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Abstract

A recent revolution in RNA biology has led to the identification of new RNA classes with
unanticipated functions, new types of RNA modifications, an unexpected multiplicity of
alternative transcripts and widespread transcription of extragenic regions. This development in
basic RNA biology has spawned a corresponding revolution in RNA-based strategies to generate
new types of therapeutics. Here, I review RNA-based drug design and discuss barriers to broader
applications and possible ways to overcome them. Because they target nucleic acids rather than
proteins, RNA-based drugs promise to greatly extend the domain of ‘druggable’ targets beyond
what can be achieved with small molecules and biologics.

Twenty-five years ago, a relatively simple model of gene expression prevailed: DNA is
transcribed to mMRNA and then translated to protein. Gene transcription was thought to be
largely regulated by protein transcription factors. This model was supposed to explain how
cells with the same genetic code could carry out diverse functional programs. However, this
simple model of RNA as a relatively passive carrier of genetic information from DNA to
protein has been overturned?. In particular, we now know that much of extragenic DNA is
transcribed into noncoding RNAs (ncRNAs) and that multiple transcripts, both coding and
noncoding, are produced, the latter in both directions, from the same genes?:3. Long and
short ncRNAs regulate gene expression at almost every step. This can occur
transcriptionally, for example, by regulating chromatin modification, and post-
transcriptionally, for example, by affecting mRNA stability and translation.

This revolution in RNA biology began around the time that NMature Structural & Molecular
Biology was born. Xist, the first well-described long noncoding RNA (IncRNA), responsible
for X-chromosome inactivation in females, was identified a few years earlier*°. In the same
year as NSB’s first issue, Ambros, Ruvkun and colleagues identified /in-4, a microRNA
(miRNA) gene encoding a precursor RNA processed into a short, 22-nucleotide double-
stranded RNA, as an important regulator of Caenorhabditis elegans development8.7. Lin-4
suppresses the expression of a developmental gene by recognizing a partially
complementary sequence in its 3° UTR®7. Since then, thousands of miRNAs have been
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shown to inhibit protein translation and enhance mRNA decay®°. Just as protein
transcription factors regulate the transcription of gene networks that function synchronously
to change cellular states, miRNAs each potentially regulate hundreds of transcripts to control
cellular responses to changes in the environment or to developmental cues'®. Small
interfering RNAs (siRNAS) in lower eukaryotes and the closely related Piwi-interacting
RNAs (piRNAs), present in both invertebrates and vertebrates, also regulate transcription,
mostly by enhancing formation of heterochromatinl1-15, Small ncRNAs can also activate
gene expression®17. Interestingly, miRNA profiling more accurately predicts a cell’s
differentiation state than mRNA profiling, a clear sign of the importance of ncRNASs in
regulating cellular function8.

Even before the discovery of new classes of ncRNAS, critical roles in protein synthesis and
mRNA splicing were well established for small ncRNAs, such as tRNAs, rRNAs and small
nuclear RNAs (snRNAs), as well as for longer heterogeneous nuclear RNAs (hnnRNA)L,
RNAs can assume many functions, including acting as switches or as RNA enzymes, termed
ribozymes, that can catalyze peptide bond formation or cleave and ligate DNA and
RNAI9:20 Although ribozymes are generally enzymatically inferior to protein catalysts,
theorists of the origin of life have postulated an early self-replicating and self-sustaining
‘RNA world” in which many of the functions now performed by DNA and proteins were
entirely executed by RNA21.22,

RNAs can fold into complex 3D structures, partly mediated by Watson-Crick pairing of
short stretches of complementary bases within their sequences, but also by noncanonical
hydrogen bonds formed by Hoogsteen base-pairing and by hydrogen bonds between ribose-
phosphate backbone moieties?3. Tertiary RNA structure can generate so-called aptamers,
which recognize small-molecule ligands, other nucleic acids or proteins with high
specificity, often with binding constants in the nanomolar range2425. In naturally occurring
bacterial riboswitches, the tertiary conformation of the aptamer is radically altered by ligand
binding to generate RNAs that regulate protein expression in a ligand-gated manner9:26,
They act via various mechanisms, such as catalyzing RNA cleavage or regulating translation,
splicing or transcription. These tertiary structural interactions combined with the specificity
conferred by base-pairing of linear sequences bestow on RNA the potential for incredibly
precise interactions with its targets.

The revolution in RNA biology has been fueled in large part by the development of more
sensitive and inexpensive methods to sequence RNAs expressed in cells and to isolate and
characterize RNAs bound to DNA, protein and other RNAs2. These unbiased methods have
revealed a myriad of ncRNAs, both small and long, transcribed in both sense and antisense
directions from coding gene bodies and their regulatory regions, as well as thousands of
transcripts from what was formerly considered ‘junk DNA’27. The numbers of ncRNAs (and
possibly their functions) has increased with evolution, perhaps explaining how organisms
developed complexity without a corresponding increase in protein-coding genes. It is still
uncertain, however, how many of these transcripts, especially those that are of very low
abundance, are functional or just transcriptional noise. Nonetheless, the numbers of
annotated ncRNAs continues to expand, and they will probably eventually surpass the
numbers of protein-coding genes.
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For coding RNAs, alternative splicing and the choice of multiple transcription start sites or
polyadenylation sites generate multiple transcripts from the same gene, spawning even more
biological complexity. In addition, nucleotides can be modified with over one hundred
chemical modifications. We now know that modification of mMRNA bases, such as by AS-
adenine methylation (6mA), play an important role in regulating mRNA stability and
translation?8, Some INcRNAs resemble mRNAs in that they are capped, polyadenylated and
sometimes (although not often) evolutionarily conserved, even though they do not contain
open reading frames predicted to be translated into proteins longer than short peptides. The
function and mechanism of action are understood for only a small number of IncRNAs2®.
Most of the mechanistic studies of INcRNAs involve IncRNAs that bind in cis, sometimes in
trans, to regions of DNA to modulate the epigenetic landscape, often by recruiting or
evicting transcriptional activators or repressors. However, IncRNAs can also act as
extrachromosomal scaffolds that assemble proteins into functional complexes in the cytosol
or nucleus. Some of these examples involve binding to proteins by short linear sequences,
much as transcription factors bind to specific DNA sequence motifs. Understanding of the
functions of INcCRNAs is still at an early stage. It is, however, likely that they are just as
diverse as those of proteins and will include functions that rely not only on binding to linear
sequences but also on the ability of RNAs to assemble into tertiary structures capable of
high-affinity interactions with other molecules. Undoubtedly, some IncRNAs will also utilize
the ability of RNAs to function as ribozymes.

