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Challenges and Opportunities for Nucleic Acid Therapeutics
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After decades overcoming difficult problems, antisense oligonucleotide (ASO), duplex RNA (siRNA), and messenger
RNA (mRNA) nucleic acid therapeutic strategies are finally demonstrating clinical benefits. This success presents
new challenges. What goals remain for basic research? Will there be an explosion of clinical applications that benefit
many patients with different diseases, or will success be restricted to diseases that are ideal for the application of
current technologies? The aim of this perspective is to describe a selection of the major goals for the next decade.
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In 1978, Zamecnik published a report describing the use
of a synthetic oligonucleotide to control gene expression

[1]. These data were primitive by today’s standards—at that
time oligonucleotides needed to be manually prepared and
simply synthesizing a 13 base oligomer was a major scientific
triumph. Little was understood about how a large very un-drug
like negatively charged molecule might cross the cell mem-
brane and be active. Zamecnik’s findings, however, hinted that
it might be possible for synthetic nucleic acids to control the
expression of any gene.

Although the potential for nucleic acid therapeutics was
obvious, realizing that potential was not simple. The advent
of phosphite triester synthesis methods [2,3] and efficient
automated synthesis in the mid-1980s [4,5] were major steps
forward, as was the founding of the field’s first start-up
companies in the late 1980s.

Although a foundation was being laid, progress toward
therapeutics remained slow. An entire new field of science
needed to be developed. How could oligonucleotides
be made on a large scale? How could oligonucleotides be
delivered into cells? How could chemical modifications
be used to move from basic science to drug development?
What constitutes a good disease target for drug develop-
ment using an oligonucleotide? In which tissues would
oligonucleotides be active? When RNA interference
(RNAi) became an option, how would that technology fit
in? When delivery of mRNA became a focus, where would
it be applied in practice? Nucleic acids have also been
plagued by other unpleasant surprises: off-target effects
that produce confounding results, unexpected lack of
translation from model species to man in terms of efficacy,
metabolic stability, and safety, and sometimes unenthusi-
astic conditional approval. How would the long-term need
for rigor be balanced against the short-term need to show
results to investors?

In 1998, the first oligonucleotide drug Vitravene (fomi-
virsen), a 21 nucleotide 2¢-deoxyphosphorothioate targeting
cytomegalovirus (CMV) UL123 gene encoding the IE2 pro-
tein was approved for treatment of CMV retinitis by local
intravitreal administration to the eye [6]. This was a scientific
landmark but a commercial disappointment—marketing of the
drug was stopped because of dramatic decrease in CMV cases
due to the development of high-activity antiretroviral therapy.

In 2004, the aptamer Macugen (pegaptanib) was approved
for the treatment of age-related macular degeneration and
met with substantial initial success [7]. Although Macugen
was rapidly superseded by competing angiogenesis inhibi-
tors, it demonstrated that nucleic acids could have a powerful
impact on disease. In 2013, the ASO Kynamro (mipomersen)
was approved for hypercholesterolemia [8]. Similar to Ma-
cugen, Kynamro also lost in a competition with other thera-
pies. Nevertheless, it was a milestone because it showed that
systemically administered nucleic acids could engage with
their intended target genes and control the expression of a
gene involved in disease.

In 2016, the foundation of nucleic acid therapeutics shifted
forever with the overwhelmingly positive clinical data and
subsequent approval of Spinraza (nusinersen) [9]. Spinraza
demonstrated that a nucleic acid could be administered in the
central nervous system (CNS), enter the relevant cells, and
control gene expression with acceptable safety. The effects
on patients were profound, with children who had been facing
a fatal childhood disease experiencing improvements in
motor function and survival.

The approval of Spinraza was followed by the approval of
several RNase H based ASOs, four splice-switching ASOs
for treatment of DMD, small interfering RNAs (siRNAs)
using two complementary delivery mechanisms [10–15], and
then by the tremendous impact of mRNA vaccines [16,17].
The recent success of mRNA vaccines has validated the
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long-term investment in understanding the basic science of
nucleic acids and the potential for substantial clinical impact.

In contrast to Zamecnik’s experiments, which were done in
cell culture, RNAi was first observed in petunia [18]. These
observations were subsequently confirmed in worms by Fire
and Mello [19], which led to their Nobel prize in 2006. The
first mammalian RNAi cell culture experiments were done by
Tuschl in 2001. Using chemically synthesized siRNAs that
act through this natural RNAi pathway the first in vivo RNAi-
mediated silencing in mouse liver and jejunum was demon-
strated as the first in vivo proof in 2004. Just like the struggles
involved in development of ASOs, after some glimpses of
hope, clinical trials testing siRNAs targeting respiratory
syncytial virus (RSV) genomic RNA and VEGF mRNAs
were halted due to insufficient efficacy.

