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Genome-editing techniques enable the generation of gene knockouts in various

mammalian cell lines. However, it remains technically challenging to com-

pletely disrupt a targeted gene using a canonical method in a timely manner.

To improve the efficiency of producing reliable genomic modifications, we

designed a method using a linear donor fragment containing a reporter sys-

tem. Combined with a homologous recombination-independent knock-in strat-

egy, we successfully enriched those cell clones that specifically carry the

target gene mutations. We observed a much improved success rate when gen-

erating single- and multiple-gene knockouts in a one-step procedure using this

special protocol coupled with the CRISPR/Cas9 system. This new approach

further empowers the molecular biological study of genes and their functions.
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Genome-editing techniques have revolutionized the

experimental interrogation of gene function. The three

main techniques, ZFN (zinc-finger nucleases) [1],

TALENs (transcription activator-like effector nucle-

ases) [2–4] and the CRISPR/Cas system [5–7], employ

different mechanisms to generate sequence-specific

double-strand breaks (DSBs) and subsequently trigger

native repair systems to accomplish sequence-specific

modifications [8,9]. These powerful technologies have

broad applications in functional gene studies [10],

dynamic imaging of chromosome loci in live cells

[11,12], correction of disease mutation [13], gene thera-

pies [14] and beyond. The CRISPR/Cas system has

become particularly popular because of its high effi-

ciency and ease of operation. However, although the

CRISPR/Cas system has unprecedented power in

design-based and sequence-specific genome interroga-

tion, it remains technically challenging even for the

simple task of creating gene knockouts in mammalian

cells [15]. Various efforts have been made to improve

the efficiency of protocols to generate gene knockouts,

such as integration of the CRISPR/Cas system for per-

sistent expression of Cas9 and sgRNA [16], pregenera-

tion of a Cas9 stable-expression cell line [17],

enhancement of the nonhomologous end-joining

(NHEJ) pathway [18], enrichment of the gene-target
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event through a simultaneous disruption of a separate

gene that enables a specific drug selection [19] and the

usage of a surrogate reporter to enrich the gene knock-

out [20,21]. However, various shortcomings limit the

general and broad applications of these techniques,

and even knocking out a single gene can sometimes be

a long, tedious and high-risk process [22]. In particu-

lar, it remains a daunting task, if not impossible, to

generate multi-gene knockouts in mammalian cells.

If the target gene disruption confers a phenotypic

change that can be used for enrichment, gene knockout

clones are readily obtained, such as HeLa CSPG4�/�

cells conferring resistance to Clostridium difficile toxin B

[23]. However, this strategy cannot be generally applied.

The conventional method to obtain gene knockout is to

cotransfect Cas9- and sgRNA-expressing plasmids with

a plasmid expressing antibiotic resistance or fluorescent

proteins [23,24], but this selection would not increase

the mutation rate or enrich those small portions of cells

containing target modifications. It has been previously

reported that the mutation frequency of target alleles is

generally high if one of the homologous alleles is modi-

fied [25,26]. We reasoned that if we could insert a donor

in the specific site on one of the target alleles and select

clones expressing a donor-inherited marker gene, we

might be able to enrich those rare events in which all

alleles are modified. It has been shown that exogenous

dsDNA fragments can be integrated into chromosomal

loci with DSBs through different repair mechanisms.

The integration efficiency is generally much higher

through NHEJ-mediated DNA repair [27,28] than

through homologous recombination (HR) repair [29].

To ensure the efficiency for donor insertion and to avoid

the hassle of cloning long flanking sequences for donor

construction, we used the CRISPR/Cas9-triggered HR-

independent DNA repair to mediate the insertion of

exogenous linear donor DNAs.

