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A Crisper Look at Genome Editing:
RNA-guided Genome Modification
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here is an exciting new player in the

ever-expanding field of genome ed-
iting. In a study reported in the January
2013 issue of Science, two groups—Cong
et al.' and Mali et al>—explored the limits
and adaptability of a prokaryotic RNA-
based system for mammalian genome-
wide editing. This new method of genome
engineering is derived from an adaptive
immune system known as CRISPR
(Clustered Regulatory Interspaced Short
Palindromic Repeats) that bacteria and ar-
chaea use as a means to protect themselves
against foreign invasive elements. These
two studies show that the CRISPR system
is an efficient method to alter mammalian
genomes. At present, four types of discrete
systems have been shown to generate, to dif-
ferent degrees of specificity and efficiency,
genome-wide editing: three distinct protein-
based nuclease systems,** a chemical-based
nuclease system,® an adeno-associated virus
(AAV)-based system,” and now a protein
RNA-based system."?

The homing endonucleases (HEs),
such as I-Scel, were the first of these
systems shown to be able to modify the
mammalian genome in a precise fash-
ion.* HEs are naturally occurring nucle-
ases that have specific long recognition
sites (more than 14 base pairs). Although
progress has been made in modifying
HEs to recognize new target sequences,
this protein-engineering problem has re-
mained a tough nut to crack, and the use
of modified HEs has yet to spread widely
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among researchers. Russell and Hirata
later showed that recombinant single-
stranded AAV could be used for highly
efficient genome editing without the use
of nucleases,” with absolute editing ef-
ficiencies of 1% being possible under
certain conditions. Although a few in-
vestigators have used the AAV approach
effectively and Horizon Discovery has
adopted this strategy commercially, it has
not been widely adopted.

Zinc-finger nucleases (ZFNs), the
next system to be described, were criti-
cal in demonstrating the broad feasibility
of precise genome editing in vertebrate
cells.’!2 ZFNs are artificial proteins that
fuse a zinc-finger DNA-binding domain
with a nonspecific nuclease domain de-
rived from the type II restriction enzyme
FokI. The nuclease domain requires di-
merization to be active, and thus efficient
genome modification occurs only when a
pair of ZFNs is engineered to recognize
specific sites that facilitate dimerization
of the nuclease domain. A decade later,
ZFNs have been used in clinical trials as
a strategy to engineer an HIV-resistant
immune system.” Several methods to
engineer ZFNs exist, but they all require
substantial technical expertise to engi-
neer high-quality ZFNs; this has limited
their use. In the 2000s, a peptide-nucleic
acid-based chemical system to modify
genomes was developed, but this strategy
has not been widely used by researchers
other than those who first reported it.!*

In the past two years, the genome-
editing field has further expanded with
the development of TAL effector nucle-
ases (TALENSs)."” TALENs are similar
to ZFNs except for the substitution of a
TAL effector DNA-binding domain for
the zinc-finger DNA-binding domain
in conferring sequence specificity. The

© The American Society of Gene & Cell Therapy

ease of engineering TALENs for a wide
variety of target binding sites, their high
success rate in genome editing, and the
lower cellular toxicity of TALENs as
compared with ZFNs have all contrib-
uted to the rapid expansion of their use.'®
For these reasons, TALENs have sup-
planted ZFNs as the most useful nucle-
ase-based platform for genome editing.
The new CRISPR system, however, may
soon prove to be a viable alternative to
TALENS, and the recent articles in Sci-
ence describe a critical early step in its
development.'>"

The type II CRISPR system is used
by bacteria and archaea to provide im-
munological memory against subsequent
invasions of foreign DNA. It works by
incorporating short exogenous DNA se-
quences from the invading pathogen into
specific loci of the host genome. Upon
transcription, these sequences are pro-
cessed into pre—CRISPR RNAs (crRNAs)
and further into crRNAs, following mat-
uration, which then function as detectors
of foreign DNA. The crRNA guides the
Cas9 nuclease machinery, the sole effec-
tor enzyme, to the foreign DNA, where
the Cas9 nuclease cleaves and thereby in-
activates the foreign DNA. Two addition-
al players are required to complete the
system in prokaryotes: a trans-activating
crRNA (tracrRNA) that base-pairs with
the crRNA to provide the substrate for
host ribonuclease RNase III. When this
system comes together, it can identify
DNA sequences complementary to the
crRNA and degrade them (Figure 1c).
Cong et al.' showed that a three-com-
ponent system comprising (i) a guide
RNA that hybridizes to the target DNA
(the crRNA), (ii) a protein nuclease that
cleaves the target DNA (bacterial Cas9,
not to be confused with caspase 9), and
(iii) a linker RNA that brings the nucle-
ase to the guide RNA (the tracrRNA) was
sufficient to mediate efficient genome ed-
iting in human cells. Interestingly, Mali
et al.> showed that a two-component sys-
tem comprising (i) the Cas9 protein and
(ii) a guide RNA consisting of a crRNA-
tracrRNA hybrid molecule was sufficient.

