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RNA-based therapeutics, such as small-interfering (siRNAs), 
microRNAs (miRNAs), antisense oligonucleotides (ASOs), 
aptamers, synthetic mRNAs and CRISPR–Cas9, have great 
potential to target a large part of the currently undruggable 
genes and gene products and to generate entirely new 
therapeutic paradigms in disease, ranging from cancer to 
pandemic influenza to Alzheimer’s disease. However, for these 
RNA modalities to reach their full potential, they first need 
to overcome a billion years of evolutionary defenses that have 
kept RNAs on the outside of cells from invading the inside of 
cells. Overcoming the lipid bilayer to deliver RNA into cells 
has remained the major problem to solve for widespread 
development of RNA therapeutics, but recent chemistry 
advances have begun to penetrate this evolutionary armor. 

Because of the high selectivity for their target RNA or DNA, over 
the past decade RNA-based therapeutics have witnessed an explo-
sion of interest in academia and industry. These drugs offer a wide 
ability to selectively drug the undruggable human and viral genomes 
to knock down gene expression, to alter mRNA splicing, to target 
trinucleotide repeat disorders, to target non-coding RNAs (ncRNAs) 
involved in transcriptional and epigenetic regulation, to upregulate 
target genes, to express genes and to edit the genome. These are all 
forms of therapeutic intervention that we could never dream of ever 
achieving with small-molecule inhibitors or antibodies. RNA-based 
therapeutics are also the only modality with the ability to ‘phar-
macoevolve’ to keep pace with, for example, cancer mutations and 
pandemic viral infections. The development pathway timeline of 
RNA-based therapeutics closely parallels the development of other 
groundbreaking therapeutic modalities, such as antibodies, where 
hyperbolic inception is followed by grand failure and ultimate success  
after technology maturation, as new generation molecules overcome 
the limitations of pioneer drug molecules. Similarly, second-generation  
RNA chemistries have vastly improved the stability of RNA therapeu-
tics, reduced unintended off-target effects, and maximized on-target 
pharmacologic activity. For example, by developing and incorporating 
new chemistries into their ASOs, Ionis Pharmaceuticals (Carlsbad, 
CA, USA) is treating multiple central nervous system (CNS) indi-
cations for which no other therapeutic option existed previously1,2. 
Likewise, RNA interference (RNAi) biotech companies, such as 
Alnylam Therapeutics (Cambridge, MA, USA) and Solstice Biologics 
(San Diego), are seeing single-dose pharmacodynamic (PD) effects 

(gene knockdown) in excess of six months on liver target genes using 
second-generation enhanced stabilizing RNA chemistries (ESC)3 
and third-generation phosphotriester RNA chemistries, respectively  
(C. Bradshaw, personal communication). These new chemistries 
confer drug-like attributes to RNAs that have turned the poorly 
performing field of ten or more years ago into the almost-ready- 
for-prime-time, must-have therapeutic platform of tomorrow.

However, for all the enthusiastic upside surrounding the poten-
tial of RNA-based therapeutics, there continues to be an equal and 
opposite downside that started more than a billion years ago, namely 
the delivery problem. Life started on this planet ~4 billion years ago 
when the primordial RNA and macromolecular soup became encap-
sulated by a lipid bilayer that allowed chemical reactions to take place 
inside without interference from RNAs and macromolecules on the 
outside4–7. Lipid bilayers allow small neutral, slightly hydrophobic 
molecules <1,000 Daltons (Da) to passively diffuse across them, 
while preventing large, charged molecules, like RNAs, from crossing  
them7,8. Thus, the lipid bilayer was both fundamental in creating life 
and in protecting it from invading RNAs. Layered on top of this bil-
lion-year-old barrier are a series of evolutionary defenses designed 
to further protect metazoan cells from invading RNAs, including 
RNases and the innate immune pattern recognition toll-like recep-
tors (TLRs) 3, 7 and 8, present on the outside of cells, and double-
stranded RNA receptors PKR, retinoic acid inducible gene I (RIG-I) 
and melanoma differentiation associated protein 5 (MDA-5) on the 
inside of cells9. Furthermore, naked charged RNAs are rapidly cleared 
from the blood by the kidneys10 and scavenger receptors on liver 
hepatocytes11. Consequently, to successfully deliver RNA-based 
therapeutics, we need to tackle a billion year’s worth of evolutionary 
defenses (Table 1).

Of all these barriers, delivery across lipid bilayers remains ‘the 
problem’ to solve. Small-molecule inhibitors for the most part have 
low-molecular weight (<1 kDa), low to no charge and enough hydro-
phobicity (logP value) to allow them to gently slip across the cell 
membrane’s lipid bilayer12. In contrast, all RNA-based therapeu-
tics are large and/or highly charged macromolecules that have no 
ability to cross lipid bilayers, and range in size from 4–10 kDa for  
single-stranded ASOs, to ~14 kDa for double-stranded siRNAs, 
to ~200 kDa for CRISPR–Cas9 sgRNAs to 700–7,000 kDa for self- 
replicating mRNAs (Fig. 1).

RNA-based therapeutics are macromolecules taken up by endo-
cytosis11,13, but remain trapped inside of the endosome, behind the 
lipid bilayer and as such, are outside of the cytoplasm and nucleus. 
The analogy is that of your recently masticated lunch, which is inside 
your stomach (and you), but remains biologically outside of your 
bloodstream and other tissues. Although there are many types of 
endocytosis, including clathrin, caveolae, phagocytosis, macropino-
cytosis and others13, the problem of getting across the endosomal lipid 
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bilayer remains the same for all forms of endocytosis. Thus, getting 
RNA-based therapeutics out of the endosome and into the cytoplasm 
in a non-toxic manner is the key technological problem to solve before 
we can tap into the full potential of RNA-based therapeutics (for a 
detailed review on delivery issues, see ref. 14).

Delivery of single-stranded ASOs
The field of single-stranded ASOs started in 1978 in Paul Zamecnik’s 
laboratory with the synthesis of a 13-mer ASO containing a phos-
phodiester backbone15,16. Unfortunately, phosphodiester linkages are 
highly charged, hydrophilic and susceptible to rapid degradation by 
nucleases, so these ASOs quickly hit all of the delivery barriers listed 
in Table 1. Fortunately, prior work in 1966 by Fritz Eckstein17 on 
modification of mononucleotides where one oxygen of the phosphate 
group was substituted with a sulfur atom, termed a phosphorothioate 
(Fig. 2), resulted in a significantly increased resistance to phosphodi-
esterases and a serendipitous increase in hydrophobicity. In 1984, 
Stec, Zon and Egan18 synthesized the first fully phosphorothioate 
ASO, which resulted in a dramatic increase in stability and deliverabil-
ity that was reproduced by others19–21. Phosphorothioate backbone 
ASOs also avidly bind serum proteins such as albumin that serves as 
a carrier protein to greatly increase the ASOs pharmacokinetics (PK) 
profile21 as well as binding to intracellular proteins22,23. In contrast, 
phosphodiester ASOs bind poorly to albumin, are rapidly degraded 
by RNases and are cleared by the kidneys. Consequently, it cannot 
be overstated how important the incorporation of phosphorothioate 
chemistry into oligonucleotides is for the ASO field.

Because phosphorothioates are chiral centers, a 21-mer ASO 
is actually a mixture of ~106 stereoisomers21. In a bid to increase 
potency, Stec et al.24 investigated aspects of phosphorothioate ster-
eoisomers on ASO function. This was followed by synthesis of ster-
eospecific phosphorothioate ASOs by Wada’s group25, which served 
as the basis for starting WaVe Life Sciences (Singapore). Others have, 
however, reported that a mixture of phosphorothioate ASO stereoi-
somers maintains optimal activity26. This remains an important area 
for further investigation.

