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Multiplexed CRISPR/Cas9 repair

Multiplexed CRISPR/Cas9 genome editing
increases the efficacy of homologous-dependent
repair of donor sequences in mammalian cells

Efficient and robust genome editing tools and strategies allow for specific and exact genetic changes to be
captured in model systems, thereby accelerating both forward and reverse genetics studies. The development
of CRISPR/Cas9 as a facile designer nuclease toolset has allowed for defined genetic modifications to be
efficiently made through homology-directed repair of targeted DNA double-stranded breaks (DSBs) using
exogenous repair templates. However, traditional single DSB strategies are still relatively inefficient as the
short gene conversion tracts of mammalian cell systems limit the extent of achievable gene alteration
from the DSB site. In order to improve on the inefficiency, we devised a dual cut strategy, which relies on
reconstituting entire deleted gene fragments to precisely modify extensive gene regions of interest. Using
the CRISPR/Cas9 system, we were able to introduce targeted deletions and repair of the endogenous KRAS
gene locus in cell culture. The use of two simultaneous DSBs can be employed for efficient application of
homology-directed repair with a large dsDNA donor sequence, thereby improving the efficacy of deriving
cells with a desired gene editing outcome. In conclusion, a multiplexed CRISPR/Cas9 editing strategy
represents an efficient tool for the editing of complex, heterologous sequence tracts.

Introduction

Precise genome editing represents a powerful new paradigm for both forward and reverse genetics studies in
model systems. Sequence-specific nucleases have been used to expand our ability for precision engineering of the
genome, and can be programmed to introduce targeted chromosomal double-stranded breaks (DSBs) to trigger
endogenous DNA repair pathways.'* The error-prone non-homologous end joining (NHEJ) repair pathway involves
the re-ligation of the broken DNA ends, and in the process introduces small mutagenic insertions and deletions
(indels). The homology-dependent repair (HDR) pathway seamlessly repairs the damaged site by utilising a
homologous template, a process which can be exploited for targeted gene modifications.*¢ These tools have enabled
functional studies based on the systematic knockout and knockin of genes’, the modelling of human diseases in
cell- or animal-based systems®1, and the generation of isogenic cell lines for stable transgene expression''2,

The clustered regularly interspaced short palindromic repeats (CRISPR) and the CRISPR-associated (Cas) protein
system constitute an adaptive immune system found in prokaryotes, which functions to silence foreign DNA by
RNA-guided nucleolytic digestion.'® CRISPR/Cas was adapted to target DNA by using short chimeric single-guide
RNA (sgRNA) and a Cas9 nuclease reconstituted to function in cultured mammalian cells.'®'® The Cas9 nuclease
can be directed to a specific cognate DNA target via a ~20-nucleotide ‘guide’ sequence within the SgRNA. The
ease at which the nuclease can be reprogrammed by one or many sgRNAs has made this system highly effective
for multiplexed genome editing applications in different cells®-2% and eukaryotic model systems?235,

Conventional genome editing strategies make use of a single cleavage event to stimulate gene conversion with
gither ssDNA or dsDNA homologous repair templates.®® However, donor DNA sequences that are more distant
from the DSB site, or which include heterologous sequences, are less efficiently repaired.®”-39 This situation
can be partially resolved by the simultaneous introduction of two separate DSBs at a targeted locus to induce
deletion and replacement events over large genomic regions.?2740 However, the efficiency of this approach has
not been determined and, to date, the HDR frequencies among approaches that apply single or multiplexed DSBs
remain unknown. Using the CRISPR/Cas9 adopted from Streptococcus pyogenes, we exploited the capabilities
of this system to induce DSBs to introduce an oncogenic KRAS (c.35G>T) mutant variant in a selectable human
cell-based model system. We demonstrate that the facile introduction of two simultaneous DSBs improves
the frequency, relative to a single DSB, of reconstituting dsDNA homologous donor sequences, but not ssDNA
ODNs (oligodeoxynucleotides), at the desired locus. These results point to an improved approach for efficient
HDR-mediated repair using the facile CRISPR/Cas9 editing system.
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Materials and methods

Cell culture

HEK 293 cells were maintained in Dulbecco’s Modified Eagle Medium:
F12 mixture containing glucose (3.15 g/L), HEPES buffer (15 mM)
and L-glutamine (2.50 mM) (Lonza, USA), supplemented with 10%
heat-inactivated foetal bovine serum (Hyclone, USA) and 0.2%
penicillin—streptomycin antibiotic mix (10 000 U/mL) (Lonza, USA). The
cells were grown in a 75-cm? flask and incubated in a 37 °C humidified
incubator with 5% CO,.