RNA-based therapeutic strategies

The explosion of new RNA classes has raised the possibility of new therapeutic strategies
that mimic or antagonize the function of these novel RNAs. Attempts to therapeutically
harness RNA pathways began as soon as they were discovered, even before their mechanism
of action was well understood. In the past year, several RNA-based drugs have shown
clinical benefits for treating previously intractable diseases. We are on the verge of an era of
new drugs that tap into RNA biology. Most of these drugs use nucleic acid analogs and take
advantage of complementary base-pairing to mimic or antagonize endogenous RNA
processes (Fig. 1). Turning RNAs into drugs has required overcoming two major hurdles: the
poor pharmacological properties of RNA, which is rapidly degraded by RNases that are
active in all body fluids, and the need to devise methods to deliver charged nucleic acid
analogs across hydrophobic cell membranes into the cytosol or nucleus where they need to
act (Box 1). It has taken almost 40 years of painstaking work to overcome these obstacles
since the initial observation in 1978 that a 13-mer DNA oligonucleotide could inhibit Rous
sarcoma virus translation and proliferation in a sequence-specific manner3%:31,

When NSMB was launched, virtually all drugs were small molecules that bound to
druggable targets—the active-site pockets of protein receptors or enzymes—to inhibit or
potentiate their function. However, only approximately one third of the roughly 20,000
proteins in the human genome are potentially druggable32:33. Biologicals (monoclonal
antibodies (mAbs), immune modulators, replacement enzymes), which have become an
increasing proportion of the pharmacopoeia, target these same druggable proteins. It has
been only 30 years since the first mAb drug, anti-CD3 to treat transplant rejection, was
approved. Now, new mAb drugs make up a large and growing proportion of new drugs. In
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2016, the US Food and Drug Administration approved 22 new drugs (rather than variations
of previously approved products). Of these 22 drugs, seven were mAbs and two (nusinersen
(Spinraza) and eteplirsen (Exondys 51)) were antisense oligonucleotide (ASO) drugs that
alter mRNA splicing of genes implicated in previously untreatable genetic
neurodegenerative diseases (spinal muscular atrophy and Duchenne’s muscular dystrophy,
respectively)34:35, It is likely that these are just the first examples of RNA-based medicines.
Conceptually, nucleic acid-based drugs can be divided into two groups: those whose specific
activity is mediated by an antisense mechanism3%, namely by recognizing a complementary
sequence on DNA or RNA and modulating its processing or function (Fig. 1), and all
‘others’ (Fig. 2).

ASO drugs

ASOs are usually single-stranded, highly modified and stabilized nucleic acid analogs. They
can act on precursor mRNAs (pre-mRNAS) in the nucleus to modulate splicing (for instance,
by binding to and blocking a splice junction, like the recently approved drugs mentioned
above). They can cause sequence-specific degradation (by binding to an intronic sequence
and recruiting nuclear RNase H) and potentially bind to polyadenylation recognition sites to
block polyadenylation and accelerate RNA decay (Fig. 1a). ASOs could also be designed to
bind to translation initiation sites on mMRNAs in the cytosol to block translation.

Alterations in the chemistry of the basic nucleotide building blocks of ASOs were essential
to turning the ASO concept into drugs, leading to more stable nucleic acid analogs that bind
to their target with higher specificity and with improved cell penetration (reviewed in refs
37-41) Advances in ASO chemistry culminated in the first approved ASO drug to treat
cytomegalovirus retinitis, fomivirsen, in 1998. This drug was only briefly marketed because
the disease declined precipitously when effective anti-HIV drugs became available. More
recently, mipomersen, targeting APOB, a gene encoding the apolipoprotein B-100 in LDL
cholesterol particles, was approved for treating familial hypercholesterolemia®2. Although
ASOs have mostly been designed to inhibit gene expression, a recent study suggests that
ASOs that bind to and inhibit inefficient upstream open reading frames could be used to
increase translation®3, potentially providing a way to address diseases caused by inadequate
gene expression. It is also possible to design ASOs that cleave mRNAs at specific sites by
inserting an RNA-cleaving ribozyme sequence between sequences complementary to the
targeted cleavage site (Fig. 1a). However, this strategy is not actively being developed
because of poor in vivo activity. ASOs complementary to mature miRNAs (‘antagomirs’) are
also being developed to counteract miRNAs implicated in disease pathogenesis**. An
example is miravirsen, an antagomir to miR-122, the most abundant liver miRNA, which
binds to hepatitis C virus genomic RNA and protects it from degradation. Although a phase
2 study published in 2013 showed impressive viral suppression by miravirsen*®, the clinical
need for the drug was largely eliminated when potent curative hepatitis C small-molecule
antivirals became available.
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siRNA-based drugs

The discovery of miRNAs®” and RNA interference (RNAI)*6 opened up a new mechanism
for RNA therapeutics:gene silencing (reviewed in ref.47). In 2001, Tuschl and colleagues
showed that RNAi operates in mammalian cells*8. Previously, RNAI was thought to be
limited to plants and invertebrates. Transfection of siRNAs, 21-23 nucleotides long
containing an mRNA sequence (sense strand) and its complement (antisense active
strand)*8, could harness this ubiquitous pathway to degrade target-gene mRNAs and
suppress their expression with high specificity.

Soon after its discovery, RNAi became an important and widely used research tool by
providing a relatively simple and fairly specific method to probe the importance of
individual genes by knocking down gene expression. RNAi was also rapidly harnessed for
unbiased genome-wide screening to identify genes important in biological processes, first in
invertebrate cells#3-52 and then in mammalian cells>3-57, using transfection of siRNAs or
vectored expression of short hairpin RNAs (sShRNAs) that mimic endogenous miRNAS.
These knockdown techniques provide a valuable way to identify novel drug targets.

The potential for SIRNA therapeutics was demonstrated almost immediately after its
discovery, first in vitro, in inhibiting HIV replication by depleting viral genes or host
receptors®8-62, and soon thereafter in vivo, when injection of Fas siRNAs protected mice
from autoimmune hepatitis®3. Drug development since then has been rapid. The obstacles of
turning siRNAs into drugs are similar to those faced with ASO drugs*L. Some of the ASO
chemical modification strategies and experience could be adapted to siRNA therapeutics,
accelerating siRNA preclinical drug development and clinical evaluation. Simple chemical
modifications of the 2” position of the ribose and substitution of phosphorothioate linkages
or DNA bases at the ends protected siRNAs from nuclease digestion and prolonged half-life
in serum® and other bodily fluids. 2’ modifications also prevent recognition by innate
immune receptors®4:65 and limit off-target effects, owing to suppression of partially
complementary sequences®®.