There are several key findings in these
two studies. One is that the CRISPR
components can be transfected into cells
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Figure 1 Evolution of tools designed for genome editing. (a) Adeno-associated virus
(AAV)-based integration was the first strategy for targeted modification of any genomic site in
mammalian somatic cells in a highly efficient manner (up to 1%). It provided an alternative to the
unpredictable insertion of integrating viral systems (e.g., retroviruses, lentiviruses, foamy viruses).
(b) Zinc-finger nucleases (ZFNs), homing endonucleases, and TAL effector nucleases (TALENs) are
nonviral protein—-based strategies for inducing precise genomic modifications by either mutagenic
nonhomologous end joining or homologous recombination. These methods provide higher ge-
nome-editing frequencies than AAV and have entered clinical trials. The ease of engineering highly
active TALENs has increased the popularity of the protein-based strategy for genome editing.
Depicted is a schematic of a pair of TALENs binding to a target sequence in which the TAL effector
DNA-binding domain is depicted by the red boxes and the Fokl nuclease domain is labeled. (c)
Protein RNA-based tools, the CRISPR system, are the latest strategy for genome engineering. The
ease of assembly, high efficiency of genome editing, and the ability to be used for multiplex en-
gineering open exciting new avenues in the field. crRNA, CRISPR RNA; pA, polyadenylation signal
sequence; PAM, protospacer-adjacent motif; rAAV, recombinant adeno-associated virus; tracrRNA,

trans-activating crRNA.

in the form of plasmids that include ap-
propriate promoter elements for expres-
sion in the target cells (a mammalian
protein expression promoter such as cy-
tomegalovirus or elongation factor la to
drive Cas9 expression and U6 to drive
RNA expression), and the components
can assemble in the transfected cells.
Another finding is that the CRISPR sys-
tem can efficiently modify the genome
in a site-specific fashion both at endog-
enous loci and at reporter genes by either
mutagenic nonhomologous end joining
(NHEJ]) or homologous recombination
(HR) pathways. Cong et al.,' for example,
mutated up to 19% of EMXI1 alleles in
HEK-293T cells using their CRISPR sys-
tem, and Mali et al.? stimulated gene cor-
rection in ~7% of cells in an integrated
reporter gene. The latter group also dem-
onstrated allelic mutation frequency up
to 37% in an endogenous gene in K562
cells and up to 4% in an induced pluripo-
tent stem cell line.> Whether the reduced
efficiency in induced pluripotent stem
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cells relative to K562 cells reflects differ-
ential activity of the CRISPR system or
a fundamental difference in mutagenic
repair between these cell types remains
to be determined. Third, both groups
demonstrated the feasibility of multi-
plex genome engineering. Cong et al.,!
for example, showed that they could si-
multaneously modify two genes; Mali et
al.* describe the range of genomic targets
that are accessible to the CRISPR system
(40% of known exons are potential tar-
gets). However, the large number of po-
tential CRISPR target sites may still fall
substantially short of the range of target
sites that can be modified by TALENS.
Fourth, both groups found that the ef-
ficiency of genome modification using
the CRISPR system is greater than that
reported for TALENS, although the fre-
quency of genome modification by the
TALENSs used by both groups falls short
of what has been reported elsewhere. Fu-
ture studies that compare the CRISPR
system with more active TALENs will
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be important in establishing the relative
efficiency of the two systems.