SgRNA assembly

The sgRNA expression plasmid, pcDNA.H1.sgRNA, was generated by
first using a H1.sgRNA gBlock sequence (Integrated DNA Technologies
(IDT), Coralville, 1A, USA) comprising two BsmBlI sites for facile guide
sequence cloning using annealed oligos. The H1.sgRNA gBlock was
Gibson Assembly cloned into the standard vector pcDNA3.1(+) (Life
Technologies, CA, USA). For each of the five CRISPR/Cas9 target
sequences, a pair of complementary oligonucleotides was chemically
synthesised by IDT (USA):

sgRNA F1 224 forward: 5' - GATCCGAGTTTGTATTAAAAGGTAC - 3,
sgRNA F1 224 reverse: 5' - AAACGTACCTTTTAATACAAACTCG - 3,
SgRNA F2 225 forward: 5 - GATCCATGTGTGACATGTTCTAATA - 3,
SgRNA F2 225 reverse: 5' - AAACTATTAGAACATGTCACACATG - 3,
SgRNA F3 226 forward: 5' - GATCCGTTTGTATTAAAAGGTACTGG - 3/,
SgRNA F3 226 reverse: 5' - AAACCCAGTACCTTTTAATACAAACGG - 3/,
SgRNA R1 227 forward: 5 - GATCCGTGAATTAGCTGTATCGTCA - 3/,
SgRNA R1 227 reverse: 5' - AAACTGACGATACAGCTAATTCACG - 3/,
sgRNA R2 228 forward: 5' - GATCCACAAGATTTACCTCTATTGT - 3,
SgRNA R2 228 reverse: 5' - AAACACAATAGAGGTAAATCTTGTG - 3'.

Each pair of oligonucleotides was composed of a 20-nucleotide guide
sequence for their target and appropriate 5' overhangs that allowed for
cohesive-end ligation into the BsmBlI (Thermo Scientific, USA) digested
pcDNA.H1.sgRNA expression plasmid. Sanger sequencing was
performed to validate the insertion of the guide sequence into the sgRNA
expression plasmid.

T7 Endonuclease | assay

At 24 h prior to transfection, HEK 293 cells were seeded at a density
of 250 000 cells/well in a six-well plate. The cells were transfected
with 2 ug of the sgRNA expression plasmid and 2 ug of the Cas9
expression plasmid (pX330) (Addgene plasmid #42230)¢ using 12 uL
of branched polyethylenimine (Sigma Aldrich, USA). At 48 h post-
transfection, the cells were harvested and the gDNA was extracted from
these cells using the QlAamp DNA Mini Kit (Qiagen, Germany). Genomic
regions surrounding the CRISPR/Cas9 target sites were amplified from
this gDNA with primers for the 5’ cleavage region (5 KRAS forward:
5" - CGCAGAACAGCAGTCTGGC - 3' and 5 KRAS reverse: 5" -
CTACGCCACCAGCTCCAAC - 3'), and the 3' cleavage region (3' KRAS
forward: 5' - AAGGCCTGCTGAAAATGACTG - 3’ and 3" KRAS reverse:
5' - GCACAGAGAGTGAACATCATGG - 3'). The T7 Endonuclease | (T7E1)
assay was performed as previously described.®4! Briefly, 600 ng
of DNA amplified from the genomic target region was denatured and
annealed to form heteroduplexes. Amplicons (150 ng) were digested
with 3 U of T7E1 (New England Biolabs, Germany) and resolved on an
8% polyacrylamide gel stained with SYBR Green | Nucleic Acid Gel Stain
(Invitrogen, USA).