Intracellular delivery of double-stranded siRNAs is more challenging than delivery of single-
stranded ASQOs. This difficulty is partly mitigated by the fact that RNAI is a catalytic
mechanism in which the same siRNA is used over and over again to degrade many mRNA
molecules. By contrast, most ASO drugs act on a one-to-one basis. As a consequence of this
catalytic mechanism of action, the best estimates suggest that delivery of only a few hundred
siRNA:s into the cytosol of a target cell causes complete gene knockdown87-68, Moreover,
once the active antisense strand is taken up by the RNA-induced silencing complex (RISC),
it is remarkably stable under most circumstances, unless it is diluted by cell division. In
recent human clinical studies, gene knockdown by highly chemically modified siRNAs
persisted for many months, suggesting that siRNA therapeutics might only need to be given
every 3—-6 months5. The reasons for such clinical durability are not completely understood.
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Delivery of siRNA-based drugs

Most of the initial clinical development of sSiRNA therapeutics was focused on
developinglipid nanoparticles (LNP) to introduce siRNAs into hepatocytes. The liver is a
major filtering organ that traps nanoparticles. It is also the primary site of synthesis of many
circulating proteins. Therefore, the liver has been the target organ in most early clinical
attempts at translating RNAI. Results of a recently completed phase 3 study that used LNP-
encapsulated siRNAs to knock down transthyretin ( 77£/), which, when mutated, causes a
fatal familial amyloidotic neurodegenerative syndrome, showed impressive improvement of
neurological symptoms and safety (J. Gollob (Alnylam), personal communication). It is
likely that this formulation (patisiran) will be approved as the first sSiRNA drug.

Nevertheless, sSiRNA therapeutics is rapidly moving away from LNPs, which are
complicated to produce and have some immune-stimulatory side effects. Instead, next-
generation drugs are targeted to the liver by chemical conjugation to trivalent N-
acetylgalactosamine (GalNAc)’%-73, which is recognized by the hepatocyte-restricted
asialoglycoprotein receptor (ASGPR) (Fig. 3). The GaINAc-ASGPR ligand-receptor pair
works much better than other siRNA conjugates tested thus far. Although other conjugates
were generally taken up into cells, they did not result in efficient knockdown, possibly
because of inefficient endocytosis or endocytic release. The success of the GalNAc
conjugate may be due to its hepatocyte specificity, the high cell surface expression of the
receptor and rapid and continuous receptor recycling. Although a phase 3 study using
GalNAc-conjugated siRNAs targeting 77R for cardiac amyloidosis’* had to be terminated
because of increased deaths of treated patients’>, multiple other GalNAc conjugates to
siRNAs, further chemically modified for enhanced stability and activity and directed against
other gene targets, have shown impressive results (~80-95% knockdown lasting for as long
as 3—-6 months after a single injection without significant safety concerns in thousands of
patients®?). This suggests that the platform as a whole will be adaptable for developing drugs
against multiple liver targets.

So far, human clinical studies have shown that GaINAc-conjugated siRNAs have been able
to strongly knock down genes in the liver, sometimes with impressive clinical benefit in
early phase trials. Mainly, these studies evaluated treatment of genetic orphan diseases for
which effective therapy is lacking or inadequate. Examples include knockdown of PCSK9to
treat hypercholesterolemia®®; anti-thrombin 111 to improve clotting in patients with
hemophilia’8; ALASI, the gene encoding the first enzyme in heme biosynthesis, to treat
porphyria’’; the complement component C5 to treat hemolytic-uremic syndrome and
paroxysmal hemoglobinuria, and glycolate oxidase to treat primary hyperoxaluria’79. It is
likely that GaINAc-siRNA conjugates will eventually replace most therapeutic LNP efforts
for liver targets. GaINAc conjugates have also been adapted for liver delivery of ASOs and
antagomirs, which are currently in early phase clinical trials80-82,

Therapeutic gene knockdown outside the liver is still an area of active development. Some of
the most attractive approaches in mouse models include siRNA conjugation to RNA or DNA
aptamers that recognize cell surface receptors83-85, siRNA conjugation to CpG nucleotides
that bind to an innate immune receptor on dendritic cells or macrophages®®, antibody fusion
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protein complexed siRNAs87:88  antibody-coated LNPs89-°1 and siRNA conjugation to a
fatty acid constituent of neuronal membranes for nerve cell delivery®? (Fig. 3). Some of
these strategies, which have not yet been tested in the clinic, show exquisite targeting
specificity and provide the possibility of knocking down genes in narrowly defined subsets
of immune cells (i.e., only activated lymphocytes or only regulatory T cells)8:93 or only in
cancer cells®*. Targeted gene knockdown is also likely to reduce bystander cell toxicity and
require lower doses. The same strategies that deliver siRNAs to the liver or elsewhere in the
body can also be employed to deliver miRNA mimics, either as stem-loops or as double-
stranded ~22-nucleotide modified RNAS that resemble the endogenous Dicer-cleaved
miRNA80.95, The lessons learned about delivering siRNAs will probably facilitate the
development of ways to deliver the larger cargo being contemplated for therapeutics using
modified MRNAs?6:97 or CRISPR-Cas-mediated gene editing?®-104, However, the delivery
obstacles for these approaches are greater than those for siRNAs and should not be
underestimated.

Advantages of RNA-based drugs

Some of the siRNA drug targets are also targeted by ASO or mAb drugs that are approved or
under development. As they compete to treat the same diseases, it will become clearer which
of these strategies offers better therapeutics. Examples are the approved ASO mipomersen
and PCSK9 mAbs versus the siRNA-based drug incli-siran, now in phase 3 trials, all three
designed to lower cholesterol by targeting the same enzyme89.105.106 and the lonis ASO
inotersen versus Alnylam patisiran, both targeting 77/ to treat amyloidosis (J. Gollob
(Alnylam), personal communication and ref. 197). For gene knockdown strategies, SiRNAs
will probably be more effective drugs than ASOs, provided that they can be effectively
delivered to the tissue or cell of interest. sSiRNAs and ASOs that use RNase H to degrade
target RNA are catalytic (i.e., one molecule can destroy multiple target RNASs), unlike ASOs
that modulate splicing or translation, which only inactivate a single target RNA. This
catalytic mechanism, particularly for siRNAs that harness the efficient RISC machinery,
leads to high potency and unusually sustained activity. However, ASOs have more potential
mechanisms of action and are easier to deliver to cells and the nucleus. The best class of
nucleic acid therapeutic for addressing a particular disease and gene target will vary with the
target. RNA-based drugs have several advantages compared to therapeutic antibodies
directed against the protein product of the target gene (Box 2). For now, antibodies can only
recognize targets that are both druggable and secreted or extracellular, because there is no
good strategy to deliver them into cells. By contrast, sSiRNAs and ASOs can in principle
suppress any gene, even if it is highly expressed, including noncoding genes. Unlike
antibodies, RNAs can be chemically synthesized, thus leading to cheaper and more easily
manufactured drugs than biologics, which can have batch-to-batch variability. Antibodies
need to be administered every few weeks, and patients often develop immunological
responses, which can limit the effectiveness of antibody therapy with continued use. Thus
far, there is no evidence of adaptive immune responses to RNA therapeutics. Another
potential advantage of drugs that operate by an antisense mechanism, compared to
antibodies, is that they can be rapidly identified, and antidotes are straightforward to design
using the complementary sequence to specifically bind and inactivate the drug.
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CRISPR-Cas gene editing

