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Abstract: Clustered regulatory interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 nuclease (Cas9),
the third-generation genome editing tool, has been favored because of its high efficiency and clear system composition. In this
technology, the introduced double-strand breaks (DSBs) are mainly repaired by non-homologous end joining (NHEJ) or
homology-directed repair (HDR) pathways. The high-fidelity HDR pathway is used for genome modification, which can
introduce artificially controllable insertions, deletions, or substitutions carried by the donor templates. Although high-level
knock-out can be easily achieved by NHEJ, accurate HDR-mediated knock-in remains a technical challenge. In most
circumstances, although both alleles are broken by endonucleases, only one can be repaired by HDR, and the other one is
usually recombined by NHEJ. For gene function studies or disease model establishment, biallelic editing to generate
homozygous cell lines and homozygotes is needed to ensure consistent phenotypes. Thus, there is an urgent need for an efficient
biallelic editing system. Here, we developed three pairs of integrated selection systems, where each of the two selection
cassettes contained one drug-screening gene and one fluorescent marker. Flanked by homologous arms containing the mutated
sequences, the selection cassettes were integrated into the target site, mediated by CRISPR/Cas9-induced HDR. Positively
targeted cell clones were massively enriched by fluorescent microscopy after screening for drug resistance. We tested this novel
method on the amyloid precursor protein (4PP) and presenilin 1 (PSENI) loci and demonstrated up to 82.0% biallelic editing
efficiency after optimization. Our results indicate that this strategy can provide a new efficient approach for biallelic editing and
lay a foundation for establishment of an easier and more efficient disease model.
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1 Introduction generated (Li et al., 2021); they can achieve targeted
DNA insertions, deletions, and base conversions without
generating double-strand breaks (DSBs) or needing

donor DNA templates (as in most traditional genome-

The discovery and application of artificial endo-
nucleases, including zinc finger nucleases (Bibikova

et al., 2003), transcription activator-like effector
nucleases (Boch et al., 2009), and clustered regulatory
interspaced short palindromic repeats (CRISPR)/
CRISPR-associated (Cas) systems (Jinek et al., 2012;
Cong et al., 2013), have made arbitrary genomic modi-
fication a reality. To accurately modify the target
sequence by genome editing, CRISPR-mediated base
editing and prime-editing technologies were recently
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editing methods). However, for accuracy and efficiency,
extensive knowledge of the precise design is needed
to avoid off-target base editing and produce appropriate
prime-editing guide RNA (pegRNA) designs (Anza-
lone et al., 2019; Zuo et al., 2019). Currently, homology-
directed repair (HDR)-based CRISPR/Cas9 methods
are still the most used due to their high efficiency and
simple design principle (Mali et al., 2013; Hsu et al.,
2014). Plasmids (Koch et al., 2018), polymerase
chain reaction (PCR) fragments (Chu et al., 2015;
Shao et al., 2017), and single-stranded oligonucleotides
(ssODNs) (Yang et al., 2013; Paquet et al., 2016) are
frequently used as donors, to introduce base insertions,
deletions, or substitutions. Without selection markers,
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HDR efficiency only reaches a 15% positive rate at
the cell line level and 18% for zygotes (Paquet et al.,
2016; Codner et al., 2018). Its efficiency further de-
creases as the distance between the target site and intro-
duced mutation increases (Paquet et al., 2016). More-
over, detection of positive clones is in general time-
consuming and labor-intensive. To efficiently improve
the acquisition of positive cell clones, plasmid donors
containing genes resistant to drug screening can be used.
However, the efficiency of correct and simultaneous
modification of both alleles remains a challenge. Bial-
lelic editing of homozygous cell lines and model ani-
mals is a reliable tool to study gene functions and species
characteristics, as they have stable phenotypes and do
not produce trait segregation. Thus, efficient biallelic
gene editing is essential for gene function research.

The introduction of drug-screening genes or fluor-
escent protein genes into reporter vectors or genomes
can significantly improve the positive rate of targeted
cells (Ren et al., 2015; Wang et al., 2017; Wu et al.,
2017; Yan et al., 2020). However, single selection
systems cannot discriminate between monoallelic and
biallelic targeting. Therefore, we hypothesized that
using two donor vectors, each containing a different
fluorescent protein as well as a drug-resistant gene,
could lead to higher biallelic editing efficiency. Here,
we have developed three pairs of such donors for
targeted allele integration mediated by CRISPR/Cas9.
All three were proved to be efficient and versatile,
allowing a highly efficient selection of biallelic targeted
clones.