Additional important chemical modifications to improve the 
potency and pharmacologic properties of ASOs include modifying 
the 2′-hydroxyl (OH) to 2′-O-methyl (O-Me), 2′-fluoro (F), 2′-meth-
oxyethyl (MOE) or bicyclics that contain a 2′,4′-O-methylene bridge27 
(otherwise known as locked nucleic acid (LNA); Fig. 2). The use of 
bicyclic LNAs increases the binding affinity to target mRNA (meas-
ured as melting temperature (Tm)) and thereby reduces the overall 
length of the ASO. Collectively, these chemical modifications serve to 
further improve ASO stability, binding avidity to the target RNA and 
decrease the ASO length, thereby aiding with delivery. Not surpris-
ingly, most, if not all, ASOs in pre-clinical development and clinical 
trials today contain fully phosphorothioate backbones with extensive 
2′ modifications.

Like all macromolecular therapeutics, naked (unconjugated) ASOs 
are taken up into cells by endocytosis13. However, unlike naked double- 
stranded siRNAs that have no ability to escape across the endosomal 
lipid bilayer barrier, due to the increased hydrophobicity of the phos-
phorothioate backbone, ASOs slowly cross the lipid bilayer to escape 
endosomes into the cytoplasm and nucleus by an unknown mecha-
nism, termed gymnosis28–31. The importance of this process is that 
ASOs enter the cytoplasm of cells without a delivery agent30. This 
substantial advantage has resulted in numerous clinical trials with 
ASOs targeting liver and the CNS32.

For multiple reasons, including direct blood access due to the liv-
er’s architecture and rapid endocytosis, hepatocytes are highly recep-
tive to ASO uptake. However, to enhance ASO hepatocyte delivery, 
Seth, Henry and collaborators33,34 conjugated a tris N-galactosamine 
(GalNAc) targeting domain to ASOs and observed a tenfold enhance-
ment of activity with a broad range of ASOs. The GalNAc targeting 
domain was initially developed in the late 1990s in Erik Biessen’s 
laboratory35 and binds to trimeric asialoglycoprotein receptors 
(ASGPRs), which are highly abundant on hepatocytes (>106/cell)36. 
These observations build on the improvements of second-genera-
tion ASO chemistries and point to the potential of ASO therapeutics 
conjugated to targeting domains.

ASOs have no ability to cross the blood-brain barrier (BBB). 
However, Smith et al.37 discovered that an intrathecal ASO adminis-
tration into the cerebrospinal fluid (CSF) enabled broad distribution 
of the drug throughout the brain parenchyma where it was taken up 
by neurons, and other cell types, and escaped from endosomes into 
the cell body37. Following up on this observation, multiple academic 
groups have used ASOs to treat pre-clinical models of Huntington’s 
disease (HD)38,39, amyotrophic lateral sclerosis (ALS)40–42 and spi-
nal muscular atrophy (SMA)43,44. Not surprisingly, there are cur-
rently three ongoing commercial CNS clinical programs on HD, 
ALS and SMA. Following the publication of papers with encour-
aging results from a phase 2 SMA study1,2 and interim data analy-
sis from a phase 3 study on infants with SMA (ENDEAR), the US 
Food and Drug Administration (FDA) recently approved Biogen  
(Cambridge, MA, USA)/Ionis’ nusinersen (Spinraza), a splice-switching  
oligonucleotide (SSO), and the drug is also awaiting a decision at 
the European Medicines Agency (London). Although these clinical 
successes are encouraging for CNS applications of ASO, the delivery 

Table 1  Challenges erected by evolutionary barriers to RNA 
therapeutic delivery
Feature Challenge for delivery

Oligonucleotide size and charge Too large or too charged to passively diffuse 
across the lipid bilayer

RNase susceptibility Rapid degradation by blood and tissue RNases.
Reticuloendothelial system Rapid clearance from the blood by the kidneys 

and liver scavenger receptors
Immunogenicity Oligonucleotides activate extracellular and 

intracellular innate immune responses
Endocytosis Oligonucleotides are taken up, but trapped 

inside endosomes

Double-stranded
siRNA

No bioavailability

The billion-year-old barrier

Limited
bioavailability

CRISPR-Cas9
sgRNA

Self-replicating
mRNA

(4–10 kDa) (600–10,000 kDa)(~14 kDa) (~200 kDa)

Small-
molecule

drugs

Endocytosis

AAA

Single-stranded
ASO
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Figure 1  The four-billion-year-old lipid bilayer protects cells from  
invading RNAs. Unlike small-molecule drugs that can slip across the  
lipid bilayer, with the exception of some single-stranded phosphorothioate 
ASOs that can productively enter cells, the vast majority of RNA-based 
therapeutics are too charged and/or too large to enter cells, and require  
a delivery agent.
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mechanism that these drugs use to cross from the CSF barrier into 
the brain parenchyma remains entirely unknown. Therefore, further 
efforts to unravel the ASO uptake mechanism may lead to even greater 
opportunities for enhancing the application of phosphorothioate 
ASOs in the CNS.

Two alternative antisense chemistry approaches substitute the 
charged phosphate linkage and ribose sugar backbones for a neu-
tral phosphorodiamidate morpholino oligomer (PMO)45 or peptide 
nucleic acid (PNA)46 backbone that maintains the correct nucleobase 
spacing (Fig. 2). The net result is highly stabilized molecules that 
selectively and avidly bind their target mRNA. However, because 
of the absence of a phosphodiester backbone, PMOs and PNAs are 
unable to activate RNase-H (required for gene knockdown) and are 
instead, used as steric blockers and as SSOs for exon-skipping47. 
Several groups have used PMOs and PNAs as splice skipping and/or 
correction agents in pre-clinical mouse models of Duchenne muscular 
dystrophy (DMD) resulting in expression of a truncated, but partially 
functional dystrophin protein with correction of the disease48–50. 
Because of the absence of dystrophin, the muscle cell membranes are 
highly unstable and somewhat permeable, allowing enhanced levels of 
delivery48. This is an unusual example where delivery of the PMO into 
the target muscle cells is greatly facilitated by the disease state itself. 
Based on strong pre-clinical results Sarepta Therapeutics (Cambridge, 
MA, USA) developed a 30-mer PMO, eteplirsen (Exondys 51), to treat 
DMD. Although the results in a limited cohort of DMD patients were 
much less spectacular than the pre-clinical results, resulting in only a 
minimal increase in patient dystrophin expression (http://www.fda.
gov/AdvisoryCommittees/Calendar/ucm490665.htm), the FDA nev-
ertheless decided to grant eteplirsen conditional approval.

Collectively, ASO delivery successes to date are a result not only of 
new oligonucleotide chemistries that effectively address some of the 
challenges outlined in Table 1, but also of opportunism in exploit-
ing ASO PK and the unique properties of diseased tissues. However, 
many, if not most, tissues and cell types remain de facto unreach-
able by current ASO delivery approaches. The dramatic success of 
the GalNAc conjugates points the phosphorothioate ASO field in the 
direction of conjugating cell-type-specific targeting domains.