Like siRNA and shRNA research tools and drug candidates that rapidly evolved from the
discovery of RNAI, the discovery of the CRISPR-Cas immune defense mechanism in
bacteria and archaeal®8-111 was swiftly harnessed to develop relatively facile and specific
methods for genomic DNA editing. This includes activation and suppression of gene
expression and genome-wide screening®-104, Like RNAI, the specificity of CRISPR-Cas
relies on the antisense pairing of sgRNAs to specific genes, but on chromosomal DNA rather
than RNA (Fig. 1e). Genomic targeting creates indels that provide the exciting possibility of
stable genomic editing. This method could be used to correct mutations in coding or
regulatory regions of genes in somatic and possibly eventually in germline cells in order to
treat and cure disease. However, because CRISPR-Cas modifies the genome, ethical and
safety concerns are amplified enormously. Like all antisense technologies, there is potential
for both on- and off-target toxicity. Moreover, the Cas endonuclease creates double-stranded
DNA breaks, which can possibly lead to oncogenic gene translocations and trigger a DNA
damage response, causing cell-cycle arrest or cell death. Depending on which DNA repair
pathway is activated, gene editing can be imprecise. Moreover, transfection of both sgRNAs
and Cas mRNA or protein is currently not very efficient. However, in the 5 years since
methods to harness this bacterial mechanism for mammalian gene manipulation were first
reported, improvements that reduce off-target effects, offer better control and enhance the
efficiency of gene editing have been rapidly developed112,

Effective sgRNAs are easier to design than shRNAs. Furthermore, unlike siRNAs, sgRNAS
induce stable changes in gene expression, which are invaluable for in vivo screening.
Therefore, CRISPR-Cas-mediated gene knockout has rapidly replaced other techniques for
many research uses, including screens to identify dependency genes, synthetic lethal
interactions and novel gene targets. In addition, CRISPR-Cas gene knockout in zygotes
provides a greatly accelerated method for making gene knockout or knock-in mice compared
to homologous recombination. The method can also be applied to develop knockout strains
of almost any species, including non-human primates. The resulting animal models will be
invaluable for preclinical drug development. However, clinical CRISPR-Cas studies, which
will undoubtedly be initiated using ex vivo editing of differentiated cells that will then be
infused into patients, will need to be both more efficient and better controlled for specificity
and genetic modification. Yet the first gene editing drug strategies were approved this year
for producing CAR-T cells113.114 and for treating a congenital cause of blindness
(Luxturna)1® using an engineered adeno-associated virus. Experiences with non-RNA-
based gene editing tools, such as zinc-finger nucleases, and with siRNA drug delivery will
facilitate development of CRISPR-Cas-based drugs!12:116,

MRNA-based drugs

In addition to RNA drugs based on antisense mechanisms, several other mechanisms of
action are also potential strategies for new classes of drugs. One approach is to introduce
chemically modified, stabilized mRNAs into cells to be translated to protein®6:117-119 (Fig,
2a). MRNA therapies have the safety advantage of not modifying the genome, but also the
disadvantages of transient expression and difficult in vivo intracellular delivery. If
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transfection of small RNAs in vivo is challenging, the problem is magnified for large
mRNAs, which will probably require encapsulation into nanoparticles to avoid RNases
present in bodily fluids and to aid cellular uptake. So far, despite intense efforts by the
biotech and pharmaceutical industries to develop this approach, there are no truly convincing
examples of high and sustained gene expression in vivo. The application that looks most
promising is using stabilized mMRNAs for vaccination, a setting for which high or sustained
gene expression is not required because of the exquisite sensitivity of immune cells to low
levels of foreign antigens120-123,

Aptamer-based therapeutics

Aptamers are another potential class of RNA therapeutics. These folded RNAs behave like
nucleic acid antibodies in that they bind with high affinity and specificity to target
molecules. They can be selected from large libraries of short random nucleotide sequences
for binding to all types of molecules by repeated rounds of enrichment by a process called
SELEX?24.25.85124,125 Recent advances in SELEX technology, in particular the introduction
of chemically modified bases and use of deep sequencing to analyze enriched RNAs in early
rounds of selection, have greatly reduced the time needed and the likelihood of identifying
high-affinity aptamers8®124.125_Somal ogic, which develops aptamer-based diagnostics to
measure levels of many serum proteins simultaneously, has identified modified aptamers
specific for thousands of human proteins26:127_ Although drug development of aptamers is
currently not very active, these RNAs or DNAs could substitute for some applications of
therapeutic antibodies with reduced risk of developing immunological responses. They could
also be used for targeted intracellular delivery of other molecules, including RNA-based
drugs®°124.128 Because aptamers can be chemically synthesized, their manufacture is much
cheaper and more reproducible than that of antibodies. Moreover, the flexibility of
chemically linking RNAs should easily enable the design of combinations of aptamers,
functionally resembling bifunctional antibodies, or their reversible linkage to more than one
therapeutic small RNA, toxin, peptide or conventional small-molecule drug (Fig. 2b).

Concluding remarks

Our increased understanding of the versatile roles of RNAs has sparked the development of
new classes of RNA-based drugs. Drugs in development are based on antisense mechanisms
that can be used to inhibit gene expression (ASOs, siRNAs, miRNA mimics and
antagomirs), alter splicing to produce functional proteins (ASOs) or edit mutated DNA
(CRISPR-Cas). Novel approaches also utilize sense mechanisms (modified mRNA
replacement therapy or vaccines) or tertiary structures of RNA that can be selected for
specific binding (aptamers, riboswitches). The first RNA-based drugs to modify splicing
were just approved, and the first SiRNA-based drug is likely to be approved within the year.
Although harnessing these RNA mechanisms and turning RNAs into drugs is challenging, it
is likely that we are on the brink of a revolution in drug development. Expanding the range
of targeted cells and tissues will require developing robust strategies for cytosolic delivery to
tackle the twin hurdles of getting across the plasma membrane and out of the endosome.
There is a lot of room for optimizing these steps and for improving the drug-like properties
of therapeutic nucleic acids. As the first generation of nucleic acid therapeutics become
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drugs, the barrier for investing in nucleic acid therapeutics will be lowered, and resources

will become available for exploring the option of harnessing other mechanisms of action

aside from interfering with splicing and knocking down a single gene. The flexibility of
RNA design should allow for the facile construction of potent multifunctional drugs that
have more than one mode of action and disrupt multiple targets that could substitute for drug
cocktails in the future. There is also the largely unexplored potential of targeting other RNA
species and disrupting their functions. In the near future, RNA-based drugs may become an
increasing component of the pharmacopoeia, greatly expanding the universe of druggable
targets to provide treatment for previously untreatable diseases and potentially curing
genetic diseases.

Acknowledgements

This work was supported by NIH CA13944.