Finally, a version of Cas9 that creates
nicks rather than breaks had previously
been described, and both groups stud-
ied the genome-editing capability of the
CRISPR-nicking system. In prior studies
examining nicking nucleases vs. breaking
nucleases, nicking systems showed high-
er relative rates of HR-based repair as
compared with mutagenic NHE]-based
repair. As expected, both groups found
a low rate of insertions or deletions at
the target site using the nicking system,
with a relative bias toward HR-mediated
repair. In contrast to recombination ac-
tivating gene (RAG)-based' and ZFN-
based'”? nicking studies in which HR
frequency was often 10-fold or more low-
er than that generated by double-strand
breaks, the CRISPR nicking system re-
sulted in only a twofold decrease in HR.
Confirmation and further study of this
finding will be of great interest because
minimizing unwanted NHE] mutations
without compromising HR-mediated
genome editing is a desired property in
terms of improving the safety of a nu-
clease-mediated HR-based approach to
gene therapy.

A limitation of the TALEN system
is that TALENs cannot be easily pack-
aged into some of the more common
virus-based delivery systems. The large
size of TALENs, for example, means
that they cannot be easily packaged
into AAV vectors, particularly self-
complementary AAV vectors. The highly
repetitive nature of TALENs means that
they cannot be easily packaged into ret-
roviral and lentiviral vectors that do
not tolerate repetitive elements. The
CRISPR-Cas system is smaller and lacks
repetitive elements, and therefore might
be incorporated into AAV and retroviral
or lentiviral delivery systems.

With all nuclease-based genome-
editing systems, off-target effects are a
concern because off-target activity could
lead to genome changes such as small
mutations or gross chromosomal rear-
rangements that would predispose the
cell to transformation. Interestingly,
Cong et al.! demonstrated that, whereas
their system could tolerate certain single-
base-pair changes between the guide and
target sequences, other single-base-pair
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changes, particularly in the 12-base-pair
“seed” region, resulted in complete abro-
gation of activity. These results suggest
that the specificity of the CRISPR system
may not be conferred by the entire length
of the guide RNA but may instead be de-
termined by a 12- to 14-base-pair core
that consists of a “seed” plus “PAM,”
protospacer-adjacent motif, sequence.
This length has important implications
regarding the genome-wide specificity of
the CRISPR system: the shorter the DNA
recognition site of the CRISPR system,
the higher the probability that the system
will recognize other genomic sites, there-
by increasing the probability of off-target
genetic changes.

In addition to elucidating the issue
of off-target activity, it is important to
understand how a prokaryotic-based
system will react in a mammalian envi-
ronment. The system requires pairing
of the guide RNA with single-stranded
DNA. Although there is some “breathing”
of double-stranded DNA, most genomic
DNA is in a double-stranded form. It will
be interesting to determine whether the
CRISPR system requires transcription
or replication by the host machinery to
create single-stranded DNA to which the
guide RNA can pair or whether the in-
trinsic helicase activity of Cas9 is capable
of creating the RNA-DNA hybrid duplex
without the need for host proteins. If
Cas9 is not able to create such hybrids, it
suggests that areas of the genome that are
not transcribed in cell types that are not
dividing would be resistant to CRISPR-
mediated modification.

In summary, the CRISPR system is a
new and exciting approach to nuclease-
mediated genome editing. The ease of en-
gineering TALENS relative to ZFNs has
been a critical factor in the recent spread
in genome editing as a research tool. Of
the available methods for engineering
TALENs relatively simply, the CRISPR
strategy offers the potential to be particu-
larly straightforward because it requires
only the identification of a short guide-
RNA sequence that can be incorporated
into a simple expression vector. Thus,
the near future is likely to be an excit-
ing time as TALENs and CRISPR battle
for the hearts and minds of researchers
interested in the research and clinical ap-
plications of genome editing.
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“Infectious” Optimism for Treatment
of Hepatocellular Carcinoma
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any viruses are known to destroy
Mcells as a byproduct of viral replica-
tion, and those that preferentially target
cancer cells (either naturally or through en-
gineering) are termed oncolytic viruses. In
arecent article in Nature Medicine, Heo and
colleagues present results of a 30-patient
prospective and randomized clinical trial of
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a vaccinia virus JX-594—which is oncolytic
and simultaneously expresses granulocyte-
macrophage colony-stimulating factor—in
subjects suffering from hepatocellular car-
cinoma (HCC).! The primary and most ex-
citing finding is that the median survival of
patients accrued to a high-dose cohort was
significantly longer than that of patients ac-
crued to a low-dose cohort. To the degree
that the low-dose cohort serves as a “con-
trol” group, this finding suggests significant
anticancer activity of JX-594 against HCC.
JX-594 therefore has the potential to be, if
not the first, one of the first oncolytic virus-
es shown to be beneficial in patients, pend-
ing the outcome of another phase III trial of
a different oncolytic virus.>*
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