Delivery of double-stranded siRNAs
The field of double-stranded, short-interfering RNA (siRNA)-induced 
RNAi responses in mammals exploded onto the scene in 2001 with 
work from Tuschl’s laboratory51 that followed up on Fire and Mello’s 
Nobel-prize-winning discovery of RNAi in 1998 in worms52. Unlike 
ASOs that directly bind to their cognate mRNA target in an unaided 
fashion and can thereby incorporate exotic chemistry modifications, 
siRNAs are inactive until loaded by trans-activation responsive 
(TAR) RNA-binding protein (TRBP) into their catalytic counterpart, 
Argonaute (Ago2)53. After loading into Ago2, the sense or passenger 
strand is removed and the antisense or guide strand is retained. TRBP 
contains three double-stranded RNA binding domains (DRBDs) that 
bind A-form RNA by making contacts with the 2′-OH in the minor  
groove and charged phosphodiester backbone in a sequence-independent  
manner54. Ago2 binds the 5′ end of the guide strand by a strong 
mid-domain binding plus multiple contacts to the charged  
phosphate backbone and 2′-OH down the central groove, and PAZ 
domain binding to the 3′ terminal hydroxyl55,56. Consequently, all 
siRNA chemical modifications must maintain or mimic a double-
stranded, A-form RNA structure57,58. Not surprisingly, this depend-
ency on intracellular enzymes severely restricts the type and extent 
of siRNA chemical modifications. Fortunately, 2′-F and 2′-O-Me 
modifications (Fig. 2) closely mimic the biophysical properties of 
2′-OH, are highly tolerated by the RNAi machinery, serve to stabi-
lize siRNAs from RNAses and prevent loading into and activation of 
innate immune receptors (TLR, RIG-I, MDA-5)9,14,57,58. In fact, all 
therapeutic siRNAs in clinical trials today contain most, if not all, 
2′-F/O-Me modifications3,14,57.

Reducing the overall charge on siRNAs while maintaining activity 
is critical to improving siRNA deliverability and stability. Taking a 
page from the ASO chemistry playbook, Segal et al.3,59 at Alnylam 
incorporated phosphorothioates onto the ends of the siRNA strands. 
Although phosphorothioates do not mimic a fully charged phos-
phodiester backbone, because TRBP binds the siRNA in the mid-
dle of the molecule in opposing minor grooves54, phosphorothioates 
are well tolerated on the ends of each strand. This type of directed 
chemical modification has greatly improved the stability, potency and 
duration of RNAi responses in vivo. Similarly, taking advantage of the 
mechanics of TRBP binding to siRNAs, several groups have reduced 
the passenger strand length by eliminating nucleotides from the 5′ 
end coupled with placing 6–8 phosphorothioates on the extended 3′ 
single-stranded guide strand tail60,61. This results in a net reduction of 
overall charge and increased local delivery when conjugated to sterol, 
which embeds itself into the lipid bilayer to aid with delivery62.

Beyond phosphorothioates, the siRNA’s charged phosphodiester 
linkage has been largely recalcitrant to chemical manipulation. My 
laboratory63,64 took an alternative approach to reduce the overall 
charge on siRNAs by working out the synthetic chemistry of neu-
tral bioreversible phosphotriester oligonucleotides. These prodrugs 
were termed short-interfering ribonucleic neutral (siRNN) molecules. 
They represent a Trojan horse approach to delivery that masks the 
negative charge of the drug and molecularly sculpts the siRNN surface  

Phosphodiester Phosphorothioate Phosphotriester

Morpholino

2′-OH 2′-F 2′-O-ME 2′-MOE 2′,4′-LNA

Protein nucleic acid

a

b

Figure 2  Common ASO and siRNA modifications. (a) Phosphate backbone 
modifications: native, anionic charged phosphodiester (achiral phosphorus 
atom); charged phosphorothioate (phosphorus atom is chiral); neutral 
phosphotriester (phosphorus atom is chiral, but becomes achiral after 
intracellular conversion to charged phosphodiester); neutral morpholino 
backbone (PMO) and peptide nucleic acid (PNA) backbones align 
nucleobases with native mRNA nucleobase spacing. (b) Common 2′ 
modifications of the sugar: native 2′-hydroxyl (OH), 2′-fluoro (F),  
2′-hydroxymethyl (O-Me), 2′-methoxyethyl (MOE) and 2′,4′-bicyclics  
that contain O-methylene bridge or locked nucleic acid (LNA).
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to essentially mimic a protein surface (Fig. 2). Once inside cells, 
ubiquitous cytoplasmic enzymes cleave the phosphotriester bond 
that initiates a rapid intracellular two-step conversion of the neutral 
siRNN into a native negatively charged phosphodiester siRNA that 
induces a robust RNAi response63. Importantly, for treating systemic 
disease where an extended PK is required to achieve as many shots 
on goal as possible, phosphotriester neutralization of the backbone 
is critical to avoid kidney clearance, prevent liver scavenger receptor 
absorption (via binding of negatively charged RNAs), and increase 
stability by avoiding RNase recognition (RNases cleave at charged 
phosphodiester linkages). Working within the limitations of having to 
fit into the cellular RNAi enzymatic machinery, the incorporation of 
next-generation RNA chemistries has greatly improved siRNA drug-
like properties over the past ten years.

Although chemical modifications are important for enhancing sta-
bility, reducing innate immune responses and reducing overall charge, 
siRNAs are ~14 kDa macromolecules that have no bioavailability to 
traverse the lipid bilayer and enter cells. Consequently, unlike naked 
ASOs, siRNAs need a delivery agent. Early siRNA delivery approaches 
adapted lipid nanoparticles (LNPs) and synthetic nanoparticles that 
were originally designed for DNA-mediated gene therapy65. These 
LNPs were retooled and optimized for siRNA delivery using ionizable 
lipids that effectively lowered the dose 100-fold from ~1 mg/kg to 
0.01 mg/kg for liver target genes66–68. Alnylam currently has a phase 
3 clinical trial targeting liver transthyretin amyloidosis (TTR) with a 
LNP siRNA formulation (http://www.alnylam.com/product-pipeline/
hereditary-attr-amyloidosis-with-polyneuropathy/).

However, for all their enhanced delivery power, LNPs come with 
substantial costs57,69,70. First, LNP synthesis generally involves the 
addition of four to five components at different ratios with differ-
ent toxicity profiles for each component14. Maintaining size in solu-
tion is also problematic as LNPs shed components. Second, while 
a single LNP can potentially deliver a hundred siRNAs, a LNP 100 
nm in diameter is ~100 megaDa in size or some 5,000 × larger than 
the 14 kDa siRNA drug being delivered. The LNP size results in an 
inescapable poor diffusion coefficient and poor PK that, due to the 
hepatocyte’s space of Disse architecture, predominantly targets liver. 
Third, in oncology, LNP delivery of siRNAs to solid tumors is predi-
cated on the enhanced permeability and retention (EPR)71,72 effect 
where blood vessels are thought to be sufficiently disorganized in 
solid tumors to allow accumulation of nanoparticles. Although the 
EPR effect is clearly part of the biology of pre-clinical subcutaneous 
rodent tumor models that grow at a rapid pace, it remains unclear 
to what extent the EPR effect occurs in the vast majority of human 
solid tumors. Taken together, although LNPs solve many of the siRNA 
delivery barriers listed in Table 1, they also have major and inescap-
able liabilities for use outside of normal liver or local delivery.

A vastly simplified and significantly smaller-molecular-weight 
alternative siRNA delivery approach to target liver hepatocytes was 
spearheaded by Manoharan’s group59,73 at Alnylam and involves 
conjugation of a tris-GalNAc domain directly to a naked, but highly 
stabilized siRNA. As discussed above for ASOs, the GalNAc-siRNA 
delivery has proven so successful that Alnylam currently has seven 
GalNAc-siRNA clinical programs for liver genes (http://www.alnylam. 
com/product-pipeline/), which also utilize a second-generation 
ESC RNA stabilization chemistry that reduces the dose and toxicity  
concerns, while maintaining single-dose durations of >6 months 
in patients3. Derivatives of this approach are also being developed 
by other RNAi biotechs, including Arrowhead Pharmaceuticals 
(Pasadena, CA, USA), Dicerna Pharmaceuticals (Watertown,  
MA, USA) and Solstice Biologics. Unlike complex LNP formula-

tions, GalNAc–siRNA conjugates are readily synthesizable on a solid- 
state RNA synthesizer74 and can be chemically defined by mass spec-
trometry. For optimal siRNA hepatocyte delivery, conjugation of a 
tris-GalNAc is required to efficiently engage the trimeric ASGPR35,73 
(see below).