Micro-deletion detection

HEK 293 cells were transfected using polyethylenimine with 2 ug of the
5' cleavage sgRNA expression plasmid, 2 ug of the 3' SgRNA expression
plasmid and 2 ug of pX330. gDNA was extracted using the QlAamp DNA
Mini Kit (Qiagen, Germany) 48 h post-transfection. Polymerase chain
reaction (PCR) amplification of the deletion junction was performed
using Phusion Flash High-Fidelity PCR Mix (Thermo Scientific, USA)
with an initial denaturation at 98 °C for 10 s, followed by 35 cycles of
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denaturation at 98 °C for 1 s, annealing at 65.4 °C for 5 s, extension at
72 °C for 10 s and a final extension at 72 °C for 1 min using the 5' KRAS
forward and 3' KRAS reverse primers described in the T7E1 assay. The
PCR products were then visualised on an ethidium bromide (0.5 ug/mL)
stained TAE agarose gel (2% (W/v)).

Restriction fragment length polymorphism analysis for
detection of HDR

HEK 293 cells were transfected with 2 ug of SgRNA expression plasmid,
2 ug of pX330 and 2 uL of the ssODN repair template (100 uM) for
the single cut strategy. For the dual cut strategy, 2 ug of each sgRNA
expression plasmid, 2 ug of pX330 and 2 uL of the ssODN repair
template (100 uM) were used. After 72 h, the gDNA was extracted from
these transfected cells and the repaired region was amplified using PCR
with the 5 KRAS forward and 3' KRAS reverse primers (described for the
T7E1 assay). The PCR products were purified and 300 ng of the DNA
was digested with EcoRl (Thermo Scientific, USA). The products were
resolved and visualised on a 8% polyacrylamide gel which was stained
with SYBR Green | Nucleic Acid Gel Stain (Invitrogen, USA).

dsDNA donor sequences

The ssDNA ODN sequences used were chemically synthesised (IDT,
USA) (EcoRl site underlined):

F1 ssODN: 5'-
TTGAAATAATTTTTCATATAAAGGTGAGTTTGTATTAAAAGGGAATTCTACTGG
TGGAGTATTTGATAGTGTATTAACCTTATGTGTGAC

R2 ssODN: 5'-CAGCTAATTCAGAATCATTTTGTGGACGAATATGATCCAACA
GAATTCATAGAGGTAAATCTTGTTTTAATATGCATATTACTGGTGCAG

F1+R2 ssODN: 5'-TTGAAATAATTTTTCATATAAAGGTGAGTTTGTATTAA\AA
GGGAATTCATAGAGGTAAATCTTGTTTTAATATGCATATTACTGGTGCAG.

The dsDNA donor construct was assembled by fusing five PCR products in
an overlap extension PCR:

eGFPF: 5' -
TCAAGTTGGCGGGAGACGTCGAGTCCAACCCTGGGCCCATGGTGAGCAAG
GGCGAGGAGC - 3'; 6GFPR: 5' -
CACACAAAAAACCAACACACAGATGTAATGAAAATAAAGATATTTTATTTCTAG
AGTATACGGACCGTTACTTG - 3,5 HAF 5’ -
GTTTGTATTAAAAGGTACTGGTGGAGTATTTGATAGTGTATTAACCTTATCACA
CAAAAAACCAACACACAGATG - 3'; NeoR F 5' -
TAATGAAAATGTGACTATATTAGAACATGTCACACGCGC

AGCACCATGGCCT GAAATAAC - 3'; NeoR 5' -

ACGTCTCCCGCCAAC
TTGAGAAGGTCAAAATTCAAAGTCTGTTTCACGAAG AACTCGTCAAGAAGG
CGATAGAAG - 3'; KRAS F: 5" -
GTGTGACATGTTCTAATATAGTCACATTTTCATTATTTTTATTATAAGGCCTGCT
GAAAATGACTGAATATAAACTTGTGGTAGTTGGAG - 3'; KRAS R1: 5" -
GTCTACAAAATGATTCTGAATTAGCTGTATCGTCAAGGCACTCTTGCCTACGC
CAACAGCTCCAACTACCA CAAGTTT - 3'; KRASR2: 5' -
GCATATTAAAACAAGATTTACCTCTATTG TTGGATCATATTCGTCTACAAAATG
ATTCTG-3; 5 HAF2:5' -
TAGCTGTTGCATATTGACTTCTAACACTTAGAGG - 3';5' HAR2: 5' -
ATAAGGTTAATACACTATCAAATACTCCACCAGTACC - 3, 3' HAF2: 5' -
AATCATTTTGTGGACGAATATGATCCCACAAT - 3'; 3' HAR2: 5' -
CCATCAAACAATTATATTTCACTAGTACAATTAAATCTAACCTTT - 3.

