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Most new technologies for manipulating
gene expression in mammalian cells are
accepted at a relatively slow pace. Occasion-
ally, however, a new technology is so robust
and fills such a critical niche that its adop-
tion is widespread and rapid. Fifteen years
ago, duplex RNAs were such a technology.
RNA interference (RNAi) in mammalian
cells was first demonstrated in 2001 (1) and
within 2 y RNAi was a commonly used tool
throughout industry and academia. RNAi
is making its way into clinical trials as a
potential therapeutic as challenges in de-
livery to relevant tissues begin to be over-
come (2–4).
More recently, another revolution in

biology appears to be emerging, powered
by bacterial type II clustered, regularly

interspaced, short palindromic repeats
(CRISPR)-associated (Cas) systems. In PNAS,
Rahdar et al. take a step toward a strategy
that combines genetic and synthetic ap-
proaches for delivery of active CRISPR-Cas
in vivo (5).
CRISPR-Cas is based on a natural bacterial

defense mechanism for controlling pathogens
(6). The realization that CRISPR-Cas can ef-
ficiently direct cleavage of double-stranded
DNA in diverse biological systems has rapidly
transformed it into a deft tool for genome
editing (7–9). The most popular CRISPR-Cas
system makes use of the Cas9 endonuclease
from Streptococcus pyogenes. Cas9 binds a
short 42-nt-long CRISPR RNA (crRNA) and
an 80-nt transactivating crRNA (tracrRNA).
The crRNA has a variable guide sequence

that directs Cas9 endonuclease activity to se-
quence-specifically cut both strands of a DNA
target. Cleavage typically introduces inser-
tions or deletions through errors in natural
DNA repair mechanisms. The presence of
an appropriate donor DNA can also result in
accurate insertion of new sequences through
homology-directed repair. By this method,
permanent changes to the genome are ac-
complished. Thus, CRISPR-Cas represents
a powerful research tool for understanding
gene function (10).
The widespread adoption of CRISPR-Cas

provides objective evidence for its reliable use
as a tool to investigate the basic biology of
cellular processes. It is clear that, like duplex
RNA for gene silencing, laboratory applica-
tions for CRISPR-Cas will proliferate (10–12).
Moving beyond such applications, the poten-
tial for applying CRISPR-Cas to therapeutic
development is less certain (13).
Traditional small-molecule synthetic drugs

are usually below 500 Da in molecular weight.
In contrast, CRISPR-Cas is a large complex
formed by a protein and two RNA molecules.
Present technologies do not offer straightfor-
ward solutions for direct entry of such com-
plexes into tissues and cells if administered
to patients. Antibodies form an increasingly
successful class of drugs, but this success has
been facilitated by the fact that, unlike CRISPR-
Cas, they function by binding targets outside
of cells and do not need to be internalized.
One option would be to use gene therapy

to introduce vectors designed to express the
endonuclease domain and a fusion of the
crRNA and tracrRNA domains, called a single
guide RNA (sgRNA) (13). One problem for
solely relying on gene therapy to deliver
CRISPR components is that, unlike synthetic
drugs, where administration can be stopped,
once expressed inside cells a fully functional
CRISPR-Cas complex might be difficult to
turn off, especially if the Cas9 and sgRNA
genes are incorporated into the genome.
Gene therapy to deliver all CRISPR compo-
nents may ultimately prove to be a successful

Fig. 1. Potential approach to synthetic CRISPR-Cas9 therapeutics envisioned by Rahdar et al. (5).
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approach for some applications, but the lack
of control may prove limiting in some cases.
One strategy to increase control over the

activity of a CRISPR drug would be to in-
troduce one of the components as a syn-
thetic molecule. This compound would be
more like a traditional drug and therefore be
administered as needed. Because the Cas9
endonuclease is a large protein that must act
inside cells, it is a poor candidate for direct
introduction as an intact protein. Methods
for introducing synthetic RNA oligonucleo-
tides into cells in vivo are more advanced,
opening the possibility of delivering crRNA
alone or in combination with the tracrRNA
domain as a chimeric sgRNA.
A synthetic 100-nt sgRNA with partial