For extra-hepatic delivery, antibodies rise as a premier targeting 
domain; however, antibodies do not escape from endosomes into the 
cytoplasm. Early attempts to target siRNAs with antibodies75 were 
fraught with difficulties of antibody expression and aggregation. 
Moreover, a recent tour de force with antibody and site-selective con-
jugation resources by scientists at Genentech (S. San Francisco, CA, 
USA; now part of Roche) resulted in minimal activity of antibody–
RNAi conjugates76. Even so, given the potential of such conjugates 
to target specific cell types with repurposed antibodies, this area of 
research deserves further investigation. Overall, with GalNAc–siRNA 
conjugates on the verge of being anointed bona fide drugs, this success 
clearly points the RNAi therapeutics field away from large LNPs to 
small, targeted siRNA conjugates.

Delivery of synthetic mRNAs and CRISPR–Cas9 guide RNAs
Various groups have developed approaches to capitalize on mRNA 
to express genes going back to 1990 (ref. 77) and more recently 
for vaccine development, but only with the arrival of Moderna 
Therapeutics (Cambridge, MA, USA) has a highly capitalized com-
mercial developer advertised its intention to pursue the therapeutic 
potential of the mRNA approach. Unlike DNA-based gene therapy 
approaches that invite concerns over genomic integration, synthetic 
mRNA-based therapeutic approaches use a hit-and-run strategy to 
transiently express a therapeutic protein after which the mRNA is 
degraded. Although improving the 5′ capping and inclusion of pseu-
douridine and 5′-methylcytidine nucleotides to avoid activating the 
innate immune system78,79, mRNA therapeutics, which can range in 
size from 2-kb mRNAs (~660 kDa) to 20-kb self-replicating RNAs 
(7,000 kDa)80, are highly charged and have no bioavailability. For 
systemic delivery of RNA molecules of this size and charge, the only 
avenue available to address the systemic delivery problem is via nano-
particles, primarily ionizable LNPs81. However, mRNA treatment of 
chronic diseases will require repeated LNP mRNA exposure where the 
toxicity associated with LNPs or synthetic NPs remains a significant 
barrier14. In contrast, for local intramuscular delivery of RNA vac-
cines where hitting cells in a relatively small area results in a strong 
stimulation of the immune system, effective delivery approaches  
range from LNPs to cationic nanoemulsion (CNE) to electropora-
tion82–84. So while delivery of RNA vaccines have demonstrated their 
potential, systemic delivery of mRNAs to produce therapeutic pro-
teins remains a high-barrier work in progress and is currently locked 
into liver-only expression.

When the CRISPR–Cas9 genome editing machinery exploded 
onto the scene in 2012 by work from the Charpentier, Doudna85, 
Church86 and Zhang laboratories87, the problem of how to deliver 
CRISPR components into humans in a clinical context instantly rose 
to the top of the list. CRISPR has a double delivery problem because 
two macromolecules are required for a functional therapeutic: one, 
the Streptococcus pyogenes160-kDa catalytic Cas9 recombinase 
and the other, a ~150-nucleotide (~50 kDa) tracer/single guide 
RNA (sgRNA)85–88. Although these components will invariably 
get somewhat smaller by use of lower molecular weight CRISPR 
recombinases from other species, like Staphylococcus aureus 
saCas9 at 125 kDa89, and shorter chimeric sgRNAs87,90, from a  
delivery perspective, these are all very large and charged  
problematic macromolecules.
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On top of the delivery problem is the fidelity issue of in-human 
DNA editing where the patient’s genomic DNA is altered for life, with 
all the concomitant ethical issues91,92. This essentially excludes the 
use of DNA-based vectors on humans that would result in constitutive 
Cas9 expression. Consequently, early CRISPR clinical applications will 
likely focus on delivery of CRISPR components into ex vivo cells and 
replacement of the cells into the patient. Ex vivo CRISPR gene-editing 
components can be delivered by a combination of Cas9 mRNA and 
sgRNA or recombinase protein preloaded with sgRNA by electropora-
tion, LNPs or protein transduction approaches93–97. The University 
of Pennsylvania has applied for and received permission from the 
NIH Recombinant Advisory Committee (RAC) to perform ex vivo 
CRISPR knockout of the genes encoding PD1 and TCR alpha/beta 
in cancer patient’s isolated T cells for reintroduction into the patient 
(http://osp.od.nih.gov/under-the-poliscope/2016/06/emerging- 
biotechnologies-and-role-nih-rac). However, the first clinical trial of a 
CRISPR-edited gene was performed on a single lung cancer patient by 
Lu You’s group at Sichuan University by deleting the PD1 (also known 
as PDCD1) gene from the patient’s T cells and then reintroducing 
them into the patient to fight the cancer (https://clinicaltrials.gov/ct2/
show/NCT02793856?term=crispr&rank=4). For CRISPR, it is far too 
early in the developmental timeline to predict which of these delivery 
approaches, target cells and diseases will demonstrate the full clinical 
potential of CRISPR-mediated genome editing in the clinics.

Escape, escape, escape
In the world of delivering RNA-based therapeutics into cells, all roads 
eventually lead to the endosomal escape abyss (Fig. 3). Although ASO 
and siRNA delivery to the liver has been solved by ASGPR-targeted 
GalNAc-siRNA conjugates (and perhaps ASO delivery to the CNS) 
and LNP-mediated mRNA and CRISPR delivery to the liver looks 
promising, an effective, clinically ready, extra-hepatic systemic deliv-
ery approach for RNA-based therapeutics remains across the abyss.

For unknown reasons, ASGPR has properties that are uniquely 
suited for macromolecular drug deliver to hepatocytes. As its name 

implies, ASGPR binds to asialoglycoproteins (glycoproteins minus 
a terminal sialic acid) in the blood, pulls them into clathrin-coated 
endosomes and traffics them to the lysosome for degradation36,98. 
ASGPR bound asialoglycoproteins are not thought to escape into the 
cytoplasm (Fig. 3). However, hepatocytes express millions of copies 
of ASGPR on their cell surface, which cycle at an astonishingly rapid 
rate of every 10–15 min36. A maximum RNAi response appears to 
require as few as 5,000 siRNAs (or less)99. So it’s possible that GalNAc 
engagement of the ASGPR could result in an extremely rare localized 
membrane destabilization event that with millions of siRNAs com-
ing into ASGPR endosomes every 15 min and an escape rate as low 
as <0.01%, GalNAc delivery would easily exceed the 5,000-molecule 
mark over the course of a day.

Unfortunately, there is no other ligand–receptor system that 
expresses receptors at this level or cycles into endosomes this rap-
idly. In fact, the vast majority of cell surface receptors are expressed 
in the 10,000–100,000 range (or lower), and caveolin and clathrin- 
mediated endocytosis typically recycle every 90 min14. In theory, 
delivery approaches that target receptors could bring ~100,000 or 
more siRNAs into endosomes of cells every two hours or so. But with 
a presumed endosomal escape rate of <0.01%, reaching even the 
exceedingly low threshold of ~5,000 siRNAs escaping has remained 
elusive. Fortunately, multiple groups are working on solutions to the 
endosomal escape problem.