2 Materials and methods
2.1 Preparation for genome targeting

The targeting plasmid was constructed by insert-
ing the single-guide RNA (sgRNA) fragment under
the human U6 promoter on the pLL3.7 backbone,
which also contained the Streptococcus pyogenes Cas9
protein expression sequence. The efficiency of the
targeting plasmids was detected using the single-
strand annealing (SSA)-DsRed-puromycin resistance
gene (Puro)-enhanced green fluorescent protein (eGFP)
(RPG) surrogate reporter, with the insertion of the
target sequence amplified by target-F/target-R (Ren
et al., 2015). The primers used for genome targeting
preparation can be found in Table 1.

To ensure that both alleles could be targeted by
CRISPR/Cas9, sequences of the target sites were
amplified by a target-F/target-R primer pair and con-
firmed in advance by Sanger sequencing. The primers
used in homozygosity detection are listed in Table 1.

2.2 Construction of the selection cassette and donor
vectors of the TK-Puro-eGFP/TK-Zeo-mRFP (TPG/
TZR) system

Firstly, the eGFP-bovine growth hormone (BGH)
polyA module in the JMB81-thymidine kinase (TK)-
Puro-T2A-eGFP backbone (used for the SSA-mediated
precise gene-editing system (Li et al., 2018)) was
replaced by a monomeric red fluorescent protein
(mRFP)-BGH polyA fragment and it was cloned from
plasmid pB-Puro-mRFP following Nhel and Xhol
enzymatic digestion. Next, the phosphoglycerate kinase
(PGK) promoter-zeocin resistance gene (Zeo)-T2A
module was cloned by overlap PCR. The PGK promoter
was amplified from the JMB81-TK-Puro-T2A-eGFP
backbone using PGK-F/R primer pair. The first half
of the T2A sequence was attached to the end of Zeo
by amplification using Zeo-F and Zeo-T2A-R1 primers.
The PGK promoter and Zeo-T2A were then linked
using PGK-F and Zeo-T2A-R2 primers, with the rest
half of the T2A sequence added simultaneously. We
chose the amyloid precursor protein (4PP) gene locus
to detect the feasibility of our TPG/TZR biallelic
editing system because the APP.Donor (TPG) vector
containing the APP homologous arms was available
in our lab from previous research (Li et al., 2018). To
generate the double-cut donor, the APP target sequence
(GGGTTGACAAATATCAAGACGG) was added to
the 5' and 3' of the homologous arms by PCR, using
the following primers: APP-Left arm-F (EcoRI) and
APP-Right arm-R (Clal). Finally, the TPG selection
cassette in the APP. Donor (TPG) (Fig. Sla) was
replaced by the TZR selection cassette cut from the
JMB81-TK-Zeo-T2A-mRFP backbone to construct the
APP.Donor (TZR) (Fig. S1b).

The homologous-arm plasmids for targeting the
presenilin 1 (PSENI) locus were constructed according
to the same strategy as the APP locus (Li et al., 2018).
The PSENI target sequence (TGTTGTCATGACTATC
CTCCTGG) was added to the 5' and 3' of the homolo-
gous arms by PCR primers: PSEN1. LA-F (BamHI)
and PSEN1.RA-R (HindIll). Then, the TPG or TZR
cassette was inserted into the homologous plasmid to
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Table 1 Primers used for constructing donor vectors and for PCR detection

Primer name

Sequence (5'—3")

U6-F (Xbal)

U6-R (Notl)

APP-Left arm-F (EcoRI)
APP-Left arm-R (Notl)
APP-SSA-F (Xhol)
APP-Right arm-R (Clal)
PSENI1.target-F
PSEN1.target-R
PSEN1.sgRNA-F
PSEN1.sgRNA-R
PSEN1.LA-F (BamHI)
PSEN1.LA-R (Notl)
PSEN1.SSA-F (X#hol)
PSEN1.SSA-R
PSEN1.RA-F
PSEN1.RA-R (HindIIl)
pGK-F

pGK-R

Zeo-F

Zeo-T2A-R1
Zeo-T2A-R2

P1

P2

P3

P3-2

P4

PS5

P6

P2A-F1 (EcoRI)
P2A-R

TK-F

TK-R (Xhol)

P2A-F2 (RFP)

RFP-F (Nhel)

RFP-R

TK-F2 (Nhel)