Finally, 20 years after the demonstration of RNAi in
mammalian cells, a focused effort on liver delivery was
successful, and four siRNA therapeutics have been approved
in the past 36 months. To deliver therapeutic siRNAs into
liver hepatocytes, a three-pronged approach was developed
involving chemical modification of siRNAs, lipid nano-
particle (LNP) formulation of siRNAs for intravenous ad-
ministration, and trivalent N-acetylgalactosamine (GalNAc)
conjugation to siRNAs for subcutaneous administration.

The LNP strategy with a partially chemically modified siR-
NA resulted in the first FDA-approved RNAi therapeutic, pa-
tisiran (Onpattro�), approved in 2018. Patisiran is used to treat
polyneuropathy in patients with hereditary ATTR amyloidosis.

The approval of patisiran paved the way for a whole new
class of RNA-based medicines and validated LNP platform-
based delivery of nucleic acids for human therapeutics in-
cluding mRNA-based vaccines.

In 2019, the human therapeutic utility of the asialoglyco-
protein receptor (ASGPR) and the triantennary GalNAc li-
gand pair for delivery of nucleic acids was fully realized. By

combining the chemical modifications of oligonucleo-
tides contributing to various flavors of nuclease resistance
(the so-called Enhanced Stabilization Chemistry) along with
the GalNAc ligand, human therapeutic applications of
hepatocyte-targeting GalNAc-conjugated oligonucleotides
was enabled for the first time. This delivery platform has
revolutionized the RNA-based therapeutics field.

Three GalNAc-conjugated RNAi therapeutics have been
approved so far: givosiran (Givlaari�, 2019) for treating
acute hepatic porphyria, the only drug available to treat
this disease, lumasiran (Oxlumo�, 2020) for the treatment
of primary hyperoxaluria type 1 in both adult and pediatric
populations, and Inclisiran (Lequio, 2020) for treatment of
the prevalent disease hypercholesterolemia. Numerous
other GalNAc-based RNAi therapeutics are advancing
through human clinical trials. These agents have sustained
metabolic stability, pharmacokinetics, and long duration
of pharmacodynamic action after a single subcutaneous
injection.

The success of ASO, siRNA, and mRNA therapeutics,
powerful chemical strategies for modifying nucleic acids and
improving their delivery (Fig. 1) suggest that the future has
never been brighter for the development of therapeutic nu-
cleic acids. In addition, efficient high-throughput nucleic acid
sequencing and proteomic approaches for analyzing gene
expression are allowing increasingly informative analyses to
guide decision-making. Nevertheless, the biggest lesson from
past experience is that success will never be easy, and it will
always be necessary to meet scientific challenges with hon-
est, rigorous, and innovative strategies. Here we outline po-
tential landmarks to watch for and critical research
challenges to overcome.

Will other ligands replicate the success of GalNAc? What
are the three biggest obstacles to successful oligonucleotide
therapeutics? The cliché answer is delivery, delivery, and

FIG. 1. Chemical modifications involved in approved nucleic acids medicines.
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delivery. The single biggest discovery relevant to delivery in
the past decade was the discovery that conjugation of Gal-
NAc to duplex siRNA or an ASO could lead to large in-
creases in potency [20,21]. GalNAc binds the high-capacity
ASGPR on the surface of hepatocytes, facilitating efficient
delivery to the liver hepatocytes.

Why has GalNAc remained the sole example for out-
standing clinical success? The ASGPR is expressed at un-
usually high levels on the surface of hepatocytes. The
expression of other receptors may have enough capacity to
bind adequate numbers of ASOs or dsRNAs. The hepatocytes
expressing ASGPR are in the liver, an organ already well
suited to accumulate oligonucleotides such as phosphor-
othioate ASOs. The biodistribution of nucleic acids to other
tissues, cell types and internalization may be too low for even
a highly expressed receptor to have an effect. Moving for-
ward, clever ligand design with appropriate pharmacokinetic
properties and delivery strategies will likely need to be
combined to achieve favorable outcomes that rival GalNAc
conjugated oligonucleotides.

Will Lequio (Inclisiran) become the first widely used siR-
NA? Almost every nucleic acid drug has been developed to
treat rare severe disease. Such diseases are often associated
with inadequate existing therapies and high unmet need. In-
clisiran is a GalNAc modified siRNA designed to reduce
cholesterol levels by inhibiting the expression of PCSK9
[22]. It fits the general model for gene silencing drugs be-
cause there are patients with a genetic predisposition to high
cholesterol who develop severe disease and have no other
good treatment options.