References

1. Cech TR, Steitz JA. The noncoding RNA revolution—trashing old rules to forge new ones Cell.
2014; 157:77-94. [PubMed: 24679528]
2. Deveson IW, Hardwick SA, Mercer TR, Mattick JS. The dimensions, dynamics, and relevance of the
mammalian noncoding transcriptome Trends Genet. 2017; 33:464—-478. [PubMed: 28535931]
3. Schonrock N, Jonkhout N, Mattick JS. Seq and you will find Curr. Gene Ther. 2016; 16:220-229.
[PubMed: 27216913]
4. Brockdorff N. The product of the mouse Xistgene is a 15 kb inactive X-specific transcript
containing no conserved ORF and located in the nucleus Cell. 1992; 71:515-526. [PubMed:
1423610]
5. Brown CJ. The human X/ST gene: analysis of a 17 kb inactive X-specific RNA that contains
conserved repeats and is highly localized within the nucleus Cell. 1992; 71:527-542. [PubMed:
1423611]
6. Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene /in-4 encodes small RNAs
with antisense complementarity to /in-14 Cell. 1993; 75:843-854. [PubMed: 8252621]
7. Wightman B, Ha I, Ruvkun G. Posttranscriptional regulation of the heterochronic gene /in-14 by
lin-4 mediates temporal pattern formation in C. e/egans Cell. 1993; 75:855-862. [PubMed:
8252622]
8. Ebert MS, Sharp PA. Roles for microRNAs in conferring robustness to biological processes Cell.
2012; 149:515-524. [PubMed: 22541426]
9. Bartel DP. MicroRNAs: target recognition and regulatory functions Cell. 2009; 136:215-233.
[PubMed: 19167326]
10. Thomas M, Lieberman J, Lal A. Desperately seeking microRNA targets Nat. Struct. Mol. Biol.
2010; 17:1169-1174. [PubMed: 20924405]

11. Volpe TA. Regulation of heterochromatic silencing and histone H3 lysine-9 methylation by RNAI
Science. 2002; 297:1833-1837. [PubMed: 12193640]

12. Verdel A. RNAi-mediated targeting of heterochromatin by the RITS complex Science. 2004;
303:672-676. [PubMed: 14704433]

13. Watanabe T, Lin H. Posttranscriptional regulation of gene expression by Piwi proteins and piRNAs
Mol. Cell. 2014; 56:18-27. [PubMed: 25280102]

14. Holoch D, Moazed D. RNA-mediated epigenetic regulation of gene expression Nat. Rev. Genet.
2015; 16:71-84. [PubMed: 25554358]

15. Iwasaki YW, Siomi MC, Siomi H. PIWI-interacting RNA: its biogenesis and functions Annu. Rev.
Biochem. 2015; 84:405-433. [PubMed: 25747396]

Nat Struct Mol Biol. Author manuscript; available in PMC 2018 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lieberman

16.

17.

18.

19.

20.

21.
22.
23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 11

Janowski BA. Activating gene expression in mammalian cells with promoter-targeted duplex
RNAs Nat. Chem. Biol. 2007; 3:166-173. [PubMed: 17259978]

Li LC. Small dsRNAs induce transcriptional activation in human cells Proc. Natl Acad. Sci. USA.
2006; 103:17337-17342. [PubMed: 17085592]

Lu J. MicroRNA expression profiles classify human cancers Nature. 2005; 435:834-838.
[PubMed: 15944708]

Breaker RR. Riboswitches and the RNA world Cold Spring Harb. Perspect. Biol. 2012; 4:a003566.
[PubMed: 21106649]

Gelinas AD, Davies DR, Janjic N. Embracing proteins: structural themes in aptamer-protein
complexes Curr. Opin. Struct. Biol. 2016; 36:122-132. [PubMed: 26919170]

Sharp PA. On the origin of RNA splicing and introns Cell. 1985; 42:397-400. [PubMed: 2411416]
Gilbert W. Origin of life: the RNA world Nature. 1986; 319:618.

Holbrook SR. RNA structure: the long and the short of it Curr. Opin. Struct. Biol. 2005; 15:302—
308. [PubMed: 15963891]

Ellington AD, Szostak JW. In vitro selection of RNA molecules that bind specific ligands Nature.
1990; 346:818-822. [PubMed: 1697402]

Tuerk C, Gold L. Systematic evolution of ligands by exponential enrichment: RNA ligands to
bacteriophage T4 DNA polymerase Science. 1990; 249:505-510. [PubMed: 2200121]

Serganov A, Nudler E. A decade of riboswitches Cell. 2013; 152:17-24. [PubMed: 23332744]

Quinn JJ, Chang HY. Unique features of long non-coding RNA biogenesis and function Nat. Rev.
Genet. 2016; 17:47-62. [PubMed: 26666209]

Chen K, Zhao BS, He C. Nucleic acid modifications in regulation of gene expression Cell Chem.
Biol. 2016; 23:74-85. [PubMed: 26933737]

Kopp F, Mendell JT. Functional classification and experimental dissection of long noncoding
RNAs Cell. 2018; 172:393-407. [PubMed: 29373828]

Zamecnik PC, Stephenson ML. Inhibition of Rous sarcoma virus replication and cell
transformation by a specific oligodeoxynucleotide Proc. Natl Acad. Sci. USA. 1978; 75:280-284.
[PubMed: 75545]

Stephenson ML, Zamecnik PC. Inhibition of Rous sarcoma viral RNA translation by a specific
oligodeoxyribonucleotide Proc. Natl Acad. Sci. USA. 1978; 75:285-288. [PubMed: 75546]
Dixon SJ, Stockwell BR. Identifying druggable disease-modifying gene products Curr. Opin.
Chem. Biol. 2009; 13:549-555. [PubMed: 19740696]

Fauman EB, Rai BK, Huang ES. Structure-based druggability assessment—identifying suitable
targets for small molecule therapeutics Curr. Opin. Chem. Biol. 2011; 15:463-468. [PubMed:
21704549]

Cirak S. Exon skipping and dystrophin restoration in patients with Duchenne muscular dystrophy
after systemic phosphorodiamidate morpholino oligomer treatment: an open-label, phase 2, dose-
escalation study Lancet. 2011; 378:595-605. [PubMed: 21784508]

Finkel RS. Nusinersen versus sham control in infantile-onset spinal muscular atrophy N. Engl. J.
Med. 2017; 377:1723-1732. [PubMed: 29091570]

Gorski SA, Vogel J, Doudna JA. RNA-based recognition and targeting: sowing the seeds of
specificity Nat. Rev. Mol. Cell Biol. 2017; 18:215-228. [PubMed: 28196981]

Kole R, Krainer AR, Altman S. RNA therapeutics: beyond RNA interference and antisense
oligonucleotides Nat. Rev. Drug Discov. 2012; 11:125-140. [PubMed: 22262036]

Bennett CF, Baker BF, Pham N, Swayze E, Geary RS. Pharmacology of antisense drugs Annu.
Rev. Pharmacol. Toxicol. 2017; 57:81-105. [PubMed: 27732800]

Crooke ST. Molecular mechanisms of antisense oligonucleotides Nucleic Acid Ther. 2017; 27:70-
77. [PubMed: 28080221]

Crooke ST, Wang S, Vickers TA, Shen W, Liang XH. Cellular uptake and trafficking of antisense
oligonucleotides Nat. Biotechnol. 2017; 35:230-237. [PubMed: 28244996]