TK-R2 (EcoRI, Pmel)
P7

P7-2

P8

cgcTCTAGATTTCCCATGATTCCTTCATAT
accGCGGCCGCAAAAAAGCACCGACTCGGTGCC
ccgGAATTCGGGTTGACAAATATCAAGACGGCAAAGGATGGAAGTTACAGG
aatGCGGCCGCCGCTAAAGAGGAAGAGGACAGGGTCAGTCTTGATATTTGTCAACCCAG
ccgCTCGAGCGCTAAAGAGGAAGAGGACAGGGAAAGCCCCAAAGTAGCAGTT
cccATCGATGGGTTGACAAATATCAAGACGGTTAACCCTCTTACTGCACCT
aatGCGGCCGCTCACAGAAGATACCGAGACT
cgcGGATCCGACAAGAATACCCAACCATAAG
TGTTGTCATGACTATCCTCCGTTTTAGAGCTAGAAATAGCAAG
GGAGGATAGTCATGACAACAGGTGTTTCGTCCTTTCCACAAG
cgcGGATCCTGTTGTCATGACTATCCTCCTGGTCTGACAGTAGGAAGGAGTAGG
aatGCGGCCGCCGCTAAAGAGGAAGAGGACAGGGCACGACAACAATGACACTGATCATG
ccgCTCGAGCGCTAAAGAGGAAGAGGACAGGGACCTTTCTTCTGACAACCACTT
TCACGACAACAATGACACTGATCATG
ATCAGTGTCATTGTTGTCGTGAGGATCCTCCTTGTGGTTCTGTATAAATACAG
cccAAGCTTTGTTGTCATGACTATCCTCCTGGTAGGCAAGGTGTGACCAGTC
cgcGGATCCCCGGTAGGCGCCAA

TCAACTTGGCCATATTGGCTGCAGGTCGAA
AGCCAATATGGCCAAGTTGACCAGTGCCGT
ACCGCATGTTAGCAGACTTCCTCTGCCCTCGTCCTGCTCCTCGGCCACGA
cacGCTAGCTGGGCCAGGATTCTCCTCGACGTCACCGCATGTTAGCAGACTTC
GGCTTGCTCTGTGTTGAATC

TCCCTATTGGCGTTACTATGG

TGAGCAAAGACCCCAACGAG

CTACGACGCCGAGGTCAAGA

GCAAATCCAAATCCCAAGTCAG

CCAGATTAGTACGGTGGCTTCA

ACAGTGGAGATGGTGAGAGGAT

ccgGAATTCGCAACAAACTTCTCACTA
ACGAGGCCATAGGCCCGGGATTCTCCTCCA
TCCCGGGCCTATGGCCTCGTACCCCGGCCA
CCGCTCGAGCAGACATGATAAGATACA
CACCGGCACCGCAACAAACTTCTCACTACT
CTAGCTAGCATGGCCTCCTCCGAGGAC
AGTTTGTTGCGGTGCCGGTGGAGTGGCGGC
CTAGCTAGCATGGCCTCGTACCCCGGCCA
CCGGAATTCGTTTAAACCTAACCGGTGTTAGCCTCCC
GCTTGTACTCGGTCATATTGG

AACGGCACTGGTCAACTTGG

CCAACGGCGACCTGTATAAC

Lower case: protective base for enzyme site; Italics: enzyme site; Bold: CRISPR/Cas9 target site. PCR: polymerase chain reaction; CRISPR:
clustered regulatory interspaced short palindromic repeats; Cas9: CRISPR-associated protein 9 nuclease.

produce PSENI.Donor (TPG) (Fig. Slc) or PSENI.
Donor (TZR) vectors (Fig. S1d). All primers used to
construct the donor plasmids are listed in Table 1.

2.3 Cell culture and transfection

HEK293T cells were used for all transfection in
this study and were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, USA) supplemented
with 100 U/mL penicillin, 100 pg/mL streptomycin,
and 10% (volume fraction) fetal bovine serum (FBS;
HyClone, USA), at 37 °C and 5% CO,. HEK293T

cells were seeded into 24-well plates at a density of
40% and were transfected using Lipofectamine™ 2000
(Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s manual, when cell confluence reached
90%.

2.4 Drug screening, expansion, and detection of
cell clones

One day (24 h) after transfection, one quarter of
the cells were transferred into a 100-mm plate and
allowed to grow for an additional 5 d. Six days after
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transfection, the medium was supplemented with
puromycin (3 pg/mL; Invitrogen) and zeocin (600 pg/mL;
Invitrogen). After 3 d of drug treatment, the concentra-
tion of puromycin (Invitrogen) was reduced to 1 pg/mL;
the concentration of zeocin remained unchanged.
After another 7 d of selection, and upon control
confirmation that all negative clones had died, we
removed drugs from the media to minimize their
negative effects on the growth of positive colonies and
prevent random insertion caused by drug selection
pressure. A number of cell colonies (about 50) with
fluorescence were picked and seeded into 24-well
plates for proliferation. Three-quarters of the cells for
each clone were used for genomic DNA preparation
using the E.Z.N.A. DNA Kit from OMEGA Bio-Tek
(GA, USA) along with PCR analysis to confirm the
correct integration. The other quarter were left in the
well to grow until confluency and then frozen.