Methods

Cell culture and transfection

HeLa, HeLaOC and HEK293T cells were maintained in

Dulbecco’s modified Eagle’s medium (10-013-CV; Corning,

Tewksbury, MA, USA) supplemented with 10% foetal

bovine serum (Lanzhou Bailing Biotechnology Co., Ltd.,

Lanzhou, China) with 5% CO2 at 37 °C. For transfection,

all cells were seeded on six-well plates and transfected with

X-tremeGENE HP (06366546001; Roche, Mannheim, Ger-

man) according to the supplier’s protocols. Briefly, 2 lg of

DNA and 4 lL of X-tremeGENE HP were added to

200 lL of Opti-MEM� I Reduced Serum Medium

(31985088; Thermo Fisher Scientific, Grand Island, NE,

USA). The mixture was incubated at room temperature for

15 min and then added to the cells.

gRNA-expressing plasmid cloning

For sgRNA-expressing plasmids, the oligonucleotides for

each sgRNA-coding sequence were individually designed

(Table S2) and synthesized (Ruibiotech, Inc., Beijing,

China). We dissolved the oligonucleotides with 1 9 TE to

a concentration of 10 lM, mixed paired oligonucleotides

with TransTaq HiFi Buffer II (K10222; TransGen Biotech,

Beijing, China), heated to 95 °C for 3 min and then slowly

cooled to 4 °C. We phosphorylated these annealed oligonu-

cleotide pairs at 37 °C for 30 min, and after heat inactiva-

tion, ligated the product into the sgRNA vector using the

Golden Gate method. For pgRNA-expressing plasmids,

primers containing two gRNA-coding sequences were used

to amplify the scaffold sequence of the gRNA and the U6

promoter (Table S2). The PCR products were then purified

and ligated into the backbone using the Golden Gate

method. Compared to the sgRNA backbone vector we

reported before [17], the sgRNA scaffold of the new vector

was modified [30], and the EGFP-coding sequence was

replaced with an mCherry-coding sequence.

T7E1 assay

Genomic DNA was extracted using DNeasy Blood & Tis-

sue Kit (69504; Qiagen, Hilden, Germany) for PCR ampli-

fication of the genome region containing the gRNA-

targeting sequence. The primer sequences used in these

assays are listed in Table S1.

Linear donor construction

Donors containing the CMV-driven puromycin-resistant

gene or the EGFP gene and sequences carrying stop codons

in three reading frames were pregenerated and cloned into

the pEASY-T5-Zero cloning vector (CT501-02; TransGen

Biotech), serving as a universal template (Appendix S1).

Primers containing sgRNA cutting site(s) and protection

sequences were used to amplify the template by two-step

PCR reactions. The primer sequences are listed in

Table S4. We performed the PCR reaction using the Trans

Taq� DNA Polymerase High Fidelity (HiFi) kit (K10222;

TransGen Biotech). After PCR reaction, the donors were

purified using the DNA Clean & Concentrator-25 kit

(D4034; Zymo Research, Orange, CA, USA).

HR-independent donor insertion and cell

selection

For HeLaOC cells, 1 lg of purified linear donor PCR product

and 1 lg of sgRNA/pgRNA were transfected into the cells,
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and cells were treated with 1 lg�mL�1 puromycin 2 weeks

after transfection. For HeLa and HEK293T cells, 1 lg of

donor and 0.5 lg of sgRNA/pgRNA with 0.5 lg of Cas9

plasmid were transfected into the cells. Cells were then trea-

ted 2 weeks after transfection with 1 lg�mL�1 of puromycin

or fluorescence-activated cell sorting (FACS) to determine

EGFP-positivity depending on the type of donor.

Conventional gene knockout protocols

For HeLa cells, Cas9 plasmid, sgRNA and a puromycin-

resistant plasmid (0.9 lg: 0.9 lg: 0.2 lg) were transfected

into the cells, and cells were selected with 1 lg�mL�1 puro-

mycin 2 days after transfection. For HeLaOC cells, sgRNA

and a puromycin-resistant plasmid (1.8 lg: 0.2 lg) were

transfected into the cells, and cells were selected with

1 lg�mL�1 puromycin 2 days after transfection. For

HEK293T cells, Cas9 plasmid, sgRNA and a plasmid

expressing mCherry (0.9 lg: 0.9 lg: 0.2 lg) were trans-

fected into the cells, and cells were selected with FACS

2 days after transfection.