The classic approach has been to use small-molecule endosomo-
lytic agents that disrupt or lyse endosomes, with chloroquine being 
the prototypical molecule100 (Fig. 4). Chloroquine passively diffuses 
across the cell membrane and into endosomes where, as the pH drops, 
it becomes protonated and trapped inside the endosome resulting in 
a dramatic increase in its endosomal concentration. Chloroquine is 
thought to insert a hydrophobic motif into the lipid bilayer and at a 
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Figure 3  The numerology of endosomal escape. Tris-GalNAc binding to 
liver ASGPR (~106/hepatocyte) induces endocytosis (~15 min) where  
a small fraction of the siRNA or ASO cargo escapes into the cytoplasm  
to induce selective RNA drug responses. In contrast, targeting non- 
hepatic cell surface receptors (104–105) that have a much slower rate  
of endocytosis (~90 min) has proven extremely difficult. Assuming there 
is no endosomal escape advantage in ASGPR endosomes, ASGPR brings 
in ~100-fold more siRNAs/ASOs into hepatocytes than is mathematically 
possible in any other ligand–receptor pair. Consequently, development 
of next-generation RNA-based therapeutics needs to incorporate new 
chemistries, materials and/or mechanisms of enhancing endosomal 
escape ~100-fold.
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Figure 4  Endosomal escape agents. Protonation of small-molecule 
chloroquine (CQ) traps it in the endosome, resulting in a dramatic 
increase in its concentration and lysis of the endosome (left panel). 
Pore-forming melittin peptide from bee venom contains pH-sensitive 
protecting groups that are removed as the endosomal pH drops resulting 
in endosomal lysis (middle panel). Influenza virus contains a pH-sensitive 
fusogenic hemagglutinin-2 protein domain (HA2) that inserts into the 
endosomal membrane to locally destabilize it in a non-toxic manner  
to facilitate virus entry into the cytoplasm (right panel).
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critical concentration, lyse the endosome100. Similar types of small-
molecule endosomolytics have recently been described by both the 
Juliano and Khvorova groups101,102. However, at the effective con-
centration, these endosomolytic agents invariably lyse not only the 
endosome containing the siRNA cargo, but many, if not most, other 
endosomes inside the cell resulting in substantial and unacceptable 
toxicity. Consequently, although these small-molecule endosomolytic 
enhancers have greatly aided the field and pointed it in the right devel-
opmental direction, they currently have too small of a therapeutic 
index for clinical use.

An alternative endosomal escape approach is to conjugate endo-
somolytic peptides and/or molecules directly to the RNA, which 
will strictly limit their action to endosomes containing the RNA 
therapeutic. Arrowhead Pharmaceuticals developed a two-molecule 
dynamic polyconjugate (DPC) system103. The siRNA is conjugated to 
cholesterol, which forms a large aggregate (low-density lipoprotein)  
in blood that is transported to the liver and taken up by endocy-
tosis into hepatocytes. The second molecule is a derivative of the 
pore-forming melittin peptide (derived from bee venom) that lyses 
membranes104. To tame melittin, Arrowhead synthesized it with 
pH-sensitive protecting groups and conjugated it to GalNAc. In the 
low pH of hepatocyte endosomes, melittin is deprotected, becomes 
active and lyses the endosome to release the siRNA into the cytoplasm  
(Fig. 4). Unfortunately, owing to toxicity likely from the melittin, 
Arrowhead had an FDA clinical hold placed on their lead program 
and decided to drop all three clinical programs that rely on melittin to 
escape the endosome105. The inclusion of an endosomolytic molecule as  
powerful and potentially toxic as melittin shows the degree of dif-
ficulty required to address the endosomal escape problem.

Work from my laboratory106 has also focused on synthesizing small 
hydrophobic, endosomal escape domain (EED) peptides that enhance 
escape of macromolecular cargo into the cytoplasm by five- to eight-
fold in a non-toxic manner. A different approach, taken by the Liu 
laboratory107 is to focus not on hydrophobic residues, but on a highly 
charged Aurein 1.2 peptide that enhances endosomal escape fivefold. 
Although these EEDs have the right characteristics of low toxicity, 
an increase in payload delivery of fivefold is insufficient to develop  
systemic RNA-based therapeutics. What is needed are non-toxic 
endosomal escape enhancers that are ~100 times more efficient.

Conclusions
RNA-based therapeutics offer three major advantages over traditional 
small-molecule and antibody therapeutics. First, once delivery to a 
specific cell type or tissue has been devised (e.g., siRNA/ASO delivery 
to hepatocytes; ASO delivery to the CNS), it is highly likely that every 
disease-promoting gene in that cell type can be targeted. Second, RNA 
therapeutics can selectively target single genes and can be readily engi-
neered to keep away from off-target genes, whereas small-molecule  
inhibitors often hit multiple targets and have unknown off-target 
binding. Third, unlike static small molecules and antibodies, RNA 
therapeutics can pharmacoevolve their sequence at the same pace 
as disease, be it cancer or pandemic influenza. These attributes give 
RNA-based therapeutics considerable potential to treat undruggable 
human diseases (once delivery is solved).

Now that ASO, RNAi and mRNA chemistries have advanced to 
a stage that enables enhanced stability and avoidance of the innate 
immune system, while at the same time maintaining high on-target 
activity profiles, further work is needed to (1) target these molecules 
to specific cell types or tissues and most importantly to (2) devise 
non-toxic endosomal escape agents.

On the targeting front, the GalNAc sugar approach for RNAi and 
ASOs clearly steers the field in the direction of conjugating target-
ing domains to RNA therapeutics. But endosomal escape remains 
the central problem for research to solve—a problem that applies to 
all RNA-based therapeutics. The field, and especially the academic 
funding agencies, needs to place a much higher priority on enhancing 
endosomal escape by several orders of magnitude by developing new 
chemistries and materials, and furthering our understanding of the 
mechanisms of escape.

Lastly, keeping fully intact RNA-based therapeutics in the blood 
with extended PK by avoiding kidney clearance or liver absorption 
with phosphorothioate, PMO and PNA backbones for ASOs and neu-
tral phosphotriester backbones for RNAi will likely become more 
critical to allow as many shots on goal to extra-hepatic tissues that 
have a much lower receptor number and much slower rate of recep-
tor-mediated endocytosis compared with ASGPR in the liver.

Looking at the big picture, the recent successes of ASOs, PMOs and 
GalNAc-siRNAs in clinical trials, along with the therapeutic potential 
of mRNAs and CRISPR, argues not only that we are at the threshold 
of a new era of RNA-based therapeutics; but that if and when delivery 
to tissues other than the liver is solved, these drugs have the potential 
to dominate the future therapeutic landscape.

Acknowledgments
I apologize to my colleagues whom I was unable to cite for lack of space. I greatly 
appreciate the input and help from F. Bennett, C. Bradshaw, F. Eckstein, J. Esko, A. 
Hamil, M. Kaulich, A. Krieg, A. Levine, D. Lewis, B. Meade, B. Monia, A. Springer,  
M. Stanton, C. Stein and E. Swayze.

COMPETING FINANCIAL INTERESTS
The author declares competing financial interests: details are available in the online 
version of the paper.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations.

Reprints and permissions information is available online at http://www.nature.com/
reprints/index.html.

1.	 Chiriboga, C.A. et al. Results from a phase 1 study of nusinersen (ISIS-SMN(Rx)) 
in children with spinal muscular atrophy. Neurology 86, 890–897 (2016).

2.	 Haché, M. et al. Intrathecal injections in children with spinal muscular atrophy: 
nusinersen clinical trial experience. J. Child Neurol. 31, 899–906 (2016).