To verify the insertion of the selection cassette,
we designed primers located beside the homologous
arm sequences. For the application of the 5' homolo-
gous arm, the forward primer was located upstream
of the 5' homologous arm, and the reverse primer
was located just upstream of the selection cassette
(TPG/TZR, Puro-TK/Zeo-TK (PT/ZT), Puro-eGFP-
TK/Zeo-mRFP-TK (PGT/ZRT)). For the application
of the 3' homologous arm, the forward primer was
located downstream of the selection cassette, whereas
the reverse primer was located downstream of the 3'
homologous arm. Primers flanking the homologous
arms were used to detect the biallelic targeting
clones. After integration of the selection cassette, the
distance between the two flanking primers became
too long to be amplified, so only the wild-type genome
could produce the amplicons. All primer sequences
are shown in Table 1.

2.5 Construction of PGT/ZRT selection cassette
and donor vectors

The TK gene was cut off from the TPG/TZR
selection-cassette plasmids (JMB81-TK-Puro-T2A-eGFP
and JMB81-TK-Zeo-T2A-mRFP) by Clal/BamHI
restriction enzyme digestion. Later, the JIMB81-pPGK-
Puro-T2A-eGFP-BGH polyA and JMB81-pPGK-Zeo-
T2A-mRFP-BGH polyA vectors were produced after
sticky end fill-in with EasyPfu DNA polymerase
(Trangen Biotech, China) and T4 ligase ligation (NEB,
USA).

The P2A shear peptide was cloned from the
pU6-CBh-Cas9-T2A-mcherry-P2A-Ad4E4orf6 plasmid
(Addgene #64222) using the primer pair P2A-F1
(EcoRI) and P2A-R. The TK-SV40T polyA fragment
was obtained by amplification with the primer pair
TK-F and TK-R (Xhol). P2A and TK-SV40T polyA
were linked by overlap PCR using primer pair P2A-
F1 (EcoRl) and TK-R2 (X#hol). Then the P2A-TK-
SV40T polyA fragment was inserted into the inter-
mediate JMB81-pPGK-Puro-T2A-eGFP-BGH polyA
plasmid to generate the PGT selection cassette plasmid
JMBS81-pPGK-Puro-T2A-eGFP-P2A-TK-SV40T polyA.

The mRFP fragment was amplified by primer
pair RFP-F (Nhel) and RFP-R and later added to the
5' of the P2A-TK-SV40T polyA fragment, which was
itself amplified by the primer pair P2A-F2 (RFP) and
TK-R (Xhol). Later, the mRFP-P2A-TK-SV40T polyA
fragment was inserted into the intermediate JMB81-
pPGK-Zeo-T2A-mRFP-BGH polyA plasmid to produce
the ZRT selection-cassette plasmid JMB81-pPGK-
Zeo-T2A-mRFP-P2A-TK-SV40T polyA.

Lastly, the generated PGT/ZRT selection cassettes
were transferred to the APP.Donor vectors by Notl and
Xhol enzymatic restrictions, producing the final APP.
Donor (PGT) and APP. Donor (ZRT) (Figs. Sle and

S1f).

2.6 Construction of PT/ZT selection cassette and
donor vectors

The TK gene fragment amplified by the primer
pair TK-F2 (Nhel) and TK-R2 (EcoRI, Pmel) and the
eGFP gene of the IMB81-TK-Puro-T2A-eGFP plasmid
replaced the 7K gene by Nhel/EcoRI1 digestion and
ligase reaction. Simultaneously, the mRFP gene on
the JIMB81-TK-Zeo-T2A-mRFP plasmid was replaced
by the 7K gene using Nhel/Pmel digestion. The newly
constructed PT/ZT selection-cassette plasmids were
then inserted into the APP.Donor (PT) (Fig. S1g) and
APP. Donor (ZT) (Fig. Sth) by enzyme restriction
with Notl and Xhol.

3 Results

3.1 Design and construction of the TPG/TZR for
HDR-based biallelic editing of the APP locus

We chose the TK-Puro-eGFP backbone as one of
the selection cassette systems (Fig. la), because we