Khvorova A, Watts JK. The chemical evolution of oligonucleotide therapies of clinical utility Nat.
Biotechnol. 2017; 35:238-248. [PubMed: 28244990]

Nat Struct Mol Biol. Author manuscript; available in PMC 2018 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lieberman

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Page 12

Raal FJ. Mipomersen, an apolipoprotein B synthesis inhibitor, for lowering of LDL cholesterol
concentrations in patients with homozygous familial hypercholesterolaemia: a randomised,
double-blind, placebo-controlled trial Lancet. 2010; 375:998-1006. [PubMed: 20227758]

Liang XH. Translation efficiency of mRNAs is increased by antisense oligonucleotides targeting
upstream open reading frames Nat. Biotechnol. 2016; 34:875-880. [PubMed: 27398791]
Krutzfeldt J. Silencing of microRNAs in vivo with ‘antagomirs’ Nature. 2005; 438:685-689.
[PubMed: 16258535]

Janssen HL. Treatment of HCV infection by targeting microRNA N. Engl. J. Med. 2013;
368:1685-1694. [PubMed: 23534542]

Fire A. Potent and specific genetic interference by double-stranded RNA in Caenorhabditis elegans
Nature. 1998; 391:806-811. [PubMed: 9486653]

Wittrup A, Lieberman J. Knocking down disease: a progress report on siRNA therapeutics Nat.
Rev. Genet. 2015; 16:543-552. [PubMed: 26281785]

Elbashir SM. Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured mammalian
cells Nature. 2001; 411:494-498. [PubMed: 11373684]

Lum L. Identification of Hedgehog pathway components by RNAI in Drosophila cultured cells
Science. 2003; 299:2039-2045. [PubMed: 12663920]

Caplen NJ, Fleenor J, Fire A, Morgan RA. dsRNA-mediated gene silencing in cultured Drosophila
cells: a tissue culture model for the analysis of RNA interference Gene. 2000; 252:95-105.
[PubMed: 10903441]

Fraser AG. Functional genomic analysis of C. elegans chromosome | by systematic RNA
interference Nature. 2000; 408:325-330. [PubMed: 11099033]

Boutros M. Genome-wide RNAI analysis of growth and viability in Drosophila cells Science.
2004; 303:832-835. [PubMed: 14764878]

Luo J. A genome-wide RNAI screen identifies multiple synthetic lethal interactions with the Ras
oncogene Cell. 2009; 137:835-848. [PubMed: 19490893]

Silva JM. Profiling essential genes in human mammary cells by multiplex RNAI screening Science.
2008; 319:617-620. [PubMed: 18239125]

Schlabach MR. Cancer proliferation gene discovery through functional genomics Science. 2008;
319:620-624. [PubMed: 18239126]

Brass AL. Identification of host proteins required for HIV infection through a functional genomic
screen Science. 2008; 319:921-926. [PubMed: 18187620]

Paddison PJ. A resource for large-scale RNA-interference-based screens in mammals Nature.
2004; 428:427-431. [PubMed: 15042091]

Novina CD. siRNA-directed inhibition of HIV-1 infection Nat. Med. 2002; 8:681-686. [PubMed:
12042777]

Jacque JM, Triques K, Stevenson M. Modulation of HIV-1 replication by RNA interference Nature.
2002; 418:435-438. [PubMed: 12087358]

Martinez MA. Suppression of chemokine receptor expression by RNA interference allows for
inhibition of HIV-1 replication AIDS. 2002; 16:2385-2390. [PubMed: 12461411]

Park WS. Prevention of HIV-1 infection in human peripheral blood mononuclear cells by specific
RNA interference Nucleic Acids Res. 2002; 30:4830-4835. [PubMed: 12433985]

Surabhi RM, Gaynor RB. RNA interference directed against viral and cellular targets inhibits
human immunodeficiency virus type 1 replication J. Virol. 2002; 76:12963-12973. [PubMed:
12438622]

Song E. RNA interference targeting Fas protects mice from fulminant hepatitis Nat. Med. 2003;
9:347-351. [PubMed: 12579197]

Morrissey DV. Potent and persistent in vivo anti-HBV activity of chemically modified siRNAs Nat.
Biotechnol. 2005; 23:1002-1007. [PubMed: 16041363]

Judge AD. Sequence-dependent stimulation of the mammalian innate immune response by
synthetic sSiRNA Nat. Biotechnol. 2005; 23:457-462. [PubMed: 15778705]

Jackson AL. Position-specific chemical modification of siRNAs reduces “off-target” transcript
silencing RNA. 2006; 12:1197-1205. [PubMed: 16682562]

Nat Struct Mol Biol. Author manuscript; available in PMC 2018 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lieberman

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Page 13

Gilleron J. Image-based analysis of lipid nanoparticle-mediated siRNA delivery, intracellular
trafficking and endosomal escape Nat. Biotechnol. 2013; 31:638-646. [PubMed: 23792630]

Wittrup A. Visualizing lipid-formulated siRNA release from endosomes and target gene
knockdown Nat. Biotechnol. 2015; 33:870-876. [PubMed: 26192320]

Fitzgerald K. A highly durable RNA. therapeutic inhibitor of PCSK9 N. Engl. J. Med. 2017;
376:41-51. [PubMed: 27959715]

Nair JK. Multivalent N-acetylgalactosamine-conjugated siRNA localizes in hepatocytes and elicits
robust RNAi-mediated gene silencing J. Am. Chem. Soc. 2014; 136:16958-16961. [PubMed:
25434769]

Rajeev KG. Hepatocyte-specific delivery of siRNAs conjugated to novel non-nucleosidic trivalent
N-acetylgalactosamine elicits robust gene silencing in vivo ChemBioChem. 2015; 16:903-908.
[PubMed: 25786782]

Matsuda S. siRNA conjugates carrying sequentially assembled trivalent A-acetylgalactosamine
linked through nucleosides elicit robust gene silencing in vivo in hepatocytes ACS Chem. Biol.
2015; 10:1181-1187. [PubMed: 25730476]

Biessen EA. Design of a targeted peptide nucleic acid prodrug to inhibit hepatic human
microsomal triglyceride transfer protein expression in hepatocytes Bioconjug. Chem. 2002;
13:295-302. [PubMed: 11906267]

Zimmermann TS. Clinical proof of concept for a novel hepatocyte-targeting GalNAc-siRNA
conjugate Mol. Ther. 2017; 25:71-78. [PubMed: 28129130]

Garber K. Worth the RISC? Nat. Biotechnol. 2017; 35:198-202. [PubMed: 28244998]

Pasi KJ. Targeting of antithrombin in hemophilia A or B with RNAI therapy N. Engl. J. Med. 2017;
377:819-828. [PubMed: 28691885]

Yasuda M. RNAi-mediated silencing of hepatic Alasl effectively prevents and treats the induced
acute attacks in acute intermittent porphyria mice Proc. Natl Acad. Sci. USA. 2014; 111:7777-
7782. [PubMed: 24821812]