3.	 Fitzgerald, K. et al. A highly durable RNAi therapeutic inhibitor of PCSK9.  
N. Engl. J. Med. 376, 41–51 (2017).

4.	 Rich, A. in Horizons In Biochemistry (eds. Kasha, M. & Pullman, B.) 103–126 
(Academic Press, New York, 1962).

5.	 Koch, A.L. Primeval cells: possible energy-generating and cell-division mechanisms. 
J. Mol. Evol. 21, 270–277 (1984-1985).

6.	 Neveu, M., Kim, H.J. & Benner, S.A. The “strong” RNA world hypothesis: fifty 
years old. Astrobiology 13, 391–403 (2013).

7.	 Blain, J.C. & Szostak, J.W. Progress toward synthetic cells. Annu. Rev. Biochem. 
83, 615–640 (2014).

8.	 Abe, K. & Fujiyoshi, Y. Cryo-electron microscopy for structure analyses of membrane 
proteins in the lipid bilayer. Curr. Opin. Struct. Biol. 39, 71–78 (2016).

9.	 Gantier, M.P. & Williams, B.R. The response of mammalian cells to double-
stranded RNA. Cytokine Growth Factor Rev. 18, 363–371 (2007).

10.	 Iversen, F. et al. Optimized siRNA-PEG conjugates for extended blood circulation 
and reduced urine excretion in mice. Theranostics 3, 201–209 (2013).

11.	 Juliano, R.L., Ming, X., Carver, K. & Laing, B. Cellular uptake and intracellular 
trafficking of oligonucleotides: implications for oligonucleotide pharmacology. 
Nucleic Acid Ther. 24, 101–113 (2014).

12.	 Lipinski, C.A., Lombardo, F., Dominy, B.W. & Feeney, P.J. Experimental and 
computational approaches to estimate solubility and permeability in drug discovery 
and development settings. Adv. Drug Deliv. Rev. 46, 3–26 (2001).

13.	 Doherty, G.J. & McMahon, H.T. Mechanisms of endocytosis. Annu. Rev. Biochem. 
78, 857–902 (2009).

14.	 Juliano, R.L. The delivery of therapeutic oligonucleotides. Nucleic Acids Res. 44, 
6518–6548 (2016).

15.	 Stephenson, M.L. & Zamecnik, P.C. Inhibition of Rous sarcoma viral RNA 
translation by a specific oligodeoxyribonucleotide. Proc. Natl. Acad. Sci. USA 75, 
285–288 (1978).

©
 2

01
7 

N
at

u
re

 A
m

er
ic

a,
 In

c.
, p

ar
t 

o
f 

S
p

ri
n

g
er

 N
at

u
re

. A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

http://dx.doi.org/10.1038/nbt.3802
http://dx.doi.org/10.1038/nbt.3802
http://www.nature.com/reprints/index.html
http://www.nature.com/reprints/index.html


228	 VOLUME 35  NUMBER 3  MARCH 2017  nature biotechnology

16.	 Zamecnik, P. & Stephenson, M. Inhibition of Rous sarcoma virus replication and 
cell transformation by a specific oligodeoxynucleotide. Proc. Natl. Acad. Sci. USA 
75, 280–284 (1978).

17.	 Eckstein, F. Nucleoside phosphorothioates. J. Am. Chem. Soc. 88, 4292–4294 
(1966).

18.	 Stec, W.J., Zon, G. & Egan, W. Automated solid-phase synthesis, separation,  
and stereochemistry of phosphorothioate analogs of oligodeoxyribonucleotides.  
J. Am. Chem. Soc. 106, 6077–6079 (1984).

19.	 Matsukura, M. et al. Phosphorothioate analogs of oligodeoxynucleotides: inhibitors 
of replication and cytopathic effects of human immunodeficiency virus.  
Proc. Natl. Acad. Sci. USA 84, 7706–7710 (1987).

20.	 Agrawal, S. et al. Oligodeoxynucleoside phosphoramidates and phosphorothioates 
as inhibitors of human immunodeficiency virus. Proc. Natl. Acad. Sci. USA 85, 
7079–7083 (1988).

21.	 Eckstein, F. Phosphorothioates, essential components of therapeutic 
oligonucleotides. Nucleic Acid Ther. 24, 374–387 (2014).

22.	 Weidner, D.A., Valdez, B.C., Henning, D., Greenberg, S. & Busch, H. 
Phosphorothioate oligonucleotides bind in a non sequence-specific manner to the 
nucleolar protein C23/nucleolin. FEBS Lett. 366, 146–150 (1995).

23.	 Liang, X.H., Sun, H., Shen, W. & Crooke, S.T. Identification and characterization 
of intracellular proteins that bind oligonucleotides with phosphorothioate linkages. 
Nucleic Acids Res. 43, 2927–2945 (2015).

24.	 Stec, W.J. et al. Deoxyribonucleoside 3-O-(2-thio- and 2-oxo- “spiro”-4, 
4-pentamethylene-1,2,3-oxathiaphospholane)s: monomers for stereocontrolled 
synthesis of oligo(deox- yribonucleoside phosphorothioate)s and chimeric PS/PO 
oligonucleotides. J. Am. Chem. Soc. 120, 7156–7167 (1998).

25.	 Oka, N., Yamamoto, M., Sato, T. & Wada, T. Solid-phase synthesis of stereoregular 
oligodeoxyribonucleoside phosphorothioates using bicyclic oxazaphospholidine 
derivatives as monomer units. J. Am. Chem. Soc. 130, 16031–16037 (2008).

26.	 Wan, W.B. et al. Synthesis, biophysical properties and biological activity of second 
generation antisense oligonucleotides containing chiral phosphorothioate linkages. 
Nucleic Acids Res. 42, 13456–13468 (2014).

27.	 Dirin, M. & Winkler, J. Influence of diverse chemical modifications on the ADME 
characteristics and toxicology of antisense oligonucleotides. Expert Opin. Biol. 
Ther. 13, 875–888 (2013).

28.	 Stein, C.A. et al. Efficient gene silencing by delivery of locked nucleic acid 
antisense oligonucleotides, unassisted by transfection reagents. Nucleic Acids 
Res. 38, e3 (2010).

29.	 Castanotto, D. et al. A cytoplasmic pathway for gapmer antisense oligonucleotide-
mediated gene silencing in mammalian cells. Nucleic Acids Res. 43, 9350–9361 
(2015).

30.	 Liang, X.H. et al. Hsp90 protein interacts with phosphorothioate oligonucleotides 
containing hydrophobic 2′-modifications and enhances antisense activity. Nucleic 
Acids Res. 44, 3892–3907 (2016).

31.	 Crooke, S.T., Wang, S., Vickers, T.A., Shen, W. & Liang, X.-h. Cellular uptake and 
trafficking of antisense oligonucleotides. Nat. Biotechnol. http://dx.doi.
org/10.1038/nbt3779 (2017).

32.	 Beaudet, A.L. & Meng, L. Gene-targeting pharmaceuticals for single-gene 
disorders. Hum. Mol. Genet. 25, R18–R26 (2016).

33.	 Prakash, T.P. et al. Targeted delivery of antisense oligonucleotides to hepatocytes 
using triantennary N-acetyl galactosamine improves potency 10-fold in mice. 
Nucleic Acids Res. 42, 8796–8807 (2014).

34.	 Yu, R.Z. et al. Disposition and pharmacology of a GalNAc3-conjugated ASO 
targeting human lipoprotein (a) in mice. Mol. Ther. Nucleic Acids 5, e317 
(2016).

35.	 Sliedregt, L.A. et al. Design and synthesis of novel amphiphilic dendritic 
galactosides for selective targeting of liposomes to the hepatic asialoglycoprotein 
receptor. J. Med. Chem. 42, 609–618 (1999).