Inclisiran, however, may offer more than a treatment for a
rare disease. Although statins are usually associated with the
treatment of high cholesterol in millions of patients, many
patients are not adequately responsive and compliance with a
daily regimen of oral self-administration can be problematic.
Inclisiran produces a profound decrease in cholesterol levels,
allowing some patients to reach goals that cannot be reached
with statins. Although Inclisiran must be injected, a feature
usually viewed as a negative, it has a long half-life and may
need to be administered just two or three times a year. In-
frequent injections may offer advantages for long-term
compliance by patients and effective drug dosing. Clinical
trials on thousands of patients have shown a reassuring safety
profile [22].

One question is whether this new approach to main-
taining healthy low levels of cholesterol levels will be
acceptable to physicians and patients. Studies indicate that
reduction of LDL-C to <50 mg/dL seems safe and provides
greater cardiovascular benefits compared with higher levels
[23]. In addition, although great strides have been made in the
large-scale synthesis of oligonucleotides, it will be interesting
to see whether quantities of siRNA drug sufficient for tens or
hundreds of thousands of patients [24,25] can be synthesized at
costs that are competitive with statin treatments and sustain-
able for health care systems. The potential massive impact on
human health from a systemic siRNA designed to decrease
cholesterol would have profound implications for all subse-
quent drug development efforts.

Will ‘‘N of 1’’ therapies demonstrate benefits to patients?
If the potentially large patient population of Inclisiran is one
end of the spectrum, the potential to develop drugs to treat
individual patients falls at the other.

Nucleic acids are versatile and can modulate the expres-
sion of any gene. Nucleic acids are also similar to one an-
other, making drug development more predictable. In
combination, these two advantages make it possible to rec-
ognize a rare genetic disease, envision a potential nucleic
acid drug, make the drug, and move through the regulatory
process in months rather than years. These properties are
ideal for the treatment of a severe disease that affect one or a
few individuals, where time is working against patients and a
drug must be developed quickly. This model for drug de-
velopment was recently used to identify milasen [26]. This
compound was used to treat one patient, and although it did
not show definitive signs of efficacy it did demonstrate that
the development of ‘‘N of 1’’ nucleic acid drugs is plausible.

It is now established that nucleic acids can move from
identification of a genetic defect to administration to a patient
within months rather than years. Physicians, patients, re-
search scientists, and regulators have a model available for
efficient cooperative development. Landmarks to watch for
include an overview of how many rare genetic diseases are
suitable for intervention using nucleic acids. Can drugs be
developed fast enough to avoid irreversible damage? Can
drugs that are developed so quickly routinely meet the high
bar set for patient safety? Can the fast development of drugs
be combined with the identification of compounds that are
potent enough to be successful in vivo? Answering these
questions over the next decade will be critical for determining
the long-term value of ‘‘N of 1’’ therapy [27].

When will we have an adequate understanding of human
miRNA mechanisms? MicroRNAs (miRNAs) are small en-
dogenously expressed duplex RNAs that have the potential
to control gene expression. Hundreds of miRNAs are ex-
pressed inside cells, and they have the potential to control
almost any gene involved in disease. This potential has
made them tempting targets for drug development because
it is easy to envision a complementary oligonucleotide
‘‘antagomir or anti-miR’’ blocking the miRNA and re-
versing its activity.

Unfortunately, progress developing anti-miRs has been
slow. Some common assumptions have proven to be un-
helpful and experimental data have shown that predicting
the function of miRNAs is not always straightforward
[28]. Companies involved in this area have either failed,
been repurposed, or maintain their efforts on a reduced
scale.

We note that slow progress also characterized the de-
velopment of ASOs and siRNAs. Lack of initial clinical
success does not suggest that the concept is fatally flawed.
However, it is likely that there is an inadequate under-
standing of how miRNAs function and that that lack of
understanding has prevented the identification of the full
range of potential disease targets. Advances in basic bi-
ology are necessary to more fully understand the subtleties
of miRNA action in different cell types and disease states.
The landmarks to watch for will be rigorous, well-
controlled, and transparent studies that link miRNAs to
disease targets and lay the foundation for well-reasoned
development campaigns.

Can endosomal escape be harnessed to enhance drug
potency? Anyone who has performed microscopy with a
fluorophore-tagged ASO or duplex RNA is familiar with the
punctate localization of tagged material to endosomes. The
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amount of compound released into the cytoplasm or nucleus
is a small percentage (*1%–2%) that remains compartmenta-
lized and has not advanced since early day calculations [29,30].

