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Abstract: The simplicity of the CRISPR/Cas9 technology has been transformative in making targeted genome
editing accessible for laboratories around the world. However, due to the sheer volume of literature generated
in the past five years, determining the best format and delivery method of CRISPR/Cas9 components can be
challenging. Here, we provide a brief overview of the progress that has been made in the ex vivo genome editing
of mammalian cells and summarize the key advances made for improving efficiency and delivery of CRISPR/
Cas9 in DNA, RNA, and protein form. In particular, we highlight the delivery of Cas9 components to human cells
for advanced genome editing applications such as large gene insertion.
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1. Introduction

The recent discovery of nucleases
with programmable specificity has led to
a revolution in targeted genome engineer-
ing. Foremost among these is the CRISPR/
Cas9 system, which uses an RNA guide se-
quence (gRNA) to direct the Cas9 nucle-
ase to complementary regions throughout
the genome, leading to the generation of
double-stranded breaks (DSBs).[1] The
rapid adoption of CRISPR/Cas9 is prin-
cipally due to the simplicity of the sys-
tem, especially since specialized protein
engineering expertise is not required, in
contrast to zinc-finger nuclease (ZNFs)
and transcription activator-like effector
nuclease (TALENs) technologies. In na-
ture, CRISPR/Cas9 functions as a form
of adaptive microbial immunity against
bacteriophage infection.[2,3] CRISPR RNA
(crRNA) and trans-activating crRNA
(tracrRNA) are generated separately but
have been cleverly repurposed into a single
chimeric gRNA[4] (Fig. 1). Thus, Cas9 can
be retargeted simply by the synthesis of
new complementary gRNAs. However, for
gRNA binding to trigger Cas9 cleavage,
there is also the need for a protospacer-ad-

jacent motif (PAM), which is recognized
by residues in the Cas9 protein (e.g. NGG
for S. pyogenesCas9) and thus required for
generation of DSBs by the RuvC and HNH
nuclease domains.[5]The formation of dou-
ble-stranded genomic breaks strongly acti-
vates DNA damage repair pathways such
as non-homologous end joining (NHEJ),
microhomology-mediated end joining
(MMEJ), and homology-directed repair
(HDR), all of which can be exploited for
genome editing applications. In the case
of NHEJ, error-prone base insertions and
deletions (Indels) result in frequent frame-
shift mutations and premature stop codons,

that are typically used for gene knockout.[6]
However, it has been shown that insertion
of an exogenous DNA fragment can also
take place at a targeted DSB via NHEJ.[7]
MMEJ facilitates insertion in a similarly
imprecise manner but uses short regions of
microhomology (≥2bp), supplied by an ex-
ogenously derived donor template, to align
broken DNA ends at the site of a DSB.[8]
In contrast to these error-prone repair path-
ways, DSB repair via HDR provides pre-
cise sequence substitution in the presence
of a homologous repair template,[9] albeit
at a much lower frequency than NHEJ or
MMEJ in mammalian cells.[10] The com-
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Fig. 1. An overview of CRISPR/Cas9 genome engineering via the exploitation of DNA repair mech-
anisms that follow the creation of double-stranded breaks. NHEJ, MMEJ, and HDR pathways can
generate Indels for gene knockouts or the insertion of exogenous DNA sequences in the presence
of a repair construct.
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lentiviral particles. The lentivirus cap-
sid has a substantially larger capacity for
nucleic acid (~ 8 kb) compared to AAV,
and so it can be engineered to express both
the Cas9 nuclease and up to four gRNAs
simultaneously.[29,30] Thus far lentiviral
systems have been predominantly applied
for the creation of large genome wide
loss-of-function libraries, which can be
screened for gene function, for instance
in cancer and cell ontogeny studies.[31] For
other applications, the combination of all
components into a single system ensures
more consistent levels of Cas9 expression,
and is limited only by the range of cell
types that can be successfully infected by
lentivirus.

2.3 Delivery of Cas9
Ribonucleoproteins

A more recent line of investigation has
been to deliver ribonucleoproteins (RNPs),
which are comprised of Cas9 protein pre-
complexed with gRNA.[25,32,33] These stud-
ies suggest that delivering Cas9 in protein
form leads to fewer observed off-target
mutations than delivery via plasmid DNA.
The reasons behind this observation are
likely related to the kinetics of Cas9 avail-
ability, especially since the final levels of
Indels detected after 72 hours are close
to equal for plasmid and RNP delivery.
Whereas protein Cas9 begins to degrade
immediately after delivery, Cas9 expressed
from plasmids may not reach maximal
levels for up to 24 hours, allowing more
time for off-target lesions to develop.[32]
Schumann et al. used Cas9 RNPs to dem-
onstrate high efficiency ex vivo editing in
primary human T cells for knockout of the
HIV co-receptor CXCR4.[34] Up to 40% of
targeted cells lost CXCR4 expression due
to knockout, and when a repair template
was supplied, approximately 20% of the
population showed nucleotide correction
in the CXCR4 gene, which was verified by
deep sequencing of the locus.