The plasmid pCl-NeoR-EGFP was used as a template for SV40 driven
NeoR. Amplicons comprising the 5 and 3' homology arms, KRAS
sequence and SV40-Neo-2A-eGFP sequences were assembled
by overlap-extension PCR. The dsDNA donor was ligated into the
pJet1.2/blunt Cloning Vector from the CloneJet PCR Cloning Kit (Thermo
Scientific, USA) and subsequently sequenced. The dsDNA donor was
linearised by PCR amplification using Phusion Flash High-Fidelity PCR
Mix (Thermo Scientific, USA) and the 5" HA F2 and 3' HA R2 primers,
with an initial denaturation step at 98 °C for 10 s, followed by 35 cycles
of denaturation at 98 °C for 1 s, annealing at 62.7 °C for 5 s, extension at
72 °C for 45 s and a final extension at 72 °C for 1 min. This linear dsDNA
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donor construct was column purified with the GeneJet PCR Purification
Kit (Thermo Scientific, Lithuania).

Quantitative real-time PCR

HEK 293 cells were transfected with 2 ug of each sgRNA plasmid, 2 ug
of pX330 and 1 ug of the linear dsDNA donor PCR product. Half of the
transfected cells in each well were harvested for gDNA extraction 72 h
post-transfection, and the remaining cells were maintained for another
14 days. Quantitative real-time PCR (qPCR) was performed using
SYBR Green PCR Mastermix (Applied Biosystems, USA) on the Applied
Biosystems 7500 RT PCR System, which was programmed for an initial
hold stage at 50 °C for 2 min, followed by denaturation at 95 °C for
10 min and 50 cycles of denaturation at 95 °C for 15 s and annealing and
extending either at 55 °C (for primer set A, B and -actin) or at 60 °C (for
primer set C) for 1 min. An inter-plate calibrator reaction was included for
each primer set to control for any technical variations between the 72-h
and 14-day samples. The inter-plate calibrator template mixture was
made up by adding 10 uL of each gDNA sample (16 ng/uL) obtained
72 h post-transfection. The primer sets were:

Primer set A F: 5" - CCAAGAGAACTACTGCCATGATGC - 3'
Primer set A R: 5’ - GCATGGACGAGCTGTACAAGT - 3
Primer set B F: 5' - TGATATTCGGCAAGCAGGCA - 3'
Primer set B R: 5 - GACCACCAAGCGAAACATCG - 3'
Primer set C F: 5' - TTATTTGGGCGGAAGGCTGA - 3'
Primer set C R: 5' - GTCAGGGACCGTCAGTTTCA - 3
B-actin F: 5" - ACCAACTGGGACGACATGGAGAAA - 3'
B-actin R: 5' - TAGCACAGCCTGGATAGCAACGTA - 3'

The data of each primer set were mathematically corrected according
to the changes seen in the threshold (Cq) values as recommended
by the TATAA Interplate Calibrator SYBR protocol (TATAA Biocenter).
The corrected data are represented as a fold change relative to B-actin.

Multiplexed CRISPR/Cas9 repair

Results

CRISPR/Cas9 can facilitate KRAS mutagenesis

The KRAS proto-oncogene is frequently found activated and facilitates a
variety of cancers by acquiring point mutations at codons 12, 13 and 61,
which code for a constitutively active Kras protein.>* In order to model an
oncogenic ¢.35G>T variation in codon 12 of KRAS, we identified suitable
sgRNA target sites within a 250-bp region around the point mutation.*
The sgRNA guide sequences were chosen on the basis of the best
returned score of each target site to minimise off-target DSBs. Two of the
target sites were upstream of the ¢.35G>T mutation (5 cleavage sites)
and two were downstream of the mutation (3’ cleavage sites) (Figure 1a).
A fifth sgRNA that made use of a degenerate NAG protospacer adjacent
motif (PAM) was also included (sgRNA F2 225). The H1 Pol-Ill promoter
drove the expression of the inserted guide sequence and the RNA
scaffold, as a single chimeric sgRNA molecule comprising an optimised
SgRNA architecture?? (Figure 1b). The distribution of sgRNAs allowed
for potential gene deletions to span the mutation site. To determine the
functionality of each sgRNA, we used a T7E1 assay to detect the indel
frequency at the targeted KRAS locus. All the sgRNAs introduced indels
at the DSB repair sites at varying efficiencies (1.28-6.01%) (Figure 1c).
Guide RNAs sgRNA F1 224 and sgRNA R2 228 were the most effective,
and ensured that effective targeting occurred at positions 5’ and 3' of
the KRAS mutation site. These sgRNAs were applied simultaneously,
resulting in the deletion of 199 bp from the KRAS locus as determined by
PCR amplification with primers that flank the deletion junction (Figure 1a
and 1d).