Splinkerette PCR

Genomic DNA from cells was extracted using DNeasy

Blood & Tissue Kit (69504; Qiagen). Two microgram of

genomic DNA was digested by MluI and NsiI (R0198V

and R0127V; NEB, Beverly, MA, USA) at 37 °C for 6 h,

followed by 65 °C inactivation for 20 min. We added the

splinkerette adaptor and T4 ligase (M0202L; NEB) to the

digested products, which were purified using DNA Clean &

Concentrator-25 kit (D4034; Zymo Research). After incu-

bation at 16 °C overnight, we performed the primary PCR

using primers splinker1/R1 on the purified ligation prod-

ucts. After purification, primary PCR product was used as

template for the secondary PCR reaction using primers

splinker2/R1. More detailed methods have been previously

described [31–33]. Sequences of the primers and adaptor

are listed in Table S5.

Quantitative real-time PCR (qRT-PCR)

RNA of cultured cells was extracted using RNAprep Pure

Micro kit (DP420; TIANGEN, Beijing, China), and the

cDNA was synthesized using QuantScript RT kit (KR103-

03; TIANGEN). SYBR Premix Ex Taq II (RR820A;

TaKaRa, Otsu, Japan) were used to perform real-time

PCR on LightCycler96 qPCR system (Roche). Transcript

levels of GAPDH were measured as normalized controls.

Specific primers (50-ATTGAGGAGGTAGATTAGGGGC-

30/50-CACAGGAAATTGAGAACTGACAAAC-30 for

HSPA1A and 50-CATTGAGGAGGTGGATTAGGGG-30/
50-AAGAAGTGAAGCAGCAAAGAGC-30 for HSPA1B)

were used for qRT-PCR.

Western blot analysis

For western blot analysis, cell lysates were obtained,

resolved on SDS/PAGE gels (1610183; Bio-Rad, Hercules,

CA, USA) and transferred onto a polyvinylidene fluoride

membrane (IPVH00010; Millipore, Billerica, MA, USA) as

previously described. Membranes were blocked with 5%

nonfat milk at 37 °C for 1 h, probed with primary anti-

HSPA1L antibody (ab154409; Abcam, Cambridge, MA,

USA) and anti-b-tubulin antibody (CW0098M; CWBIO,

Beijing, China) overnight at 4 °C, and then individually

incubated with goat anti-rabbit IgG-HRP secondary anti-

body (111035003; Jackson Immunoresearch, West Grove,

PA, USA) and goat anti-mouse IgG-HRP secondary anti-

body (115035003; Jackson Immunoresearch) at room tem-

perature for 1 h. Protein bands were then detected using a

ClarityTM Western ECL Substrate kit (1705060; Bio-Rad)

and imaged with the Chemi-doc system (1708370; Bio-

Rad).

Results

We planned to generate linear donor DNA and to test

the effect of site-specific DNA integration for the poten-

tial enrichment of knockout events on the ANTXR1

gene in HeLa cells. We designed two sgRNAs targeting

the first exon of ANTXR1 and verified their efficiency in

creating indels on target loci (Table S1). The linear

donor consists of four parts as follows (from the inside

out): a puromycin-resistant gene driven by a CMV pro-

moter in the middle, the short stretch of sequence (at

both sides) consisting of stop codons in all three reading

frames, a single guide RNA (sgRNA) recognition

sequence at the 50 end or paired guide RNA (pgRNA)

recognition sequences at both sides, and 20-bp protec-

tion sequences at both ends. We expected that this lin-

ear donor (DonorANTXR1-sg2 or DonorANTXR1-pg)

(Fig. 1A) could be integrated into the targeting site in

either orientation. As a control, we purposely engi-

neered a donor (Donorno cut) whose sgRNA recognition

sequence was replaced by a random 20-bp sequence that

could not be recognized by either sgRNA (Fig. 1A).

