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Abstract Isolation of genetically modified cells generat-

ed by designed nucleases are challenging, since they are

often phenotypically indistinguishable from their parental

cells. To efficiently enrich genetically modified cells, we

developed two dual-reporter surrogate systems, namely

NHEJ-RPG and SSA-RPG based on NHEJ and SSA repair

mechanisms, respectively. Repair and enrichment effi-

ciencies of these two systems were compared using

different nucleases. In both CRISPR-Cas9- and ZFNs-in-

duced DSB repair studies, we found that the efficiency and

sensitivity of the SSA-RPG reporter with direct repeat

length more than 200 bp were much higher than the NHEJ-

RPG reporter. By utilizing the SSA-RPG reporter, we

achieved the enrichment for indels in several endogenous

loci with 6.3- to 34.8-fold of non-selected cells. Thus, the

highly sensitive SSA-RPG reporter can be used for activity

validation of designed nucleases and efficient enrichment

of genetically modified cells. Besides, our systems offer

alternative enrichment choices either by puromycin selec-

tion or FACS.
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Introduction

Genome editing tools, such as zinc-finger nucleases

(ZFNs), transcription activator-like effector nucleases

(TALENs) and clustered regularly interspaced short

palindromic repeat (CRISPR)/CRISPR-associated (Cas)

systems, have made genetic modification more efficient,

and genome engineering is now at the dawn of the golden

age [1]. Both engineered nuclease ZFNs and TALENs fa-

cilitate targeted genome editing by creating double-strand

breaks (DSBs), using DNA-binding proteins and FokI nu-

cleases to recognize and cleave targeted DNA substrate,

respectively [2, 3]. CRISPR-Cas9 system is a RNA-guided

DNA cleavage system derived from bacteria immune sys-

tem [4, 5], a single chimeric-guiding RNA (gRNA or

sgRNA) can direct the Cas9 nuclease to target DNA se-

quence [6], which has been proved to result in target

cleavage activity in various eukaryotic species [7–11].

However, lack of an efficient selection approach for

genetically modified cells hampers the wide application of

designed nucleases in gene therapy and genome engineer-

ing. Given the limited cleavage and repair efficiencies of

designed nucleases, most of the cells will not be induced

with intent mutations at target sites after transfected with

designed nuclease plasmids [12], and even the cells har-

boring mutations would not have significant discernible

phenotypes for selection. Thus, a simple method for en-

riching cells with artificial nuclease-induced mutations will

facilitate the usage of these genome engineering tools.

When the target sequence on a chromosome was mutated
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by designed nuclease, the same target sequence on the

other homologous chromosome in the same cell would be

mutated more frequently than that in other cells [13, 14].

Several surrogate reporters containing target sequences had

been devised by Kim et al. to enrich cells with nuclease-

induced mutations [12, 15–17]. Fluorescence-activated cell

sorting (FACS), magnetic separation and antibiotic selec-

tion have been successfully utilized for the enrichment of

endogenous gene-modified cells.

Since artificial nucleases-induced DSBs can result in

mutations or chromosome rearrangements and eventually

cell death; cells have evolved a number of pathways to deal

with DSBs including homologous recombination (HR),

single-strand annealing (SSA) and non-homologous end

joining (NHEJ). To simplify the surrogate reporter system,

the NHEJ or SSA surrogate reporter may be the preferen-

tial choice, because an additional donor is necessary for the

HR pathway. For NHEJ, break ends are rapidly recognized

by Ku proteins and DNA-dependent protein kinase, re-

sulting in end resection; and the broken DNA ends are

rejoined directly end-to-end, which could result in small

insertions and deletions (Indels) [18–20]. If a DSB lies

between two homogenous repeat sequences, the SSA

pathway will lead to the formation of a deletion between

the repeats [21–24]. In several organisms, it had been re-

ported that NHEJ was predominant among these three

repair pathways [19, 25–29]. While, it became more pos-

sible to anneal via SSA pathway instead of NHEJ under the

special condition with homogenous repeats, and the effi-

ciency of SSA could be more than ten times higher than

NHEJ [30]. Similar phenomenon also had been found in

Drosophila germ cells [31]. Homogenous repeats are cri-

tical for the SSA efficiency, which could reach a plateau if

the repeat length is enough [32–35]. Nevertheless, addi-

tional experiments are needed to determine the generality

relationship between NHEJ and SSA, and using reporters

with varying direct repeat lengths may be one approach to

assess repair in different contexts.

The sensitivity of surrogate reporters is directly related

to the efficiency of corresponding repair pathway used, and

developing a surrogate reporter with higher repair effi-

ciency could help to enrich more genetically modified cells

instead of discarding many true positive cells. The existing

surrogate reporters were established mainly based on the

NHEJ repair pathway [12, 15, 16]. However, our previous

studies suggested that surrogate reporters with SSA direct

repeats were efficient for nuclease activity validation and

positive cells selection [36–39], and thus the NHEJ and

SSA repair pathways remain to be compared for surrogate

reporter usage. Besides, different polarities and propensi-

ties for DSB ends induced by different nuclease platforms

also influence the preference of SSA and NHEJ [30]. ZFNs

and TALENs are known as FokI-based enzymes that leave

50-overhangs [40] and Cas9-based enzymes leave mainly

blunt-ended DSBs or in some cases 1 bp overhangs [6, 41].

Therefore, it is necessary to investigate surrogate reporters

based on different repair pathways for different nuclease

platforms.