Dutta C. Inhibition of glycolate oxidase with Dicer-substrate siRNA reduces calcium oxalate
deposition in a mouse model of primary hyperoxaluria type 1 Mol. Ther. 2016; 24:770-778.
[PubMed: 26758691]

Liebow A. An investigational RNAI therapeutic targeting glycolate oxidase reduces oxalate
production in models of primary hyperoxaluria J. Am. Soc. Nephrol. 2017; 28:494-503. [PubMed:
27432743]

Huang Y. Preclinical and clinical advances of GalNAc-decorated nucleic acid therapeutics Mol.
Ther. Nucleic Acids. 2017; 6:116-132. [PubMed: 28325278]

Prakash TP. Targeted delivery of antisense oligonucleotides to hepatocytes using triantennary A-
acetyl galactosamine improves potency 10-fold in mice Nucleic Acids Res. 2014; 42:8796-8807.
[PubMed: 24992960]

Tanowitz M. Asialoglycoprotein receptor 1 mediates productive uptake of N-acetylgalactosamine-
conjugated and unconjugated phosphorothioate antisense oligonucleotides into liver hepatocytes
Nucleic Acids Res. 2017; 45:12388-12400. [PubMed: 29069408]

Dassie JP. Systemic administration of optimized aptamer-siRNA chimeras promotes regression of
PSMA-expressing tumors Nat. Biotechnol. 2009; 27:839-846. [PubMed: 19701187]

McNamara JO I1I. Cell type-specific delivery of siRNAs with aptamer-siRNA chimeras Nat.
Biotechnol. 2006; 24:1005-1015. [PubMed: 16823371]

Zhou J, Rossi J. Aptamers as targeted therapeutics: current potential and challenges Nat. Rev. Drug
Discov. 2017; 16:181-202. [PubMed: 27807347]

Kortylewski M. In vivo delivery of siRNA to immune cells by conjugation to a TLR9 agonist
enhances antitumor immune responses Nat. Biotechnol. 2009; 27:925-932. [PubMed: 19749770]
Peer D, Zhu P, Carman CV, Lieberman J, Shimaoka M. Selective gene silencing in activated
leukocytes by targeting siRNAs to the integrin lymphocyte function-associated antigen-1 Proc.
Natl Acad. Sci. USA. 2007; 104:4095-4100. [PubMed: 17360483]

Song E. Antibody mediated in vivo delivery of small interfering RNAs via cell-surface receptors
Nat. Biotechnol. 2005; 23:709-717. [PubMed: 15908939]

Nat Struct Mol Biol. Author manuscript; available in PMC 2018 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lieberman

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 14

Peer D, Park EJ, Morishita Y, Carman CV, Shimaoka M. Systemic leukocyte-directed SiRNA
delivery revealing cyclin D1 as an antiinflammatory target Science. 2008; 319:627-630. [PubMed:
18239128]

Ramishetti S, Landesman-Milo D, Peer D. Advances in RNAI therapeutic delivery to leukocytes
using lipid nanoparticles J. Drug Target. 2016; 24:780-786. [PubMed: 27030014]

Weinstein S. Harnessing RNAi-based nanomedicines for therapeutic gene silencing in B-cell
malignancies Proc. Natl Acad. Sci. USA. 2016; 113:E16-E22. [PubMed: 26699502]

Nikan M. Docosahexaenoic acid conjugation enhances distribution and safety of siRNA upon local
administration in mouse brain Mol. Ther. Nucleic Acids. 2016; 5:e344. [PubMed: 27504598]
Kedmi R. A modular platform for targeted RNAI therapeutics Nat. Nanotechnol. 2018; 13:214—
219. [PubMed: 29379205]

Gilboa-Geffen A. Gene knockdown by EpCAM aptamer-siRNA chimeras suppresses epithelial
breast cancers and their tumor-initiating cells Mol. Cancer Ther. 2015; 14:2279-2291. [PubMed:
26264278]

Esposito CL. Multifunctional aptamer-miRNA conjugates for targeted cancer therapy Mol. Ther.
2014; 22:1151-1163. [PubMed: 24441398]

Warren L. Highly efficient reprogramming to pluripotency and directed differentiation of human
cells with synthetic modified mMRNA Cell Stem Cell. 2010; 7:618-630. [PubMed: 20888316]
Sasaki S, Guo S. Nucleic acid therapies for cystic fibrosis Nucleic Acid Ther. 2018; 28:1-9.
[PubMed: 29160746]

Yin H. Genome editing with Cas9 in adult mice corrects a disease mutation and phenotype Nat.
Biotechnol. 2014; 32:551-553. [PubMed: 24681508]

Nelson CE. In vivo genome editing improves muscle function in a mouse model of Duchenne
muscular dystrophy Science. 2016; 351:403-407. [PubMed: 26721684]

100. Tabebordbar M. In vivo gene editing in dystrophic mouse muscle and muscle stem cells Science.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

2016; 351:407-411. [PubMed: 26721686]

Komor AC, Badran AH, Liu DR. CRISPR-based technologies for the manipulation of eukaryotic
genomes Cell. 2017; 168:20-36. [PubMed: 27866654]

Fellmann C, Gowen BG, Lin PC, Doudna JA, Corn JE. Cornerstones of CRISPR-Cas in drug
discovery and therapy Nat. Rev. Drug Discov. 2017; 16:89-100. [PubMed: 28008168]

Dowdy SF. Overcoming cellular barriers for RNA therapeutics Nat. Biotechnol. 2017; 35:222—
229. [PubMed: 28244992]

Wang HX. CRISPR/Cas9-based genome editing for disease modeling and therapy: challenges and
opportunities for nonviral delivery Chem. Rev. 2017; 117:9874-9906. [PubMed: 28640612]
Graham MJ. Antisense inhibition of proprotein convertase subtilisin/kexin type 9 reduces serum
LDL in hyperlipidemic mice J. Lipid Res. 2007; 48:763-767. [PubMed: 17242417]

Karatasakis A. Effect of PCSK9 inhibitors on clinical outcomes in patients with
hypercholesterolemia: a meta-analysis of 35 randomized controlled trials J. Am. Heart Assoc.
2017; 6:2006910. [PubMed: 29223954]

Benson MD, Dasgupta NR, Rissing SM, Smith J, Feigenbaum H. Safety and efficacy of a TTR
specific antisense oligonucleotide in patients with transthyretin amyloid cardiomyopathy
Amyloid. 2017; 24:219-225. [PubMed: 28906150]

Deltcheva E. CRISPR RNA maturation by trans-encoded small RNA and host factor RNase |11
Nature. 2011; 471:602-607. [PubMed: 21455174]

Marraffini LA, Sontheimer EJ. CRISPR interference limits horizontal gene transfer in
staphylococci by targeting DNA Science. 2008; 322:1843-1845. [PubMed: 19095942]
Barrangou R. The roles of CRISPR-Cas systems in adaptive immunity and beyond Curr. Opin.
Immunol. 2015; 32:36-41. [PubMed: 25574773]

Barrangou R. CRISPR provides acquired resistance against viruses in prokaryotes Science. 2007;
315:1709-1712. [PubMed: 17379808]

112. Cornu TI, Mussolino C, Cathomen T. Refining strategies to translate genome editing to the clinic

Nat. Med. 2017; 23:415-423. [PubMed: 28388605]

Nat Struct Mol Biol. Author manuscript; available in PMC 2018 July 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lieberman

113.