After cotransfection of the Cas9-expressing plasmid,

sgRNA2ANTXR1 or pgRNAANTXR1 and their corre-

sponding donors, DonorANTXR1-sg2 or DonorANTXR1-pg,

we cultured the cells for 14 days before applying antibi-

otics treatment for 2 days, so that we could select clones

with donor integration other than those that have either

puro+ transient expression or adapted antibiotic resis-

tance. We then counted the numbers of puromycin-

resistant (puro+) clones that were stained by MTT (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide). Transfection with donor alone without sgRNA/

pgRNA produced very few puromycin-resistant clones,
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likely due to rare and random integration of the linear

donor into chromosomes; however, the number of these

clones was much lower than in cells cotransfected with

Cas9, sgRNA/pgRNA and its corresponding donor. In

addition, the control donor failed to produce a signifi-

cant amount of puro+ clones, suggesting that the

sgRNA-directed Cas9 cleavage on the donor is critical

for effective donor integration (Fig. 1B).

pgRNAANTXR1-mediated dual-cutting coupled with

DonorANTXR1-pg integration appeared to have similar

efficiency with sgRNA2ANTXR1 plus DonorANTXR1-sg2,

either approach yielded enough puro+ clones for subse-

quent mutant identification.

Because the ANTXR1 gene knockout in HeLa cells

results in cell resistance to chimeric anthrax toxin, PA/

LFnDTA [17], we were able to quickly determine the

ANTXR1 knockout efficiency by calculating the per-

centage of toxin-resistant cells in the puro+ popula-

tion. The use of donors with new protocol increased

the gene knockout efficiency six- to eightfold com-

pared to conventional gene knockout protocols with-

out donor-mediated enrichment (transfection with

gRNA –
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Fig. 1. Donor design and application for puromycin selection-mediated enrichment of cells containing a Cas9/gRNA-targeted mutation at the

ANTXR1 locus in HeLa cells. (A) Schematic of the homologous recombination (HR)-independent knock-in of a linear donor on the sgRNA- or

pgRNA-targeting site of the ANTXR1 gene. The guide RNA cutting sites are labelled on both the genome locus and the linear donors as

indicated. The short stretches of sequences with stop codons in all three reading frames (3 9 STOP) are labelled with ***, and the arrows

point in the direction of the reading frames. The L1/R1 primer sequences used for PCR amplification are listed in Table S3. (B) MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) staining of puromycin-resistant colonies for cells transfected with sgRNA/pgRNA with

or without its donor as indicated. (C) ANTXR1 knockout rate as a percentage of cells resistant to PA/LFnDTA. HeLa cells were transfected

as indicated with sgRNA/pgRNA with corresponding donors (dark bar) or with a puromycin-resistant plasmid (light bar). Cells were selected

with puromycin (1 lg�mL�1) prior to the PA/LFnDTA resistance analysis. Error bars indicate SD (n = 3), t-test, **P < 0.01, ***P < 0.001. (D)

Summary of ANTXR1 knockout cell enrichment using different gRNAs and their donors.

4 FEBS Letters (2016) ª 2016 The Authors. FEBS Letters published by John Wiley & Sons Ltd on

behalf of Federation of European Biochemical Societies.

Simultaneous generation of multi-gene knockouts Y. Zhou et al.



sgRNA2ANTXR1 or pgRNAANTXR1 alone) (Figs 1C

and S1A). The majority of clones isolated individually

from the puro+ cell pool contained the donor inser-

tion at the sgRNA-targeting site (Figs 1D and S1B),

and close to 90% of cells carrying the donor fragment

were genuine gene knockout clones (Fig. 1D).