36.	 Cummings, R. & McEver, R. in Essentials of Glycobiology. 2nd edn. (eds. Varki, 
A. et al.) Chapter 31 (Cold Spring Harbor (NY); Cold Spring Harbor Laboratory 
Press, 2009).

37.	 Smith, R.A. et al. Antisense oligonucleotide therapy for neurodegenerative disease. 
J. Clin. Invest. 116, 2290–2296 (2006).

38.	 Kordasiewicz, H.B. et al. Sustained therapeutic reversal of Huntington’s disease 
by transient repression of huntingtin synthesis. Neuron 74, 1031–1044 (2012).

39.	 Yu, D. et al. Single-stranded RNAs use RNAi to potently and allele-selectively 
inhibit mutant huntingtin expression. Cell 150, 895–908 (2012).

40.	 Polymenidou, M. et al. Long pre-mRNA depletion and RNA missplicing contribute 
to neuronal vulnerability from loss of TDP-43. Nat. Neurosci. 14, 459–468 
(2011).

41.	 Lagier-Tourenne, C. et al. Targeted degradation of sense and antisense C9orf72 
RNA foci as therapy for ALS and frontotemporal degeneration. Proc. Natl. Acad. 
Sci. USA 110, E4530–E4539 (2013).

42.	 Jiang, J. et al. Gain of toxicity from ALS/FTD-linked repeat expansions in C9ORF72 
is alleviated by antisense oligonucleotides targeting GGGGCC-containing RNAs. 
Neuron 90, 535–550 (2016).

43.	 Hua, Y. et al. Antisense correction of SMN2 splicing in the CNS rescues necrosis 
in a type III SMA mouse model. Genes Dev. 24, 1634–1644 (2010).

44.	 Passini, M.A. et al. Antisense oligonucleotides delivered to the mouse CNS 
ameliorate symptoms of severe spinal muscular atrophy. Sci. Transl. Med. 3, 
72ra18 (2011).

45.	 Summerton, J. & Weller, D. Morpholino anti- sense oligomers: design, preparation, 
and properties. Antisense Nucleic Acid Drug Dev. 7, 187–195 (1997).

46.	 Egholm, M., Buchardt, O., Nielsen, P.E. & Berg, R.H. Peptide nucleic acids 
(PNA). Oligonucleotide analogues with an achiral backbone. J. Am. Chem. Soc. 
114, 1895–1897 (1992).

47.	 Järver, P., O’Donovan, L. & Gait, M.J. A chemical view of oligonucleotides for 
exon skipping and related drug applications. Nucleic Acid Ther. 24, 37–47 
(2014).

48.	 Moulton, H.M. & Moulton, J.D. Morpholinos and their peptide conjugates: 
therapeutic promise and challenge for Duchenne muscular dystrophy. Biochim. 
Biophys. Acta 1798, 2296–2303 (2010).

49.	 Alter, J. et al. Systemic delivery of morpholino oligonucleotide restores dystrophin 
expression bodywide and improves dystrophic pathology. Nat. Med. 12, 175–177 
(2006).

50.	 Fletcher, S. et al. Dystrophin expression in the mdx mouse after localised and 
systemic administration of a morpholino antisense oligonucleotide. J. Gene Med. 
8, 207–216 (2006).

51.	 Elbashir, S.M. et al. Duplexes of 21-nucleotide RNAs mediate RNA interference 
in cultured mammalian cells. Nature 411, 494–498 (2001).

52.	 Fire, A. et al. Potent and specific genetic interference by double-stranded RNA 
in Caenorhabditis elegans. Nature 391, 806–811 (1998).

53.	 Ohrt, T., Muetze, J., Svoboda, P. & Schwille, P. Intracellular localization and 
routing of miRNA and RNAi pathway components. Curr. Top. Med. Chem. 12, 
79–88 (2012).

54.	 Ryter, J.M. & Schultz, S.C. Molecular basis of double-stranded RNA- 
protein interactions: structure of a dsRNA-binding domain complexed with dsRNA. 
EMBO J. 17, 7505–7513 (1998).

55.	 Wang, Y. et al. Nucleation, propagation and cleavage of target RNAs in Ago 
silencing complexes. Nature 461, 754–761 (2009).

56.	 Ipsaro, J.J. & Joshua-Tor, L. From guide to target: molecular insights into 
eukaryotic RNA-interference machinery. Nat. Struct. Mol. Biol. 22, 20–28 
(2015).

57.	 Rettig, G.R. & Behlke, M.A. Progress toward in vivo use of siRNAs-II. Mol. Ther. 
20, 483–512 (2012).

58.	 Robbins, M., Judge, A. & MacLachlan, I. siRNA and innate immunity. 
Oligonucleotides 19, 89–102 (2009).

59.	 Sehgal, A. et al. An RNAi therapeutic targeting antithrombin to rebalance  
the coagulation system and promote hemostasis in hemophilia. Nat. Med. 21, 
492–497 (2015).

60.	 Sun, X., Rogoff, H.A. & Li, C.J. Asymmetric RNA duplexes mediate RNA 
interference in mammalian cells. Nat. Biotechnol. 26, 1379–1382 (2008).

61.	 Chang, C.I. et al. Asymmetric shorter-duplex siRNA structures trigger efficient 
gene silencing with reduced nonspecific effects. Mol. Ther. 17, 725–732 
(2009).

62.	 Byrne, M. et al. Novel hydrophobically modified asymmetric RNAi compounds 
(sd-rxRNA) demonstrate robust efficacy in the eye. J. Ocul. Pharmacol. Ther. 29, 
855–864 (2013).

63.	 Meade, B.R. et al. Efficient delivery of RNAi prodrugs containing reversible  
charge-neutralizing phosphotriester backbone modifications. Nat. Biotechnol. 32, 
1256–1261 (2014).

64.	 Hamil, A.S. & Dowdy, S.F. Synthesis and conjugation of small interfering 
ribonucleic neutral SiRNNs. Methods Mol. Biol 1364, 1–9 (2016).

65.	 Zimmermann, T.S. et al. RNAi-mediated gene silencing in non-human primates. 
Nature 441, 111–114 (2006).

66.	 Akinc, A. et al. A combinatorial library of lipid-like materials for delivery of RNAi 
therapeutics. Nat. Biotechnol. 26, 561–569 (2008).

67.	 Semple, S.C. et al. Rational design of cationic lipids for siRNA delivery.  
Nat. Biotechnol. 28, 172–176 (2010).

68.	 Love, K.T. et al. Lipid-like materials for low-dose, in vivo gene silencing.  
Proc. Natl. Acad. Sci. USA 107, 1864–1869 (2010).

69.	 Pecot, C.V., Calin, G.A., Coleman, R.L., Lopez-Berestein, G. & Sood, A.K. RNA 
interference in the clinic: challenges and future directions. Nat. Rev. Cancer 11, 
59–67 (2011).

70.	 Kanasty, R., Dorkin, J.R., Vegas, A. & Anderson, D. Delivery materials for siRNA 
therapeutics. Nat. Mater. 12, 967–977 (2013).

71.	 Matsumura, Y. & Maeda, H. A new concept for macromolecular therapeutics in 
cancer chemotherapy: mechanism of tumoritropic accumulation of proteins and 
the antitumor agent smancs. Cancer Res. 46, 6387–6392 (1986).

72.	 Maeda, H., Tsukigawa, K. & Fang, J. A retrospective 30 years after discovery of 
the enhanced permeability and retention effect of solid tumors: next-generation 
chemotherapeutics and photodynamic therapy--problems, solutions, and prospects. 
Microcirculation 23, 173–182 (2016).