Micro-deletions can be repaired precisely by HDR

In order to precisely modify genes, the CRISPR/Cas9 system needs to
be able to stimulate the HDR pathway for the repair of DSBs according
to specific exogenous repair templates. ssODNs have been shown to be
able to seamlessly repair and modify targeted single DSB sites via HDR.*
These are convenient repair templates that allow for small, targeted
gene modifications to be made without the need for constructing large
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-\ RN KRAS | Guide Modified
OCUS
F3 226 H1  sequence RNA scaffold
y &7 [ -
F1224  F2225 ¥ -
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Figure 1:
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CRISPR/Cas9-mediated targeting of the human KRAS gene. (a) A schematic of the KRAS gene locus chosen for CRISPR/Cas9 targeting.
The sgRNA target sites were designed around an oncogenic ¢.35G>T mutation in the KRAS gene, with the cleavage sites depicted as arrowheads.
Two primer sets were used to amplify cleavage regions that were 5' and 3' of the point mutation. (b) The sgRNA construct was driven by an H1
Pol-Ill promoter for the expression of the guide sequence and the RNA scaffold as a single chimeric molecule. The sgRNA architecture used was
previously optimised to improve sgRNA expression and Cas9 loading.?? (c) A T7E1 assay showed the performance of each sgRNA at generating
indels (7=3; mean+SD, *p<0.05, **p<0.01, unpaired Student’s {-test). (d) The simultaneous application of SgRNA F1 224 and sgRNA R2 228
led to the deletion of 199 bp in the KRAS gene, which was detected with PCR.
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donor DNA constructs. Based on an optimised design from the Church
laboratory®, ssODNs harbouring the EcoRl restriction site were designed
to be homologous to the sense strand of the KRAS target region and serve
as repair templates. Two 90-mer ssODNs were generated to directly
flank and repair individual cleavage events generated by sgRNA F1 224
and R2 228 (Figure 2a). To demonstrate the HDR in the presence of
two DSBs, a ssODN was designed to have distal homology arms, which
served to bridge the resultant gap of the micro-deletion when sgRNA
F1 224 and R2 228 were used concurrently (Figure 2a). The ability of
the CRISPR/Cas9 to stimulate the HDR of this targeted DNA damage
was assessed by restriction fragment length polymorphism analysis
(Figure 2b). Guide sgRNA R2 228 facilitated HDR with an efficiency of
9.27%. The micro-deletion introduced by sgRNA F1 224 and R2 228
was efficiently repaired as was determined by the detection of a 451-bp
deletion allele by PCR (Figure 2c). Interestingly, an increased abundance
of the deletion allele was observed in the presence of the F1/R2 ssODN,
suggesting that an oligo bridging the deletion gap facilitated NHEJ repair.
The micro-deletion repair predominantly favoured the NHEJ and not the
HDR pathway.

Dual cleavage generates selectable ¢.35G>T KRAS mutant cells

The application of ssODNs in tandem with targeted endonucleases to
HDR-mediated genome editing is limited, even though complex and
long-distance editing functions have been described.®® However, to
generate selectable recombinant cells, larger repair constructs were
needed to insert expression cassettes that will allow for the selection
of the modified cells. Here, we employed the CRISPR/Cas9 system in
a dual cleavage strategy to introduce a de novo oncogenic ¢.35G>T