Because donors with either single- or dual-cutting

sites were both able to greatly enhance the selection of

cells with modifications at the target loci, we used only

the single-cutting donor for convenience. We tested the

same protocol by targeting another gene, HBEGF

(Fig. S2A), and observed the same effect, i.e., that only

sgRNA plus its corresponding donor produced abun-

dant puro+ clones. This result again demonstrated that

donor insertion depends on specific sgRNA/Cas9-

mediated DSBs on both targeted loci and the linear

donor (Fig. S2B). Because the HBEGF gene encodes the

diphtheria toxin (DT) receptor and its knockout in

HeLa cells results in cell resistance to DT [17], we were

able to quickly calculate the knockout rate. Again,

when coupled with its corresponding donor, sgRNA

greatly improved the HBEGF knockout rate (Fig. S2C,

D). This new approach is not limited to specific cell

types or marker genes; we also witnessed much

improved performance when we targeted the HBEGF

gene in HEK293T cells with donors containing EGFP

instead of the puromycin-resistant gene (Fig. S3).

We repeated the same protocol, targeting genes using

the HeLaOC line that was pregenerated for the constant

expression of Cas9 [17]. We obtained similar results as

with HeLa cells for the knockout of either ANTXR1

(Fig. S4) or HBEGF (Fig. S5). This method offers a

convenient alternative for creating target knockouts.

Notably, most of the clones only contained one donor

insertion. However, the vast majority of alleles were

edited at the targeting sites from donor-positive clones,

whereas donor-free protocols appeared to be much less

efficient at creating indels (Table 1). This finding clearly

Table 1. Summary of the genomic sequencing results of the

ANTXR1 guide RNA target region in HeLaOC cells.

Category

Sequencing results

of PCR fragments

with sizes similar to

wild-type (~ 500 bp)

Sequencing results of

PCR fragments with the

sizes similar to wild-type

plus donor insert (~ 1.8 kb)

Wild-type | Mutant |

Mutation rate

Wild-type | Mutant |

Mutation rate

sgRNA1ANTXR1 15 | 0 | 0% � | � | �
sgRNA1ANTXR1/

DonorANTXR1-sg1

1 | 14 | 93% 15 | 15 | 100%

sgRNA2ANTXR1 13 | 2 | 15% � | � | �
sgRNA2ANTXR1/

DonorANTXR1-sg2

5 | 10 | 67% 15 | 15 | 100%

pgRNAANTXR1 10 | 5 | 33% � | � | �
pgRNAANTXR1/

DonorANTXR1-pg

1 | 14 | 93% 15 | 15 | 100%
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B

Fig. 2. Off-target assessment of donor

insertion using splinkerette PCR (spPCR)

analysis in HeLa cells. (A) Design of the

adaptor and primers used for spPCR

analysis. The Splink1 and Splink2 primers

matched the adaptor sequences, and the

primers R1 and R2 matched the linear

donor sequences. (B) spPCR reactions for

the verification of off-target insertion of

the linear donor in single clones and

pooled cell clones after puromycin

selection. The insertion of the donor at the

targeted ANTXR1 locus generated 711-

and 927-bp PCR products using the

primers Splink2/R1 and Splink2/R2

respectively.
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demonstrated that sgRNA or pgRNA action to gener-

ate indels tightly correlates with the occurrence of

donor insertion, making it an ideal reporter for the

enrichment of rare mutant events.

Analysis of junction sequences revealed that most

PCR-amplified donor fragments at the integrated sites

had a variety of indels at both ends, whereas the tar-

geted genome sites had no or very few changes. The

higher rate of indels in donors compared to the tar-

geted chromosomal loci is likely because the linear

donors are more vulnerable for degradation by exonu-

cleases. In addition, the donor appeared in both orien-

tations after insertion (Fig. S6), indicating that DSBs

from donors, but not the sgRNA recognition

sequences, are responsible for donor integration and

target gene mutations. Therefore, the donor integra-

tion is unlikely through the HR or MMEJ pathway

[29,34,35].