had used it effectively in previous studies (Li et al.,
2018). Zeocin and mRFP, which were learned from
previous plasmid structures, were introduced (for fluo-
rescence microscopy and drug screening, respectively)
into a second selection cassette, TK-Zeo-mRFP, con-
structed from the TK-Puro-eGFP backbone (Fig. 1a).
For both APP.Donors, a double-cut donor design was
applied to reach higher HDR efficiency (Chen et al.,
2017; Zhang et al., 2017), and synonymous mutations
were introduced to create Xbal restriction sites for later
detection and prevention of secondary targeting. The
TK gene was included to allow removal of the selec-
tion cassette from the genome after specific modifica-
tion. To achieve biallelic editing, we transfected the
biallelic editing system, consisting of the three vectors
APP.CRISPR/Cas9, APP.Donor (TPG), and APP.Donor
(TZR) (Figs. Sla and S1b), into HEK293T cells
(Fig. 1b). After 10-d dual drug screening for puromycin
and zeocin resistance, 51 cell clones with both green
and red fluorescence were successively picked, ex-
panded, and analyzed by PCR and Sanger sequencing
(Figs. 1c—1e). We used PCR with specific primer pairs
for the 5' homologous arm (1315 bp, P1/P2), TPG
3" homologous arm (2225 bp, P3/P4), and TZR 3'
homologous arm (2360 bp, P3-2/P4) to select the
clones in which biallelic editing was successful (Figs. 1b
and 1d). The PCR amplicon for the 3' homologous
arm could be digested by the Xbal restriction endonu-
clease, confirming successful introduction of the point
mutation in the 4PP locus (Fig. 1d). The insertion of
the selection cassettes into both alleles was further
confirmed by the fact that there was no band amplifi-
cation as a result of primer pair P1/P4 flanking the hom-
ologous arm region; as the amplicon was too long to
be amplified after the insertion of the selection cassette,
only the wild-type allele can produce amplified prod-
ucts (Figs. 1b and 1d). Finally, all three homologous
arm detection fragments were detected by Sanger
sequencing, confirming effective editing on both alleles
(Fig. le). Out of the 51 selected clones, 27 revealed
biallelic editing at the APP locus; this represented a
52.94% positive biallelic targeting rate.

3.2 HDR-based biallelic editing of the PSENI locus

To test the universality of our biallelic editing
system, we adapted the TPG/TZR selection cassettes
to edit the PSENI locus, following the same design
strategy as for the APP locus. Instead of Xbal, we
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introduced a BamHI restriction site in the 3' homolo-
gous arm for detecting the point mutation after HDR
(Fig. 2a). After the transfection of the PSENI.CRISPR/
Cas9, PSEN1.Donor (TPG), and PSENI.Donor (TZR)
plasmid mixtures (Figs. Slc and S1d), HEK293T cell
clones with dual drug resistance and dual fluores-
cence were expanded for analysis. PCR amplification
was used to detect the three homologous arms: 5'
(1138 bp, P5/P2), TPG 3' (1947 bp, P3/P6), and TZR
3' (2082 bp, P3-2/P6). Primers flanking the TPG 3' arm
and TZR 3' arm were digested by the BamHI restric-
tion endonuclease, verifying the success of biallelic
editing (Fig. 2b). No evident amplification with the
flanking primer pair (P5/P6), as well as the Sanger
sequencing results, conclusively proved the biallelic
integration of the selection cassette (Fig. 2¢). In sum-
mary, 28 out of 51 picked clones had the correct bial-
lelic editing on the PSENI locus, representing a 54.90%
positive rate.

3.3 Optimization of the biallelic editing system

Since our 5 kb-length TPG/TZR system gave us
only approximately 50% positive rates at two different
loci, we next tested to find out whether a shorter cassette
would improve the efficiency of our biallelic editing
system. For comparison, we designed two sets of shorter
selection cassettes to target the APP locus again (Fig. 3a).
We shortened the vectors to 3.2 and 2.9 kb (for PGT
and ZRT, respectively) by using self-cleaving pep-
tides for the expression of the Puro/Zeo and eGFP/
mRFP screening genes simultaneously, with the same
promoter and terminal sequences. Subsequently, to test
the efficiency of the optimized biallelic editing systems,
we cloned the newly constructed pairs of selection
cassettes into the APP.Donor vectors (Figs. Sle and
S1f) and co-transfected them with the targeting plasmid
APP.CRISPR/Cas9 (Fig. 3b).