Multiplexed CRISPR/Cas9 repair

point mutation in the human KRAS gene for positive selection. In order
to do this without disrupting the gene function, we generated a knockin
selection cassette for insertion into an intronic site 94 bp away from the
mutation site in exon 2. Conventional strategies make use of a single
DSB to stimulate HDR with dsDNA donor construct that is homologous
to the sequences flanking a single DSB (Figure 3a). To improve on this
approach, a dual cut repair strategy with a large dsDNA donor, using
the CRISPR/Cas9 system, was predicted to efficiently facilitate the
simultaneous ¢.35G>T transversion in exon 2 and the insertion of a
selectable expression cassette into intron 1 of the KRAS gene. We used
sgRNA F1 224 and R2 228 to introduce two concurrent DSBs to delete
the intron 1-exon 2 junction, which was then reconstituted with the
dsDNA donor (Figure 3a and 3b). To test the performance of the dual
cleavage strategy (Figure 3b), a gPCR strategy was devised to quantify
the modified KRAS DNA. Genomic DNA was extracted from the entire
cell population without marker selection to minimise the enrichment of
illegitimate recombinants. Various DNA species were quantified in the
cell population 3 and 14 days post-transfection, using primer sets A-D.
This quantification allowed for stable genomic integrants to be detected
and monitored over time, while the residual episomal DNA from the
transient transfection was diluted through continued cell proliferation.
Approximately 1.9-2.5-fold more of the target DNA was detected with
the dual cleavage strategy using primer set A, which spanned the
gene—donor junction (Figure 3b and 3c) and ensured detection of the
integrated dsDNA donor in the KRAS gene locus. Transfections that
were SgRNA deficient showed no detectable dsDNA donor integration,
confirming that donor DNA integration did not occur spontaneously.
A mock donor failed to be detected, pointing to the specificity of the
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Figure 2:

HDR of the individual DSBs and the micro-deletion with sSODNs. (a) 90-mer ssODNs were designed to repair DSBs from a single cut (sgRNA F1

224 or sgRNA R2 228) (left) as well as a micro-deletion from the use of a dual cut (both sgRNA F1 224 and sgRNA 228) (right). The homology
arms of the ssODNs for the repair of single cuts flanked sequences directly adjacent to their respective DSBs. The micro-deletion repair ssODN
was designed to flank distal sequences that were outside of the F1 224 and R2 228 DSBs. Each ssODN carried the EcoRl recognition site that was
targeted for integration into the repair site. (b) Restriction fragment length polymorphism analysis of the PCR products demonstrated the HDR of
single DSBs and the micro-deletion as the genomic integration of the EcoRl restriction site (7=3; mean+SD, *p<0.05, unpaired Student’s t-test).
(c) PCR products of the repaired region amplified from gDNA, showing the full length (650 bp) and the deletion amplicons (451 bp).
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dsDNA donor for HDR. The dilution of the episomal DNA was apparent
after 14 days, with a decrease of approximately 99% in each sample
(primer set B; Figure 3b and 3c). Despite this dilution, readily detectable
amounts of episomal DNA were still present in the transfected cells after
14 days of sub-culture (600-1000-fold relative to B-actin). The amount
of detected dsDNA donor integrated into the KRAS gene (data from
primer set A), taken as a percentage of the total KRAS DNA detected
(data from primer set C; Figure 3b and 3c), was used as a metric for
site-specific donor integration efficiency (Figure 3d). The simultaneous
use of the two sgRNAs proved to be the most efficient at facilitating
the integration of the heterologous donor DNA sequences, and occurred
at a frequency of 0.028% and 0.123% in transfected cells, after 3 and
14 days of selection-free culture, respectively. The ¢.35G>T KRAS
mutation confers a slight growth advantage in the modified cells.*®
We observed an enrichment of modified KRAS mutants as the amount of

Multiplexed CRISPR/Cas9 repair

integrated donor DNA increased after 14 days of selection-free culture of
the transfected cell population (Figure 3¢ and 3d).