Non-standard techniques for the de-
livery of Cas9 RNPs are an exciting new
area of investigation. Lipid-based transfec-
tion reagents, which are most often used
for generating complexes with DNA for
transfection have now been explored for
Cas9 RNP delivery.[35] In this case, up to
80% of human U2OS EGFP reporter cells
were negative for EGFP after delivery of
Cas9 RNA combined with Lipofectamine
2000. Lipid technology can also be used
for the generation of nanoparticle carriers
of Cas9. By blending bioreducible lipid
nanoparticles with negatively charged
Cas9 gRNA, knockout of GFP in modi-
fied HEK cell lines could be observed at
frequencies of 70%.[36] Non-lipid carriers
have also been applied to mimic vesicle-
like structures for RNP delivery. Sun et
al. have reported the formation of ‘nano-

eno-associated virus (AAV).[16] The maxi-
mum packaging capacity for AAV is ~4.5
kb, which makes combination of both the
Cas9 and cognate gRNA into a single cap-
sid challenging. SmallerCas9variants have
been developed by truncation of the REC2
domain but suffer from a reduced efficacy
by approximately 50%.[5] Several systems
have been developed to create split Cas9
enzymes, consequently allowing division
between two separate AAV vectors.[17–19]
Again however, these systems often suffer
from reduced activity as measured by the
formation of Indels following the genera-
tion of DSBs. Possibly, the most promis-
ing avenue for AAV-based delivery lies
in the use of significantly smaller Cas9
orthologs from other species. Ran et al.
recently reported Cas9 isolated from S.
aureus can edit mammalian genomes with
similar efficiencies to S. Pyogenes Cas9
while being more than 1 kb shorter when
encoded in DNA form.[20] This advance al-
lows Cas9 protein to easily be packaged
within a single AAV capsid and has shown
considerable promise in preclinical trials,
particularly in the correction of Duchenne
muscular dystrophy via the deletion of an
aberrant exon.[21]

2.2 Delivery of mRNA Constructs
Another approach to reducing the

size of Cas9 delivered to cells is to gen-
erate mRNA transcripts of the gene. Cas9
mRNA delivery has been widely adopted
for the ex vivomodification of mammalian
embryos by microinjection,[22–24] and has
more recently been applied to human so-
matic cell lines,[25] or primary cells[26] via
electroporation. For the modification of
embryos, impressive efficacies have been
measured with Wang et al. reporting bial-
lelic germline editing rates of up to 95%
when a single gRNA was injected. Equally
impressive was the reported knockout of
endogenous CD3 in primary human T cells
where after editing and fluorescence acti-
vated cell sorting (FACS), up to 85% of
cellswere negative for the antigen.[26]Apri-
mary advantage of using mRNA is the lack
of integration of the Cas9 into the genome,
although both mRNA stability and immu-
nogenicity issues need to be addressed.
The simplest approach to generate mRNA
is by in vitro transcription from linearized
DNA containing a T7 promoter. In order to
improve stability, the Cas9 mRNA can be
capped at the 5' end and a poly-A tail added
to the 3' end of the transcript.[27] To prevent
engagement of the immunoactivatory Toll
Like Receptors 3, 7, and 8, mRNA may be
chemically modified to create naturally oc-
curring nucleoside derivatives pseudouri-
dine and 5-methylcytidine.[28]

As with DNA, RNA constructs can
also be delivered in viral form, most com-
monly in the form of integrase defective

bination of CRISPR/Cas9 technology with
these mechanisms of DNA repair has enor-
mous potential for biotechnological and
therapeutic purposes, for example in the
correction of disease-causing mutations.
Yet despite application in a broad range of
cell lines, primary cells, and even in vivo,
the high efficiency delivery of CRISPR/
Cas9 machinery to cells ex vivo remains a
key limitation. In this review, we compare
different formats of both Cas9 and gRNA
and discuss several state-of-the-art deliv-
ery methods while highlighting the respec-
tive advantages and challenges for ex vivo
genome editing of mammalian cells.