After drug screening, clones from the PGT/ZRT-
targeted cells were expanded and detected by PCR
amplification (Figs. 3¢ and 3d). To detect the two 5'
homologous arms after biallelic editing, we combined
reverse primers P7 and P7-2 (located in the 5' end of
the Puro/Zeo sequences, respectively) with primer P1.
The 3' homologous arm was amplified with the for-
ward primer P8 (located in the 3' end of the 7K gene)
and primer P4, and by subsequent digestion of the am-
plicon with the Xbal endonuclease (Figs. 3b and 3d).
Sanger sequencing results for the two 5' homologous
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Fig. 1 TK-Puro-eGFP/TK-Zeo-mRFP (TPG/TZR)-dependent biallelic genome editing at the APP locus. (a) TPG/TZR selection
cassettes. Two separate cassettes, each containing a drug-resistant and fluorescence marker, were used for allele integration,
and were constructed using the same structure of promoters, self-cleaving peptides, and terminators. (b) Schematic diagram
of exon 16 in the APP locus before (upper part) and after (lower part) insertion of the TPG/TZR cassettes and introduction
of the point mutation according to homology-directed repair mediated by the CRISPR/Cas9 system. Red arrows indicate
primers used for PCR analysis. (¢) Representative fluorescent microscope photos of the positively selected HEK293T clones
after 10-d puromycin and zeocin screening. At this point, clones were picked and seeded into 24-well plates for expansion
and analysis. Scale bar=100 pm. (d) 5' and 3' recombinations and biallelic integrations were detected by PCR with primer
pairs: P1/P2, P3/P4 (TPG), P3-2/P4 (TZR), and P1/P4, respectively. Point mutations on the P3/P4 (TPG) and P3-2/P4 (TZR)
PCR fragments can be verified by Xbal restriction endonuclease reaction. C: control, a non-targeted HEK293T control sample;
M: trans 2K plus DNA marker; Lanes 1 to 6: single colonies (red ones are positive colonies). (¢) Sanger sequencing results of
the PCR fragments amplified from the three homologous arms, confirming the desired point mutation at the APP locus.
APP: amyloid precursor protein; PCR: polymerase chain reaction; CRISPR: clustered regulatory interspaced short palin-
dromic repeats; Cas9: CRISPR-associated protein 9 nuclease; sgRNA: single-guide RNA; pCAG: cytomegalovirus (CMYV)
immediate enhancer/p-actin (CAG) promoter; 7K: thymidine kinase; pA: polyadenylic acid; pPGK: phosphoglycerate kinase
promoter; Puro: puromycin resistance gene; Zeo: zeocin resistance gene; eGFP: enhanced green fluorescent protein; mRFP:
monomeric red fluorescent protein; BGH: bovine growth hormone; SSA: single-strand annealing; muPAM: mutated PAM.
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Fig. 2 TK-Puro-eGFP/TK-Zeo-mRFP (TPG/TZR)-dependent biallelic genome editing at the PSENI locus. (a) Schematic
diagram of the CRISPR/Cas9-mediated targeting and homology-directed repair dependent on biallelic editing at exon 3 of the
PSENI locus. Arrows indicate primers used for PCR analysis. Red arrows indicate primers used for PCR analysis.
(b) Primer pairs (P5/P2, P3/P6 (TPG), P3-2/P6 (TZR), and P5/P6) were used to detect 5' and 3' recombinations and 5' and
3' biallelic integrations, respectively. BamHI enzymatic digestion was applied to verify the introduction of the point
mutation on P3/P6 (TPG) and P3-2/P6 (TZR) PCR fragments. C: control, a non-targeted HEK293T control sample; M:
trans 2K plus DNA marker; Lanes 1 to 6: single colonies (red ones are positive colonies). (c) Sanger sequencing results of
the PCR fragments amplified from the three homologous arms, confirming the desired point mutation at the PSENI locus.
PSENI: presenilin 1; PCR: polymerase chain reaction; CRISPR: clustered regulatory interspaced short palindromic
repeats; Cas9: CRISPR-associated protein 9 nuclease; sgRNA: single-guide RNA; pCAG: cytomegalovirus (CMYV)
immediate enhancer/p-actin (CAG) promoter; 7K: thymidine kinase; pA: polyadenylic acid; pPGK: phosphoglycerate
kinase promoter; Puro: puromycin resistance gene; Zeo: zeocin resistance gene; eGFP: enhanced green fluorescent protein;
mRFP: monomeric red fluorescent protein; SSA: single-strand annealing; muPAM: mutated PAM.

arms and the one 3' homologous arm revealed the suc-
cess of biallelic integration (Fig. S2a). Notably, our new
PGT/ZRT system increased its biallelic targeting rate
to 82.00% (41 of the 50 clones).

We finally constructed a third and even shorter

Zeo, and TK gene sequences were not influenced by
the deletion of the fluorescent protein gene located in
the middle of the selection cassette; thus, we used the
same primer pairs to detect biallelic targeted clones
(Figs. 3b, 3f, and 3h). Through the same screening

pair of selection cassettes (PT/ZT) by further removing
the fluorescent markers, which could also be used
without the need for fluorescent microscopy or flow
cytometry (Fig. 3e). APP.Donor (PT) and APP.Donor
(ZT) (Figs. S1g and S1h) flanking the same homolo-
gous arm sequences of APP locus and were transfected
together with 4APP.CRISPR/Cas9 into HEK293T cells
(Fig. 3f). Without eGFP and mRFP fluorescent genes,
we examined cell clones under a bright-field micro-
scope (Fig. 3g). The detection primers located in Puro,

process of PCR amplification, restriction enzyme
digestion, and Sanger sequencing, the PT/ZT system
led to 70.00% positive clones (biallelic targeting in 35
out of 50 clones).