To examine whether the use of an external donor

influences the off-target effects of the CRISPR/Cas

system, we performed splinkerette PCR analysis to

survey the genome-wide integration site [31–33]. Cor-
rect donor insertion at the ANTXR1 locus would pro-

duce 711- and 927-bp products using the primers

Splink2/R1 and Splink2/R2 respectively (Fig. 2A). To

perform the splinkerette PCR analysis, we randomly

selected 10 single clones with donor insertions and

three puro+ pooled clones in HeLaOC cells targeting

ANTXR1 (Fig. S4). Similar to those without donor

transfection, single clones or pooled populations

through donor enrichment had no detectable off-target

effects based on the splinkerette PCR results (Fig. 2B).

To test the efficacy of our new protocol in produc-

ing double-gene knockouts, we simultaneously tar-

geted two genes, PSEN1 and PSEN2, in HeLaOC

cells. Two sgRNAs targeting each gene were

PSEN1Genome

770 bpL3 R3

PSEN2Genome

737 bpL4 R4

Target loci
(HeLaOC)

Donor with
designed cutting

site(s) (PuroR)
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Wild type PSEN2 locus

(+1, 4/10)
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A

B

C

Fig. 3. One-step generation of PSEN1 and PSEN2 knockouts in HeLa cells. (A) Schematic of the homologous recombination (HR)-

independent knock-in of linear donor(s) on the sgRNA- or pgRNA-targeting sites of PSEN1 and PSEN2 genes. DonorPSEN1 or DonorPSEN2 has

the sgRNAPSEN1 or sgRNAPSEN2 cutting site at its 50 end. DonorPSEN has the sgRNAPSEN1 cutting site at the 50 end and the sgRNAPSEN2

cutting site at the 30 end. (B and C) Partial coding sequences of the PSEN1 and PSEN2 genes in the genome containing the sgRNA-coding

regions (red) and sequencing analysis of the mutated alleles. Clone 1 (B) was from HeLaOC cells transfected with pgRNAPSEN1+PSEN2/

DonorPSEN, and clone 2 (C) was from HeLaOC cells transfected with pgRNAPSEN1+PSEN2/DonorPSEN1+DonorPSEN2. Shaded nucleotides

represent the PAM sequence that guided the Cas9 for DNA recognition and cleavage. The dashes indicate deletions, and the tall letters

indicate nucleotide insertions. Light-grey arrows in the background indicate the direction of the CMV promoter in the donor.
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designed, and their expression plasmid (pgRNAPSEN,

expressing both sgRNAPSEN1 and sgRNAPSEN2) and

corresponding donors were created. We designed two

kinds of donors as follows: one with two separate

donors (DonorPSEN1 and DonorPSEN2), each harbour-

ing one sgRNA recognition site, and the other donor

(DonorPSEN) with two-sgRNA recognition sites at

each end (Fig. 3A). Notably, pgRNAPSEN, or individ-

ual sgRNAs targeting either PSEN1 or PSEN2, only

exhibited mediocre activity in the T7E1 assay [26] in

generating indels at two specific sites (Fig. S7A).

Encouragingly, we were still able to obtain puro+

clones using either DonorPSEN or DonorPSEN1+
DonorPSEN2 (Fig. S7B). Two clones identified from

each case were selected for genome sequencing analy-

sis (Fig. S7C). Both clones exhibited disruption of

both PSEN1 and PSEN2 (Fig. 3B,C), demonstrating

the superiority of this new method in generating gene

knockouts.