2. Formatting Cas9 for Delivery

2.1 Delivery of DNA Constructs
The relatively large size of S. Pyogenes

Cas9 (>1300 amino acids) creates unique
challenges for intracellular delivery. Of
primary concern when editing mammalian
cells is the formatting of Cas9 in a manner
that minimizes size for more efficient de-
livery yet preserves Cas9 activity, restricts
immune activation, and limits off target
cleavage. Pioneering efforts in mammalian
cells focused on encoding Cas9 in the form
of DNA plasmids.[11,12]This approach is at-
tractive due to its simplicity; a single plas-
mid can be used to encode both the chi-
meric gRNA and the Cas9 under separate
promoters. Another key advantage over
other nuclease systems is the possibility
to massively multiplex gene editing by the
inclusion of multiple gRNAs expressed
from the same plasmid.[13] Typically, the
Cas9 is encoded as a fusion to a nuclear
localization signal that mediates intra-
nuclear transduction upon expression,
thus allowing access to the genetic mate-
rial of the cell. The delivery of plasmid
DNA to cells either via standard chemical
transfection or electroporation methods
is very well established. In particular, the
development of specialized electropora-
tion systems, such as the Nucleofector
4D™ (Lonza) or the Neon® Transfection
System (Thermofisher Scientific), have
nowmade the transfection of even themost
recalcitrant cell types, such as stem cells, a
routine technique. However, for therapeu-
tic engineering of mammalian cells with
CRISPR/Cas9, plasmid DNA may not be
the most suitable option as NHEJ mecha-
nisms could potentially lead to plasmid in-
tegration in off-target locations or the acti-
vation of innate immune responses against
double-stranded DNA.[14,15] This could re-
sult in constitutive expression of the Cas9
from the genome and cause a higher fre-
quency of unwanted off-target lesions.

A more complex alternative is to pack-
age the Cas9 DNA in single-stranded form
within a non-integrating virus such as ad-
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lar, the supply of exogenously generated
donor or repair templates allows for the
insertion or correction of genes that may
be many kilobases in size. Table 1 provides
a representative summary of the progress
made using CRISPR/Cas9 for the manipu-
lation of human cells. The combination of
the CRISPR/Cas9 components with DNA-
based repair templates adds an additional
degree of complexity in that the maximum
availability of the Cas9 nuclease versus
the repair template should be considered.
As the introduced donor/repair templates
are typically non-replicative in mamma-
lian cells, degradation begins immediately
after delivery. Methods have been investi-
gated to limit the rate at which degradation
occurs by introducing multiple unnatural
phospothiorate linkages at the 5' ends of
both strands in dsDNA.[43] Another pos-
sibility is to decouple the delivery of the
repair template from that of the nuclease
thus maximizing the quantities of each
component. Such an approach has been
used with meganucleases to enable ex-
tremely high efficiency editing in primary
T cells (~ 80% cassette insertion) by elec-
troporation of the nuclease in mRNA form
prior to donor template transduction using
AAV.[15] There is huge medical potential
for CRISPR/Cas9 modification of mam-
malian cells, especially in the area of im-
munotherapy as evidenced by the CAR T
cell revolution.

5. Conclusions

The rapid rise of CRISPR/Cas9 as a
method for genome editing in mammalian
cells has created a vast array of literature
with numerous options for both format and
delivery of the nuclease. Early studies used
plasmid DNA as a simple and rapid meth-
od to deliver Cas9 for expression to the

two or three nucleotides resulted in up to
a 10,000-fold reduction in observed off-
target cleavage with minimal loss in Cas9
activity. Another concern is the inherent
instability of RNA as compared to DNA.
This can be somewhat mitigated through
chemical modifications that extend the in-
tracellular half-life by greatly reducing the
rate of metabolic degradation. Hendle et
al. synthesized three different chemically
modified sgRNAs by incorporating chem-
ically altered nucleotides at the 5' and 3'
termini.[41] In particular, the 2'-O-methyl,3'
phosphorothioate (MSP) modified single
gRNA enhanced low efficiency genome
editing rates in primary T cells and CD34+

hematopoietic stem cells when co-deliv-
ered as a RNP or as pure RNA. Half-life
was significantly increased (≥ 24 h) for the
chemically modified single gRNAs when
compared to synthetic unmodified single
gRNAs (≤ 4 h). Unfortunately, the step-
wise synthesis method used for produc-
tion of these guides is not readily scalable
and obtaining high purity modified guides
(~100 bases) remains a challenge. In or-
der to address some of these limitations,
Rahdar et al. described chemical synthesis
of the crRNA alone (29 bases) containing
a combination of phosphorothioate back-
bone modifications and the introduction of
2'-fluoro, 2'-O-methyl and S-constrained
ethyl substitutions.[42] These synthetic
guides can be combined with unmodified
tracrRNA to reconstitute the active Cas9
complex.