4 Discussion

Eukaryotic cells have evolved efficient systems
to repair hazardous DSBs for cell survival. The
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Fig. 3 Optimization of the selection cassettes and biallelic editing system. (a) Puro-eGFP-TK/Zeo-mRFP-TK (PGT/ZRT)
selection cassettes. Shorter cassettes containing drug screening genes and fluorescent genes were constructed using the
same PGK promoter and SV40T polyA. (b) PGT/ZRT-dependent biallelic genome editing at the APP locus. Targeting
site and point mutation at the APP locus (top). Integration of the PGT/ZRT cassette and introduction of the point
mutation according to homology-directed repair mediated by the CRISPR/Cas9 system (bottom). Red arrows indicate
primers used for PCR analysis. (¢) Representative fluorescent microscope photos of positively selected HEK293T clones
after 10-d puromycin and zeocin screening. At this point, clones were picked and seeded into 24-well plates for expansion
and analysis. Scale bar=100 pm. (d) Agarose gel images showing amplicons obtained by PCR amplification of the
homologous arms using primer pairs P1/P7 (PGT), P1/P7-2 (ZRT), P8/P4, and P1/P4, respectively. The introduction of
the point mutation on the P8/P4 amplicon was confirmed by Xbal restriction endonuclease digestion. C: control, a non-
targeted HEK293T control sample; M: trans 2K plus DNA marker; Lanes 1 to 6: single colonies (red ones are positive
colonies). (¢) Puro-TK/Zeo-TK (PT/ZT) selection cassettes. These shorter selection cassettes were derived from the TPG
plasmid; they retained the same promoter and polyA but only contained the drug selection gene; the fluorescence gene
was removed. (f) PT/ZT-dependent biallelic genome editing at the APP locus. Targeting site and point mutation in exon
16 of the APP locus (upper part). Insertion of the PT/ZT cassette and introduction of the point mutation using the CRISPR/
Cas9-mediated homology-directed repair; red arrows indicate primers used for PCR analysis. (g) Representative bright-
field microscopy photos of the positively enriched HEK293T clones after 10-d puromycin and zeocin screening. Scale bar=
100 pm. (h) Agarose gel images showing amplicons obtained using primer pairs P1/P7 (PT), P1/P7-2 (ZT), P8/P4, and
P1/P4 to amplify the flanking homologous arms and ensure the biallelic editing separately. Digestion with Xbal enzyme
was applied to verify the introduction of the correct targeted point mutation. C: HEK293T control without targeting; M:
trans 2K plus DNA marker; Lanes 1 to 6: single colonies (red ones are positive colonies). PCR: polymerase chain reaction;
CRISPR: clustered regulatory interspaced short palindromic repeats; Cas9: CRISPR-associated protein 9 nuclease; sgRNA:
single-guide RNA; pCAG: cytomegalovirus (CMV) immediate enhancer/p-actin (CAG) promoter; 7K: thymidine kinase; pA:
polyadenylic acid; pPGK: phosphoglycerate kinase promoter; Puro: puromycin resistance gene; Zeo: zeocin resistance gene;
eGFP: enhanced green fluorescent protein; mRFP: monomeric red fluorescent protein; BGH: bovine growth hormone;
APP: amyloid precursor protein; SSA: single-strand annealing; muPAM: mutated PAM.

non-homologous end joining (NHEJ) pathway, which
introduces indels or alterations, can perform the DNA
repair in most cell cycles (Bétermier et al., 2014;
Zhao et al., 2017; Scully et al., 2019). In contrast, the
HDR pathway, which induces high-fidelity repair, is
only active in the S/G2 phase, and besides, its repair
efficiency is highly dependent on the concentration of
the donors (Saleh-Gohari and Helleday, 2004; Savic
et al., 2018). DSBs can be introduced simultaneously
on both alleles by the efficient CRISPR/Cas9 system.
However, even in the presence of enough donors, in
most cases, only one of the alleles is repaired by HDR;
the ends of the other allele are joined by NHEJ (Xi
et al., 2015; Paquet et al., 2016; Li et al., 2018). An
ideal biallelic genome editing system should achieve

high HDR efficiencies on both alleles in the same
round of the repair process. Here, we designed and
constructed an efficient, versatile, and programmable
system for biallelic HDR-dependent gene editing that
relies on dual screening donors. This TPG/TZR biallelic
editing system achieved a positive rate of 52.94% and
54.90% at the APP and PSENI loci, respectively, when
targeted separately. A multicistronic structure using
the self-cleaving 2A peptides allowed for even higher
biallelic targeting efficiency of the APP locus: 82.00%
for the PGT/ZRT system and 70.00% for the PT/ZT
system (which was further edited to remove the
fluorescent reporter genes). These results reveal that
the shorter the inserted fragment, the higher the
positive rate of biallelic targeted clones. Moreover,
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the use of fluorescent selection genes appears to
strengthen the screening of cell clones, but only to a
certain extent. Of note, we used the TPG selection
cassette to efficiently target /GF2 and RELA loci in
the pig kidney cell line (PK15), obtaining 30.0% and
53.3% efficiency, respectively (unpublished data).
This further emphasizes the versatility of our selection
systems. Interestingly, although the 7K gene and single-
strand annealing arm were introduced in the donor
sequences to allow for potential deletion of the selection
cassettes from the genome after the first round of HDR-
induced repair, we failed to obtain colonies containing
both marker-free alleles. This is possibly a result of
introducing four DSBs into the genome simultaneously,
which could be too stressful for chromosome repair.
Further research and optimization of our gene editing
system will be needed if deletion of the selection cassette
is required after gene editing.