To further compare the efficiency of our approach

with the conventional method in generating multi-gene

knockouts in a quantitative manner, we chose to simul-

taneously knockout both ANTXR1 and HBEGF genes

in HeLa cells. We designed two kinds of donors as fol-

lows: one with two separate donors (DonorANTXR1 +
DonorHBEGF), each harbouring an sgRNA site, and the

other donor (DonorANTXR1+HBEGF) with two sgRNA

cutting sites at each end (Fig. 4A). As described above,

we were able to readily calculate the percentages of sin-

gle knockouts (ANTXR1 or HBEGF) and double

knockouts (ANTXR1 and HBEGF) from the portions

of cells that were resistant to either PA/LFnDTA or

DT, and to both toxins. Notably, we observed much

improved efficiency using donor selection (either one of

two donors) for double knockouts by a factor of

approximately 30-fold in comparison with donor-free

method (Fig. 4B). Consistent with our prior observa-

tion, the efficiency to obtain single knockouts was also

greatly improved with donor enrichment (Fig. 4B).

We continued to test the limits of our method by

targeting multiple genes at one time. We chose the

HSPA gene family, whose members share sequence
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Fig. 4. One-step generation of ANTXR1 and HBEGF knockouts in HeLa cells. (A) Schematic of the homologous recombination (HR)-

independent knock-in of linear donor(s) on the pgRNAANTXR1+HBEGF-targeting sites of ANTXR1 and HBEGF genes. DonorANTXR1 or

DonorHBEGF has the sgRNA1ANTXR1 or sgRNA2HBEGF cutting site at its 50 end. DonorANTXR1+HBEGF has the sgRNA1ANTXR1 cutting site at the

50 end and the sgRNA2HBEGF cutting site at the 30 end. (B) ANTXR1 and HBEGF knockout rate as a percentage of cells resistant to PA/

LFnDTA or/and diphtheria toxin (DT). HeLaOC cells were transfected with pgRNAANTXR1+HBEGF as indicated with corresponding donors or

with a puromycin-resistant plasmid. Cells were selected with puromycin (1 lg�mL�1) prior to the PA/LFnDTA and DT resistance analysis.

Error bars indicate SD (n = 3), t-test, **P < 0.01, ***P < 0.001.
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Design of sgRNA targeting the consensus sequence of HSPA gene family
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Fig. 5. One-step generation of multi-gene knockouts in HeLa cells. (A) Design of the sgRNA targeting the consensus sequence of five HSPA

family genes and the universal linear donor (DonorHSPA) used for the enrichment of cells containing multi-gene mutations. The consensus

sequence of the HSPA gene family was analysed by multiple sequences alignment. The black-shaded nucleotides represent the consensus

sequence of all five HSPA genes. The green-shaded nucleotides represent the consensus sequence of three or four HSPA genes, and the

yellow-shaded nucleotides represent the nonconsensus nucleotides. (B) sgRNAHSPA-triggered indels on five target genes in the absence and

presence of DonorHSPA, after puromycin selection. Indel efficiencies were evaluated with a T7E1 assay. Error bars indicate SD (n = 3), t-test,

**P < 0.01, ***P < 0.001. (C) Partial coding sequences of HSPA1A, HSPA1B, HSPA1L and HSPA6 genes in the genome of HeLa clone 3

containing the sgRNA-targeting regions (red) and sequencing analysis of the mutated alleles. Clone 3 was from HeLaOC cells transfected

with sgRNAHSPA/DonorHSPA. Shaded nucleotides represent the PAM sequence, and the dashes indicate deletions. Light-grey arrows in the

background indicate the CMV promoter direction in the donor. (D) mRNA levels of HSPA1A and HSPA1B (normalized to GAPDH) of clone 3

was quantified by real-time PCR analysis. (E) Western blotting analysis for HSPA1L and b-tubulin (loading control) of clone 3.
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homology. We purposefully selected one specific

