practice; PRR, pattern recognition receptor; PS, phosphorothioate; TLR9, toll-like receptor 9.

by exponential enrichment) [12]. The na-
ture of the SELEX process limits compati-
ble chemical modifications and the
postselection addition of chemical modifi-
cations is problematic due to resulting
changes in the binding. However, recent
progress in expanding the chemical reper-
toire will hopefully transfer into clinical suc-
Cess soon.

Tolls to Be Paid

All the RNA therapeutics discussed earlier
are composed of modified nucleic acids.
While the intended target of these com-
pounds is RNA, they can also be

recognized by pattern recognition recep-
tors (PRRs). PRRs such as Toll-like recep-
tors (TLRs), RIG-like receptors (RLRs), and
cytosolic DNA sensors are part of the in-
nate immune system (Figure 1). They are
able to recognize nucleic acids from path-
ogens via nucleotide sequences, motifs,
secondary structures, accessibility of 5
and 3' ends or palindromic regions. Of
particular note to consider in RNA thera-
peutics are the unmethylated CpG dinu-
cleotides normally present in bacterial
DNA, which are recognized by TLR9. If
these motifs are inadvertently contained
in oligonucleotides, as was the case in
many early therapeutic candidates, they
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can cause unintended immune activation,
thereby impacting the intended mecha-
nism of action and producing alarming
safety signals [13].

However, these hard-earned insights have
led to the development of synthetic DNA-
and RNA-based compounds optimized
to interact with PRRs [14]. Such com-
pounds have shown promise as vaccine
adjuvants, antiviral, anticancer, and anti-
inflammatory agents. For example, the re-
cently approved hepatitis B vaccine,
HEPLISAV-B, contains a CpG oligonucle-
otide. This vaccine was shown to signifi-
cantly increase immune response in older
and diabetic populations and thus may
make this adjuvant particularly well-suited
for severe acute respiratory syndrome co-
ronavirus 2 (SARS-CoV-2) vaccines. Sev-
eral TLR agonists (e.g., IMO-2125) are in
clinical trials for intratumoral immunother-
apy in combination with check point
inhibitors.

For most RNA therapeutics, delivery
remains the biggest issue. One notable
exception is N-acetylgalactosamine conju-
gation, which enables successful delivery
of ASOs and siRNA to hepatocytes.
Another option is local delivery, for exam-
ple, into the eye or brain for ASOs or
intratumoral for CpG oligonucleotides.
Progress is being made in using aptamers,
antibody, and peptide-mediated delivery
to muscles and other organs of choice,
but clinical results are not yet available.

Concluding Remarks

Are we there yet? RNA drugs are com-
posed of four nucleotides (A, C, G, and T
or U) in a defined sequence. The nucleo-
tides are connected with modified linkages
and/or contain altered sugars and it is
these synthetic nucleotides that provide
the drug-like properties. Thus, in principle,
the design of RNA therapeutics only re-
quires the target sequence (except for
aptamers). However, depending on the
type of oligonucleotide drug and the
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target, a protein such as RNase H or Ago
is required to modulate the expression of
the associated protein. Additionally, the ol-
igonucleotide therapeutic itself or the deg-
radation products of the targeted nucleic
acid may activate the innate immune sys-
tem. Thus, the therapeutic outcome is
not simply based on base pair recognition,
but also protein recruitment and binding or
the avoidance of unspecific protein
binding.

However, once a lead candidate has been
identified, the many steps remaining be-
fore clinical use, including manufacturing
using good manufacturing practice
(GMP) guidelines, pharmacokinetic (PK)/
pharmacodynamic (PD) studies, and
safety evaluations, are the same across
targets. Thus, the development of RNA
therapeutics can be simplified and accel-
erated to the point where individualized
therapies can be designed and adminis-
tered to patients within 1 year [15]. This is
in contrast to small molecule and antibody
drugs, where this pipeline must be opti-
mized for each compound.

To date, 11 RNA therapeutics based on
multiple mechanisms have been approved
and over 100 therapeutic candidates are
in clinical trials for diverse disease indica-
tions. | would say that after four decades
we are finally there: RNA therapeutics
have taken their place as a viable drug dis-
covery platform!
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Blocking CTGF-
Mediated Tumor—
Stroma Interplay in
Pancreatic Cancer
Yi-Wen Shen,’

Yu-Dong Zhou,"® Xin Luan,"* ®.
and Wei-Dong Zhang'-®*

As the major feature of pancreatic
ductal adenocarcinoma (PDAC),
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desmoplastic stroma poses a sig-
nificant obstacle for treatment.
Recent studies revealed that con-
nective tissue growth factor (CTGF)
aggravates the fibrotic environment
and drives cancer initiation and pro-
gression, thus suggesting CTGF as
a novel target for PDAC treatment.

Strategies for PDAC: The Urgent
Need and Current Approaches
PDAC is one of the most aggressive and
lethal solid tumors, with a 5-year survival
rate of <7%. Despite intense research
efforts to define the molecular mecha-
nisms underlying the initiation and pro-
gression of PDAC, its dismal prognosis
has not changed over the past decades,
even as its incidence rate has steadily
increased [1].

Surgical resection is considered the
only curative treatment for patients with
PDAC, as it achieves a significant increase
in survival. However, even for patients with
early-stage disease, relapse frequently
occurs and the 5-year survival rate rarely
exceeds 20% [2]. Adjuvant treatment
with 5-fluorouracil, leucovorin, irinotecan,
and oxaliplatin (FOLFIRINOX) provides the
longest median overall survival (54 months)
for patients with resectable disease.
Unfortunately, due to the lack of effec-
tive screening methods, over 80% of
patients with PDAC are diagnosed with
advanced or metastatic disease and
deemed unresectable [3]. In the palliative
setting, gemcitabine-based regimens
have become the standard of care for
many years, but the survival extension is
marginal at best [1]. Although gemcitabine
in combination with a second cytotoxic
drug (e.g., 5-fluorouracil, capecitabine, cis-
platin, irinotecan, or oxaliplatin) does im-
prove progression-free  survival, the
enhanced therapeutic response is only
achieved with significant side effects and
a compromised quality of life [4].
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