Compartmentalization can be a good thing for drug de-
velopment, acting as a slow-release mechanism that likely
contributes to the long-lasting benefits of drugs such as
Spinraza or Inclisiran. In contrast, compartmentalization
leads to a requirement for higher doses to achieve any effect.
A long-standing challenge in the field, therefore, is the de-
velopment of chemical modifications or a dosing strategy
with a nontoxic endosome releasing agent that will allow
more ASO or siRNA to be immediately released into cell
cytoplasm. Although such release might be unneeded or
undesirable for chronic diseases, it may be necessary for
acute diseases and achievement of higher short-term poten-
cies remains a major unfulfilled need [31,32].

Can effective oral drug delivery be achieved? Systemic
and local injections are appropriate for severe diseases where
there is great unmet need. Similarly, as noted earlier for in-
clisiran, there may be cases where the long half-life of ASOs
and siRNAs confers advantages with regard to patient com-
pliance. Those points noted, safe and effective orally bio-
available drugs will always be a gold standard option for
treating disease [33].

What will it take to bring about further success with RNA-
based medicines in the CNS beyond Spinraza? Clearly the
recent setbacks with ASOs in the CNS are notable and po-
tency, efficacy, safety, and tolerance must be improved.
Administration by intrathecal or intracerebroventricular
routes are not patient-friendly, and blood–brain barrier pen-
etration by systemic administration does not seem practical
[34,35]. Uniform distribution in brain beginning in the spinal
cord and spreading into cerebellum, cortex, and hippocampus
needs to be achieved. This is expected to be much more
difficult than delivery to cell types of liver. Finally, lack of
suitable animal models and issues with translation between
species is another challenge due to the enormous brain size
variations between animals and humans.

The experience with Spinraza will also have more to teach
us. Two other modalities have been approved for the treat-
ment of spinal muscular atrophy [36]. One is Zolgensma, a
gene therapy designed to replace the SMN2 gene. The other is
Risdiplam, a small molecule with the remarkable ability to
alter splicing and restore sufficient SMN2 expression. It will
be important to evaluate how Spinraza competes with these
other modalities or how they might be combined to improve
patient outcomes.

When will RNA-based therapeutics impact cancer? This is
another important area where oligonucleotide therapies of-
fered early promise but clear-cut success has not been
achieved yet [37,38]. During early days, for example, tar-
geting the mRNAs encoding BCL-2, C-RAF, PKC-a, telo-
merase, VEGF, and KSP were attempted, but there is still no
approved drug. Delivery to cancer tissues and cell types ei-
ther by passive targeting due to enhanced permeability and
retention (EPR effect) or by a ligand-conjugation targeted
approach with oligonucleotides modified with improved
chemistries should be revisited. Taking advantage of con-
trolled addition of immune activation mechanisms by oli-
gonucleotides is yet another possibility. The genetic
heterogeneity within and between patients, gene mutations,
and multidrug resistance also need to be addressed.

Can the success of systemic mRNA parallel the success of
mRNA vaccines? The single greatest impact on human health
from the field of oligonucleotide therapeutics has been the
development of mRNA vaccines to treat COVID-19. It is
easy to imagine that the landscape of vaccine development
has been altered forever and that mRNA vaccines will be-
come widespread.

Originally, however, much of the excitement of thera-
peutic mRNA was due to the potential to increase the pro-
duction of a therapeutic protein as a treatment for a disease. In
some circumstances, Spinraza being the highest impact ex-
ample, ASOs and potentially dsRNAs can increase expres-
sion of a therapeutic protein. However, most ASOs and
siRNAs act by decreasing gene expression. The potential of
mRNA to lead to increased protein expression has the po-
tential to lead to starting points for the treatments of a broader
range of patients and diseases [38–40]. Landmark findings to
watch for include the identification of diseases where re-
placement of mRNA can fill an unmet need, the development
of delivery strategies for introducing mRNAs into tissues,
and efficient strategies for synthesizing mRNA on the scales
necessary for local or systemic administration.

Conclusion

Scientific progress seems inevitable; however, it requires a
combination of inspired breakthroughs and inventive solutions
to daunting practical challenges. That is the story of oligonu-
cleotide therapeutics. There is no reason to think that the future
of the field will be any different than the past. The challenges
outlined in this perspective are only an incomplete list of the
important problems that will be addressed in the next decade.
Some challenges will see great progress, others less so. The only
certainty is that success will continue to require a continued
collaboration of outstanding chemistry, biology, and medicine.
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