To put our novel strategy into perspective, we
have previously tried to use dual surrogate reporter-
integrated donors to screen biallelic gene-modified
cells and demonstrated 34.09% efficiency at the C-C
motif chemokine receptor 5 (CCR5) locus in HEK293T
cells (Wu et al., 2017). Others have also reported low
efficiency of biallelic gene editing; for instance, Egg-
enschwiler et al. (2016) achieved biallelic editing effi-
ciency of only 8.70% at the SERPINA locus using a
dual-fluorescence selection strategy, and ssODN has led
to 1.2% to 8.3% accurate biallelic editing (Paquet et al.,
2016). Relatively higher homozygously targeted effi-
ciency (70%) has been reported by Koch et al. (2018)
using CRISPR/Cas9 D10A nickase to introduce a GFP
fusion protein that was smaller than 1 kb and flanked
with relatively short homologous arms (500—800 bp).
In this study, we were able to significantly improve
those results, obtaining a high biallelic editing effi-
ciency of up to 50%—82%, despite using over 2 kb
inserts and 800—-1600 bp homologous arms (Table 2).

Dosage compensation effects can minimize pro-
tein expression differences caused by genomic equiva-
lence. In this case, both alleles need to be manipulated
for a proper study of gene function or point mutation
effects in disease models. When generating in vivo
disease models, targeting of both alleles is of the
essence. As an example, homozygous mutations of
the APP (APP**) or PSENI (PSENI1""*") genes showed
higher Alzheimer’s disease-causing protein expression
than heterozygous counterparts (Paquet et al., 2016).
Furthermore, in regards to gene therapy, a homozygous
genotype is often necessary to overcome genetic dis-
eases (Evan, 2012; Sur et al., 2012), and heterozygous
phenotypes are still not sufficient for restoring health
(Ye et al., 2016; Frangoul et al., 2021). Our universal
selection cassettes overcome the limitations imposed
by the relatively low efficiency of HDR in biallelic
genome editing. Although recent advances in base
editing and prime editing techniques allow editing of the
genome without a donor DNA supply, the traditional
HDR pathway is still advantageous in biallelic editing
with dual donors (Zhang, 2021).

5 Conclusions

We generated three pairs of selection cassettes to
achieve high efficiency of biallelic editing at different
loci, allowing the insertion of 2—5 kb fragments into
the genome flanked with 0.8—1.6 kb homology arms
for HDR. APP and PSENI loci were chosen to be tested
in HEK293T cells, and reached up to 82.00% positive
efficiency. Our proof-of-concept studies strongly suggest
that the three integrated selection systems we generated
could be easily adapted to improve the targeting effi-
ciency of virtually any other target locus. Regardless
of the genome modification (knock-out or knock-in),
homozygous cell lines not only provide more rigorous

Table 2 Summary of the developed biallelic editing systems

Biallelic Targeted . Fluorescent Selection Homology Ratl'o. of Blalle.hc
system locus Drug resistance reporter cassette (kb)  arms (kb) positive tar.getmg
clones efficiency (%)
TPG/TZR APP Puromycin/zeocin ¢GFP/mRFP 5.1/4.9 1.0/1.6 27/51 52.94
TPG/TZR PSENI Puromycin/zeocin eGFP/mRFP 5.1/4.9 0.8/1.0 28/51 54.90
PGT/ZRT APP Puromycin/zeocin eGFP/mRFP 3229 1.0/1.6 41/50 82.00
PT/ZT APP Puromycin/zeocin None 2.4/2.2 1.0/1.6 35/50 70.00

TGP: TK-Puro-eGFP; TZR: TK-Zeo-mRFP; PGT: Puro-eGFP-TK; ZRT: Zeo-mRFP-TK; PT: Puro-TK; ZT: Zeo-TK; TK: thymidine kinase;
Puro: puromycin resistance gene; eGFP: enhanced green fluorescent protein; Zeo: zeocin resistance gene; mRFP: monomeric red fluorescent

protein.



isogenic controls but also exhibit more typical genome-
dependent disease-associated phenotypes. Consequently,
based on extremely high biallelic knock-in efficiency,
our biallelic editing system offers a good choice for
disease model generation.
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