114.

115.

116.
117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Page 15

Neelapu SS. Axicabtagene ciloleucel CAR T-cell therapy in refractory large B-cell lymphoma N.
Engl. J. Med. 2017; 377:2531-2544. [PubMed: 29226797]

Maude SL. Tisagenlecleucel in children and young adults with B-cell lymphoblastic leukemia N.
Engl. J. Med. 2018; 378:439-448. [PubMed: 29385370]

Russell S. Efficacy and safety of voretigene neparvovec (AAV2-hRPE65v2) in patients with
RPEG65-mediated inherited retinal dystrophy: a randomised, controlled, open-label, phase 3 trial
Lancet. 2017; 390:849-860. [PubMed: 28712537]

Dunbar CE. Gene therapy comes of age Science. 2018; 359:eaan4672. [PubMed: 29326244]
Kariko K. Incorporation of pseudouridine into mRNA yields superior nonimmunogenic vector
with increased translational capacity and biological stability Mol. Ther. 2008; 16:1833-1840.
[PubMed: 18797453]

Weissman D. HIV gag mRNA transfection of dendritic cells (DC) delivers encoded antigen to
MHC class | and 1l molecules, causes DC maturation, and induces a potent human in vitro
primary immune response J. Immunol. 2000; 165:4710-4717. [PubMed: 11035115]

Weissman D, Kariko K. mRNA: fulfilling the promise of gene therapy Mol. Ther. 2015; 3:1416—
1417.

Pardi N, Hogan MJ, Porter FW, Weissman D. mRNA vaccines—a new era in vaccinology Nat.
Rev. Drug Discov. 2018

Kranz LM. Systemic RNA delivery to dendritic cells exploits antiviral defence for cancer
immunotherapy Nature. 2016; 534:396—401. [PubMed: 27281205]

Richner JM. Modified mRNA vaccines protect against Zika virus infection Cell. 2017; 168:1114—
1125. [PubMed: 28222903]

Pardi N. Zika virus protection by a single low-dose nucleoside-modified mMRNA vaccination
Nature. 2017; 543:248-251. [PubMed: 28151488]

Dassie JP, Giangrande PH. Current progress on aptamer-targeted oligonucleotide therapeutics
Ther. Deliv. 2013; 4:1527-1546. [PubMed: 24304250]

Keefe AD, Pai S, Ellington A. Aptamers as therapeutics Nat. Rev. Drug Discov. 2010; 9:537-550.
[PubMed: 20592747]

Gold L, Walker JJ, Wilcox SK, Williams S. Advances in human proteomics at high scale with the
SOMAscan proteomics platform N. Biotechnol. 2012; 29:543-549. [PubMed: 22155539]

Lollo B, Steele F, Gold L. Beyond antibodies: new affinity reagents to unlock the proteome
Proteomics. 2014; 14:638-644. [PubMed: 24395722]

Lieberman J. Manipulating the in vivo immune response by targeted gene knockdown Curr. Opin.
Immunol. 2015; 35:63-72. [PubMed: 26149459]

Nat Struct Mol Biol. Author manuscript; available in PMC 2018 July 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Lieberman

Page 16

Box 1|
Challenges for developing RNA-based drugs
. Intracellular delivery across cell and endosomal membranes

. Poor pharmacokinetic properties, partly due to urinary excretion and
ubiquitous RNases

. Activation of innate immune nucleic acid sensors
. Off-target effects:

Suppression of unintended homologous targets Activation of DNA repair
pathways Translocations or imprecise gene editing
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Box 2 |
Advantages of RNA-based drugs
. Active on ‘undruggable targets

. Easy and rapid design

. Chemical synthesis without the variability of biologics

. Cost effective

. Stable without refrigeration

. Stable, unfluctuating suppression of target protein for up to 6 months

. Easy to combine into drug cocktails, providing flexibility for personalized
drugs

. Low immunogenicity
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Fig. 1 |. Antisense mechanisms of RNA-based drugs.
Most RNA-based drugs take advantage of complementary base-pairing of RNA analogs.

They are generally extensively modified to improve their resistance to RNases and innate
immune sensors and to potentially increase binding affinity to their nucleic acid or protein
targets, which mediate their intracellular activity. These drugs bind to complementary
sequences in endogenous genomic DNA or its RNA transcripts. The major classes are ASOs
(usually single-stranded with a central DNA gapmer region) (a), double-stranded siRNAs
(b), miRNA mimics (c) or antagomirs (d) and, most recently, single guide RNAs (SgRNAS)
for gene editing using CRISPR-Cas (e). Although the targets are depicted in the diagram as
pre-mRNAs, mMRNAs or genomic DNA, in principle, these strategies could also be used to
target ncCRNAs. Credit: Debbie Maizels/Springer Nature
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Fig. 2 |. Additional RNA-based drug mechanisms.
a, Sense-RNA drugs can be used for transient in vivo transcription of mMRNAs to replace

mutated proteins or for vaccination without the risk of genomic alteration. b, Aptamers take
advantage of selection for high-affinity binding to molecular ligands, often in the nanomolar
or subnanomolar range. They can be thought of as nucleic acid antibodies and have many of
the advantages of conventional protein antibodies. They can be agonists or antagonists,
linked for bifunctional targeting and conjugated to other RNAs, small-molecule drugs,
toxins or peptides. However, unless modified, they are rapidly excreted and do not activate
immune functions via binding to Fc receptors. Credit: Debbie Maizels/Springer Nature

Nat Struct Mol Biol. Author manuscript; available in PMC 2018 July 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Lieberman

B rrrrrrie—

Uptake of naked ssASO

QWM

OO Aptamer

O

COB000-

Lipid nanoparticle

Fig. 3 |. RNA-based drug delivery strategies.

Page 20

GalNAc

.
Conjugation to targeting ligand

N
i

Nanoparticle

Intracellular delivery is the most challenging obstacle to RNA-based drug development.
Most siRNA drugs need to act in the cytoplasm, where their target RNAs are located. ASOs,
acting on pre-mRNA, and sgRNAs, acting on genomic DNA, have the additional challenge
of getting into the nucleus. Drug development is moving away from using particles or
complexes, which have a tendency to get trapped in the liver, are complicated to
manufacture and have side effects. Instead, conjugation of nucleic acid analogs to sugars,
lipids, peptide or nucleic acid ligands that bind to the cell membrane or surface receptors is
used. Binding activates cellular uptake and provides the opportunity for cell-specific

delivery. Credit: Debbie Maizels/Springer Nature
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