Discussion

We used the CRISPR/Cas9 system for the improved efficacy of donor-led
HDR using a multiple editing approach which allows for extensive and
wide-ranging gene modifications to be achieved while maintaining
gene function. As an example, the introduction of a putative oncogenic
point mutation in the KRAS gene in a cell-based model was adopted
in this study. We initially demonstrated the efficiency of introducing
single cleavage events in the KRAS gene sequence using RNA-guided
CRISPR/Cas9. These single cleavage events were repaired either by
the NHEJ pathway, resulting in the introduction of mutagenic indels,
or by the HDR pathway, which seamlessly repaired the DSB by using
homologous ssODN templates. The NHEJ and HDR activity induced by
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Figure 3:  The envisioned dual cut strategy versus the traditional single cut strategy to modify the KRAS gene. (a) The extent of gene conversion is limited
with the traditional single cut strategy, which uses a dsDNA donor design that has two homology arms (HAs) that directly flank the DSB site.
The successful co-transfer of both the gene mutation and the selection marker cassette (SM) into sites that are 94 bp apart will be very inefficient
with a single cut, as a result of short gene conversion tracts. The dual cut strategy should overcome this inefficiency by deleting the entire
region between the two sites and then reconstituting this region with a modified gene sequence that contains the mutation and the selection
marker. (b) The dsDNA donor was designed to functionally separate the intended gene modification elements (the selection cassette and the point
mutation) from the homology arms. This separation ensured that the homology arms maintained complete homology with the target sequence
and functioned solely to direct the construct to the target region. The selection cassette was designed to be expressed in the opposite direction
of KRAS gene transcription to produce a chimeric eGFP-NeoR protein that is cleaved by an embedded 2A self-cleaving peptide, allowing for a
fluorescence or antibiotic-based approach for selection. Fluorescence micrographs showed the expression of eGFP in HEK293 cells that were
transfected with this construct (right). A gPCR strategy was used to determine the integration efficiency of the dsDNA donor into the KRAS gene by
measuring the amount of various DNA components (left). Quantification was done on extracted gDNA 3 and 14 days post-transfection. (c) Relative
amounts of detected target DNA of each primer set, normalised to B-actin. (d) The percentage of KRAS alleles that successfully underwent
integration of the selection cassette at the KRAS gene locus, as calculated by taking the data from primer set A (integration events) as a percentage
of primer set C (total KRAS DNA) (mean=SD, ND denotes no detected amplification).
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SgRNA F1 224 showed similar levels of stimulation of each pathway.
However, DSBs mediated by sgRNA R2 228 clearly favoured the HDR
pathway for DSB resolution. Furthermore, HDR of the micro-deletion,
with a ssODN, occurred at relatively low levels compared to the deletion
events detected, indicating that NHEJ repair was more favourable.
These repair pathway preferences of DNA damage could be related
to cellular mechanisms that prioritise the repair of certain genetic
elements.*” Nevertheless, such repair preferences could potentially alter
the efficiency of the desired gene editing outcome. Further observation
of gene editing at different genomic sites, on a more high-throughput
scale, may provide further insight.

We demonstrated that the CRISPR/Cas9 system can be used in multiplex
to improve the efficiency of HDR for precise modifications in the KRAS
gene. We predicted that by applying two cleavage events, the gene
region of interest could be deleted and efficiently reconstituted with
our mutant-containing dsDNA donor, which would allow for a more
expansive genomic region to be precisely modified, without being
limited by the short gene conversion tracts that branch out from a single
break site. Furthermore, the design of the dsDNA donor for this strategy
removes the point mutation from the homology arms and relocates it
into the reconstitution sequence, allowing for complete homology with
the target sequence to be maintained. This strategy should improve
the efficiency of gene conversion for single, as well as multiple, point
mutations, as small levels of sequence divergence in the homology arms
have been shown to greatly decrease the levels of recombination.®”
To illustrate this, we targeted two distal sites within the KRAS gene locus
for concurrent modification, using a single donor. This approach allowed
for the concurrent insertion of a selection cassette into a nearby intron of
the oncogenic point mutation site in the KRAS protein-coding sequence,
preserving the integrity and function of the gene and eliminating the need
for any post-modification gene restoration to rescue function.

Conclusions

A dual cut gene editing strategy allows for distally located sites to be
targeted simultaneously, enabling for extensive and expansive gene
modifications to be achieved efficiently. We have shown that this method
is particularly useful for maintaining the native function of the gene, in
which selection cassettes used to identify cells with the modifications
of interest can be inserted in neighbouring introns. We significantly
improved on current HDR-based gene editing strategies, which can only
modify regions within close proximity to the DSB site. Furthermore, the
CRISPR/Cas9 system is well suited for this dual cleavage approach, as
it is simple and cost effective to employ in a multiplex fashion. This
method should improve the success rate of producing recombinant cell
lines, and thus expedite efforts to gain a better understanding of causal
genetic elements in biological systems.
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