73.	 Nair, J.K. et al. Multivalent N-acetylgalactosamine-conjugated siRNA localizes in 
hepatocytes and elicits robust RNAi-mediated gene silencing. J. Am. Chem. Soc. 
136, 16958–16961 (2014).

74.	 Rajeev, K.G. et al. Hepatocyte-specific delivery of siRNAs conjugated to novel 
non-nucleosidic trivalent N-acetylgalactosamine elicits robust gene silencing  
in vivo. ChemBioChem 16, 903–908 (2015).

75.	 Song, E. et al. Antibody mediated in vivo delivery of small interfering RNAs via 
cell-surface receptors. Nat. Biotechnol. 23, 709–717 (2005).

76.	 Cuellar, T.L. et al. Systematic evaluation of antibody-mediated siRNA delivery 
using an industrial platform of THIOMAB-siRNA conjugates. Nucleic Acids Res. 
43, 1189–1203 (2015).

77.	 Wolff, J.A. et al. Direct gene transfer into mouse muscle in vivo. Science 247, 
1465–1468 (1990).

P e r s p e c t i v e
©

 2
01

7 
N

at
u

re
 A

m
er

ic
a,

 In
c.

, p
ar

t 
o

f 
S

p
ri

n
g

er
 N

at
u

re
. A

ll 
ri

g
h

ts
 r

es
er

ve
d

.

http://dx.doi.org/10.1038/nbt3779
http://dx.doi.org/10.1038/nbt3779


nature biotechnology  VOLUME 35  NUMBER 3  MARCH 2017	 229

p e r s p e c t i v e

78. Karikó, K. et al. Incorporation of pseudouridine into mRNA yields superior 
nonimmunogenic vector with increased translational capacity and biological 
stability. Mol. Ther. 16, 1833–1840 (2008).

79. Kormann, M.S. et al. Expression of therapeutic proteins after delivery of 
chemically modified mRNA in mice. Nat. Biotechnol. 29, 154–157 (2011).

80. Yoshioka, N. et al. Efficient generation of human iPSCs by a synthetic self-
replicative RNA. Cell Stem Cell 13, 246–254 (2013).

81. Weiner, D.B. RNA-based vaccination: sending a strong message. Mol. Ther. 21, 
506–508 (2013).

82. Cu, Y. et al. Enhanced delivery and potency of self-amplifying mRNA vaccines 
by electroporation in situ. Vaccines (Basel) 1, 367–383 (2013).

83. Brito, L.A. et al. A cationic nanoemulsion for the delivery of next-generation RNA 
vaccines. Mol. Ther. 22, 2118–2129 (2014).

84. Brito, L.A. et al. Self-amplifying mRNA vaccines. Adv. Genet. 89, 179–233 
(2015).

85. Jinek, M. et al. A programmable dual-RNA-guided DNA endonuclease in adaptive 
bacterial immunity. Science 337, 816–821 (2012).

86. Cong, L. et al. Multiplex genome engineering using CRISPR/Cas systems. Science 
339, 819–823 (2013).

87. Mali, P. et al. RNA-guided human genome engineering via Cas9. Science 339, 
823–826 (2013).

88. Sternberg, S.H., Redding, S., Jinek, M., Greene, E.C. & Doudna, J.A. DNA 
interrogation by the CRISPR RNA-guided endonuclease Cas9. Nature 507, 62–67 
(2014).

89. Ran, F.A. et al. In vivo genome editing using Staphylococcus aureus Cas9. Nature 
520, 186–191 (2015).

90. Fu, Y., Sander, J.D., Reyon, D., Cascio, V.M. & Joung, J.K. Improving CRISPR-Cas 
nuclease specificity using truncated guide RNAs. Nat. Biotechnol. 32, 279–284 
(2014).

91. Lanphier, E., Urnov, F., Haecker, S.E., Werner, M. & Smolenski, J. Don’t edit the 
human germ line. Nature 519, 410–411 (2015).

92. Baltimore, D. et al. Biotechnology. A prudent path forward for genomic engineering 
and germline gene modification. Science 348, 36–38 (2015).

93. Liu, J. et al. Efficient delivery of nuclease proteins for genome editing in human 
stem cells and primary cells. Nat. Protoc. 10, 1842–1859 (2015).

94. Yin, H. et al. Therapeutic genome editing by combined viral and non-viral delivery 
of CRISPR system components in vivo. Nat. Biotechnol. 34, 328–333 (2016).

95. Wang, M. et al. Efficient delivery of genome-editing proteins using bioreducible 
lipid nanoparticles. Proc. Natl. Acad. Sci. USA 113, 2868–2873 (2016).

96. Zuris, J.A. et al. Cationic lipid-mediated delivery of proteins enables efficient 
protein-based genome editing in vitro and in vivo. Nat. Biotechnol. 33, 73–80 
(2015).

97. Lönn, P. & Dowdy, S.F. Cationic PTD/CPP-mediated macromolecular delivery: 
charging into the cell. Expert Opin. Drug Deliv. 12, 1627–1636 (2015).

98. Spiess, M. The asialoglycoprotein receptor: a model for endocytic transport 
receptors. Biochemistry 29, 10009–10018 (1990).

99. Wittrup, A. et al. Visualizing lipid-formulated siRNA release from endosomes and 
target gene knockdown. Nat. Biotechnol. 33, 870–876 (2015).

100.	 Maxfield, F.R. Weak bases and ionophores rapidly and reversibly raise the pH of 
endocytic vesicles in cultured mouse fibroblasts. J. Cell Biol. 95, 676–681 
(1982).

101.	 Yang, B. et al. High-throughput screening identifies small molecules that enhance 
the pharmacological effects of oligonucleotides. Nucleic Acids Res. 43, 1987–
1996 (2015).

102.	 Osborn, M.F. et al. Guanabenz (Wytensin™) selectively enhances uptake and 
efficacy of hydrophobically modified siRNAs. Nucleic Acids Res. 43, 8664–8672 
(2015).

103.	 Wooddell, C.I. et al. Hepatocyte-targeted RNAi therapeutics for the treatment of 
chronic hepatitis B virus infection. Mol. Ther. 21, 973–985 (2013).

104.	 Hou, K.K., Pan, H., Schlesinger, P.H. & Wickline, S.A. A role for peptides in 
overcoming endosomal entrapment in siRNA delivery. A focus on melittin. 
Biotechnol. Adv. 33, 931–940 (2015).

105.	 Anonymous. Arrowhead pharmaceuticals focuses resources on subcutaneous and 
extra-hepatic RNAi therapeutics http://ir.arrowheadpharma.com/releasedetail.
cfm?ReleaseID=1001386 (Arrowhead Pharmaceuticals, 2016).

106.	 Lönn, P. et al. Enhancing endosomal escape for intracellular delivery of 
macromolecular biologic therapeutics. Sci. Rep. 6, 32301 (2016).

107.	 Li, M. et al. Discovery and characterization of a peptide that enhances endosomal 
escape of delivered proteins in vitro and in vivo. J. Am. Chem. Soc. 137,  
14084–14093 (2015).

©
 2

01
7 

N
at

u
re

 A
m

er
ic

a,
 In

c.
, p

ar
t 

o
f 

S
p

ri
n

g
er

 N
at

u
re

. A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

http://ir.arrowheadpharma.com/releasedetail.cfm?ReleaseID=1001386
http://ir.arrowheadpharma.com/releasedetail.cfm?ReleaseID=1001386

	Overcoming cellular barriers for RNA therapeutics
	Main
	Additional information
	Acknowledgements
	References


	Button 1: 
	Page 1: Off