4. Combinatorial Delivery of Cas9
with Repair/Donor Constructs

Improvements in the efficiency of
CRISPR/Cas9 targeting in mammalian
cells is making advanced genome-editing
techniques readily accessible. In particu-

clews’; self-assembling DNA structures
that bind Cas9 and are coated in PEI for
transfection.[37] Using this unique system,
an Indel frequency of 28% was detected in
human-derived U2OS cells.

The range of delivery options for Cas9
RNPs is further expanded upon by modifi-
cation of the Cas9 protein termini to allow
for covalent functionalization. For exam-
ple, the addition of a C-terminal cysteine
residue allows attachment of maleimide
functionalized cell penetrating peptides
(CPPs) via reaction with the free thiol
group.[38] When tested in HEK293T cells,
the arginine rich Cas9-CPP fusion led to
the formation of Indel mutations at a fre-
quency of 14%. Unfortunately, the CPPs in
this system remain in the cells after delivery
but next-generation CPPs based on reduc-
ible polydisulfide backbones are currently
under evaluation for RNP delivery.[39] As
the use of CRISPR/Cas9 as a routine ge-
nome editing technique expands further,
we expect even more novel RNP delivery
avenues to be explored.

3. Formatting the gRNA for Delivery

For high efficiency genome editing
using CRISPR/Cas9, not only is the suc-
cessful delivery of Cas9 important, but also
the associated gRNA. While both crRNA
and tracrRNA can be delivered separately,
the combination into a single chimeric
gRNA considerably simplifies both de-
sign and delivery. This gRNA can either
be expressed from a plasmid inside the cell
or generated via in vitro transcription for
loading into Cas9. Since unwanted Indel
mutations can occur at off-target sites dif-
fering in up to five nucleotides, truncated
gRNAs have been explored for higher fi-
delity.[40] It was observed that shortening
the complementary region of the gRNA by

Table 1. A survey of the approaches taken for the integration of increasingly large DNA constructs in human cells using CRISPR/Cas9.

Reference Cell Type Cas9 Form Repair
Template Form

Insert Size (bp) Mechanism Reported
Efficiency [%]

[44] HEK293 RNP ssODN 3 HDR 60

[43] HEK293 Plasmid dsODN 34 NHEJ 10–20

[45] HEK 293 Plasmid Plasmid ~1350 MMEJ 80a

[10] HEK293 Plasmid PCR Prod ~1650 HDR 50–66

[46] RPE-1 Plasmid AAV 2066 HDR 85a

[7] HEK293 Plasmid Plasmid 4300 NHEJ 0.17

[47] LO2
LO2

Plasmid Plasmid 4600
34000

HDR
NHEJ

20
1.18

[34] T cells RNP ssODN 12 HDR 20

[48] hPSC Plasmid Plasmid 3000 HDR 0.001

[47] hESC Plasmid Plasmid 4600 HDR 1.7

aAntibiotic selection was used to select for integration prior to analysis.
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cell by standard electroporation or chemi-
cal transfection techniques. More recently,
the field has moved to explore alternative
formats as evidence has emerged that plas-
mid DNA can potentially be integrated via
NHEJ mechanisms into the cells being
engineered. While some systems, such as
AAV, hold promise due to high infection
efficiency and clinical trial data that sup-
port a favorable safety profile, delivery of
Cas9 as an RNP is attractive for ex vivo
cellular engineering. Several studies have
now reported a reduced frequency of ob-
served off-target effects when compared
to delivery of Cas9 by plasmid DNA. As
the applications for CRISPR/Cas9 editing
mature and head towards in vivo studies in
humans, reducing off-target effects will be
critical in ensuring the safety of next-gen-
eration gene therapies.As a complement to
Cas9 delivery, consideration must be given
to the format of the gRNA being delivered.
Protecting the gRNA from metabolic deg-
radation pathways can be achieved through
chemically synthesized backbone and base
modifications. Scaling high purity produc-
tion of these guides remains challenging
but will undoubtedly improve over time.
In future, we expect that further investiga-
tions into optimal delivery strategies and
combinations of CRISPR/Cas9 compo-
nent formats will allow high efficient edit-
ing to be tailored to any cell type.
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