sgRNA that simultaneously targets three genes,

HSPA1A, HSPA1B, HSPA1L, because of sequence

identity. This sgRNA-targeting sequence has one mis-

match at HSPA6 loci and two mismatches at HSPA2

loci. The linear donor was generated accordingly

through PCR amplification (Fig. 5A). We applied the

same protocol targeting the HSPA gene family in

HeLaOC. To compare the mutation rates of multi-gene

targeting in the absence and presence of the donor

reporter, we performed the T7E1 assay at all five gene

loci, HSPA1A, HSPA1B, HSPA1L, HSPA2 and

HSPA6. In comparison to conventional gene knockout

protocols (transfection with sgRNAHSPA alone), the

usage of DonorHSPA increased the mutation rates by

approximately 5.5-fold at the HSPA1A locus, 6.1-fold

at the HSPA1B locus, 3.4-fold at the HSPA1L locus

and 6.6-fold at the HSPA6 locus (Fig. 5B). Interest-

ingly, no detectable indels were observed at the

HSPA2 locus with or without the donor reporter, indi-

cating that two mismatches completely abolished

sgRNAHSPA recognition and, more importantly, the

donor selection did not increase the risk of off-target

effects (Fig. 5B). The cell pool sequencing results with

or without donor transfection at HSPA family gene

loci were consistent with the results of the T7E1 assay

(Fig. S8). Notably, the T7E1 assay demonstrated that

the probability to acquire the four-gene mutation has

been increased by a factor of approximately 753

(5.5 9 6.1 9 3.4 9 6.6)-fold in comparison with the

conventional method without a donor. Considering

that this calculation does not include those loci with

donor insertions, the real efficiency increase was even

higher. We then performed PCR verification at the

five targeted loci of the puromycin-resistant single

clones, and six clones identified using our new proto-

col that carry donor inserts in at least two target

genes were selected for genome sequence analysis

(Fig. S9). Clone 3 had modifications in four-gene loci:

HSPA1A, HSPA1B and HSPA1L, with frame-shift

mutations generating complete knockouts, and

HSPA6, with two in-frame mutations (Fig. 5C). San-

ger sequencing revealed that both HSPA1A and

HSPA1B genes harbour premature termination (non-

sense) codons because of donor insertion or sgRNA-

mediated indels in clone 3. We predicted that mRNAs

of these two genes might be subjected to nonsense-

mediated mRNA decay (NMD) [36,37]. Indeed,

expression of HSPA1A and HSPA1B of clone 3 was

drastically reduced (Fig. 5D). In addition, HSPA1L

production was undetectable in clone 3 from western

blotting analysis (Fig. 5E). These results demonstrated

that our method using specially designed donors

enables the generation of multi-gene knockouts in

human cancerous cells, a daunting task that is not

possible with current methods.

In summary, conventional gene knockout strategies

are usually labour-intensive and time-consuming

because they lack effective stimulation and enrichment

for clones containing target gene modifications [22].

The reported HR-independent linear donor insertion

strategies [34,35,38,39] mostly rely on in-frame knock-

in of exogenous gene, or restoration of reading frame

of a reporter. Our redesigned protocol uses a linear

donor with features specifically for gene knockouts,

especially that the selection marker is driven by its

own CMV promoter to ensure its high expression

regardless of native promoter strength and open read-

ing frame of target gene. The linear donor could be

readily obtained through PCR amplification, a much

easier step than plasmid donor construction. Impor-

tantly, we found that cleavage of donor fragments is

essential for its effective integration because dummy

donors without sgRNA recognition sites failed to pro-

mote donor integration (Fig. 1B). We reason that the

abundant presence of DSBs generated by sgRNA-

mediated cleavage of donors boosts the NHEJ activity,

greatly stimulating DNA DSB rejoining at the target

loci on chromosomes. In addition, it has been reported

that multiple DSBs could accumulate to the pre-exist-

ing DNA damage repair centre and consequently

accelerate the damage repair [40–42] and the incorpo-

ration of donors with DSBs. It becomes evident that

as the sgRNA efficiency decreases or the number of

target genes for disruption increases, higher fold of

enrichment is observed with this strategy. These coor-

dinate changes make the new approach extremely use-

ful for targeting genes for which designing sgRNAs is

difficult and in cases where several genes need to be

targeted simultaneously. We anticipate that this

method will facilitate broader application of the

CRISPR system in the biomedical study of genes and

their functions.
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