chemical modification was recently dem-
onstrated to successfully guide gene editing
by CRISPR-Cas9 (14). Although efficient
long-RNA chemical synthesis techniques are
available and useful for laboratory research,
100-mer oligonucleotides are cumbersome
to synthesize and unlikely to be viable drug
development candidates in the near term. In
addition, the ability of such large negatively
charged molecules to enter cells in vivo and
function effectively is unknown. In contrast,
the crRNA domain that guides recognition
of DNA is just 42 nucleotides in length, not
much longer than antisense oligonucleo-
tides (ASOs) or duplex RNAs that are cur-
rently being developed for therapeutic use.
ASOs have been the focus of drug devel-

opment for almost three decades (15). Those
who do not follow the field closely could be
forgiven for expressing substantial skepticism
toward the approach. ASOs are large mole-
cules, greater that 3,000 Da, and have many
negative charges. These properties differenti-
ate ASOs from typical successful small-mol-
ecule drugs. Progress bringing ASOs through
the Food and Drug Administration approval
process has been slowed by the need to de-
velop a new pharmacological science to guide
their synthesis, development, and delivery.
Recently, however, one ASO drug has been
approved for systemic administration (16)
and several ASO or duplex RNA drugs are
showing promise in clinical trials. These suc-
cesses highlight the value of basic scientific
advances and their application to nucleic acid
drug development. The lessons learned from
clinical application of ASOs provide a toolbox
for developing crRNAs for use in vivo.
Rahdar et al. (5) reason that, because the

endonuclease domain would need to be deliv-
ered by gene therapy, the vector might also
encode the tracrRNA. Expression of these
genes would provide an inactive CRISPR-

Cas complex. Activation would only re-
quire programming with a short crRNA,
and this could be achieved through intro-
duction of a synthetic crRNA (scrRNA)
designed to guide the complex to a target
DNA of choice. The authors envision a
combined genetic and synthetic system
that could prove safer and more reversible

Rahdar et al. take a step
toward a strategy that
combines genetic and
synthetic approaches
for delivery of active
CRISPR-Cas in vivo.
compared with a genetic-only approach
(Fig. 1).
Unmodified synthetic RNA is not well-

suited for drug development because it is
unstable, subject to digestion by nucleases,
and has poor pharmacokinetic properties
(17). Therefore, Rahdar et al. (5) introduced
chemical modifications into scrRNA. These
modifications included phosphorothioate (PS)
nucleotide linkages that resist nuclease diges-
tion and improve pharmacokinetics. The au-
thors also tested modifications to improve
affinity for target DNA, including 2′-O-methyl
(2′-O-me) RNA, 2′-fluoro (2′-F) RNA, and
constrained ethyl (cET) RNA. The challenge
posed by introducing these modifications is
that they must be compatible with preserva-
tion of CRISPR-Cas function.
Initial experiments showed that scrRNAs

altered with PS and 2′-O-Me modifications
were more efficient at genome editing than
unmodified crRNA. However, efficiency was
lower than a standard sgRNA produced by

transcription within cells. To achieve improved
editing efficiency, Rahdar et al. (5) systemat-
ically tested chemical modifications at differ-
ing positions within the 42-base scrRNAs.
These modifications were introduced into
guide regions that recognize DNA targets
or tracrRNA-interacting regions, and they
improved the efficiency of gene disruption
up to 75% of that achieved by expressed sgRNA.
Additional modification schemes and truncation
minimized the size of the scrRNA to as little as
29 nucleotides, with activity equal to or greater
than the benchmark sgRNA. At 29 bases, the
scrRNAs are not much bigger than standard
ASOs being tested in the clinic (∼20 bases)
and, unlike duplex RNAs currently in clinical
use, they contain just one nucleic acid strand.
These proof-of-principle experiments are

one critical step toward the eventual develop-
ment of CRISPR-Cas systems for therapeutic
application. Like gene therapy or nucleic acid
therapeutics, the development CRISPR-Cas as
a treatment strategy will not happen overnight.
Much needs to be learned about designs to
optimize and improve potency while reducing
off-target effects (18, 19), in addition to the
challenges of in vivo delivery (20). Because de-
velopment is unlikely to be easy, success will
require testing many different options. The
semisynthetic/semigenetic option outlined by
Rahdar et al. (5) provides an attractive path
forward that can build on the growing foun-
dation of existing gene therapy and nucleic
acid therapeutics.
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