Here, we present two DsRed-PuroR-eGFP (RPG) dual-

reporter surrogate systems which are based on the NHEJ

and SSA repair pathways, and named as NHEJ-RPG and

SSA-RPG, respectively (Fig. 1a, b). The DsRed fluorescent

marker gene is used for calculating the transfection effi-

ciency, and puromycin resistant (PuroR) and eGFP

fluorescent genes are fused by T2A as dual reporter. The

T2A is a ‘‘self-cleaving’’ small peptide, which makes a

single open reading frame (ORF) encoding two proteins

after the translation [38]. After transfection, functional re-

pair of the dual-reporter genes will facilitate the selection

for nuclease positive cells by either puromycin selection or

FACS, which will further leverage for the enrichment of

genetically modified cells (Fig. 2a). The repair efficiencies

and sensitivities for the NHEJ-RPG reporter and different

SSA-RPG reporters (Fig. 1c) were compared under the two

end conditions generated by CRISPR-Cas9 and ZFNs

(Fig. 2b, c). The enrichment efficiencies for genetically

modified cells with the two reporter systems were also

compared, and the SSA-RPG reporter with higher sensi-

tivity was further applied successfully for the enrichment

of CRISPR-Cas9- and ZFN-induced genetically modified

cells by both puromycin selection and FACS. Our study

provided a highly sensitive SSA-RPG surrogate reporter

system, which will facilitate the usage of artificial nucle-

ases in biotechnological and transgenic researches.

Results

Cas9-induced DSB repair efficiencies for different

surrogate reporters

To understand the Cas9-induced DSB repair preference for

different surrogate reporters, 293T cells were co-trans-

fected with CCR5.a.gRNA/Cas9 expression plasmid and

corresponding surrogate reporter plasmids. Flow cytomet-

ric results indicated that the eGFP functional repair

efficiency of the NHEJ-RPG surrogate reporter was about

0.28 %. Given that the NHEJ-mediated functional eGFP

expression only reflects one-third of the real DSB repair

efficiency, for the two-thirds of frame shift repair which

can not result in the expression of reporter genes, the real

DSB repair efficiency should be the data (eGFP functional

repair efficiency) multiplied by the factor 3 (3*NHEJ),

which is still much lower than SSA-mediated repair effi-

ciency when the direct repeat length is 50 bp. As for the

SSA-RPG surrogate reporter, a repair efficiency correlation
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was observed with the direct repeat length increased until it

reached plateau at 200 bp, and the efficiency increased by

sixfold (from 1.1 to 6.8 %) (Fig. 3a, Supplementary

Fig. 2). These suggested that the SSA-RPG surrogate re-

porter is a preferred choice to evaluate the Cas9-induced

DSB repair efficiency and the CRISPR-Cas9 nuclease

activity.

ZFN-induced DSB repair efficiencies for different

surrogate reporters

To compare DSB repair efficiencies between NHEJ- and

SSA-based reporters with ZFN-induced cohesive ends,

293T cells were co-transfected with CCR5.ZFNL/

CCR5.ZFNR expression plasmids and corresponding sur-

rogate reporter plasmids. Results demonstrated that the

NHEJ-mediated DSB repair efficiency (3*NHEJ) was

equal to that SSA mediated when the direct repeat length

was 100 bp (Fig. 3b). However, the SSA-mediated ho-

mologous recombination repair efficiency increased with

the augment of the direct repeat length until it reached a

plateau at approximately 200 bp. The efficiency increased

precipitously by near sevenfold when the direct repeat

length increased from 50 to 200 bp. The extra length of

direct repeats beyond 200 bp did not increase the repair

efficiency significantly (Fig. 3b, Supplementary Fig. 3).

This experiment also indicated that the SSA-RPG reporter,

when the length of direct repeats reaches 200 bp, still

possesses higher sensitivity than the NHEJ-RPG reporter to

validate the nuclease activity of ZFNs.

Sensitivities of the NHEJ-RPG and SSA-RPG surrogate

reporters

As demonstrated above, for both Cas9- and ZFN-induced

DSB repair, we found that efficiency of the SSA-RPG sur-

rogate reporter with direct repeat length more than 200 bp

was much higher than the NHEJ-RPG reporter. In general,

CCR5.ZFN-induced DSB repair efficiencies were about

twofold of that generated by CCR5.a.gRNA/Cas9 congru-

ously with different SSA-RPG surrogate reporters.

However, for the NHEJ-RPG reporter, CCR5.a.gRNA/

Cas9-induced DSB repair efficiency was obviously inhibit-

ed, which was more than fivefold lower than that of

CCR5.ZFN-induced cohesive ends (Fig. 3a, b). Taken to-

gether, these results suggested that, for the activity

validation of both Cas9 and ZFNs, the SSA-RPG reporter is

higher sensitive than the NHEJ-RPG reporter, when the

Fig. 1 Schematic drawing for the function principle of the dual

surrogate reporters. a Function principle of the NHEJ-RPG reporter.

The DsRed marker gene was driven by CMV promoter. The target-

disrupted PuroR gene and eGFP fluorescent gene are fused by T2A as

dual reporter, and driven by CAG promoter. When the designed

nuclease cleaves the target sequence, the mutagenic NHEJ-mediated

DNA DSB repair will generate one-third of products with correct

ORF, resulting in functional expression of PuroR and eGFP genes.

b Function principle of the SSA-RPG reporter. Differently with the

NHEJ-RPG reporter, the PuroR gene is interrupted by target sequence

flanked with direct repeats as SSA arms. When designed nuclease

functions to cleave the target sequence, the SSA-mediated repair will

result in the deletion of one repeat, together with the intervening

sequence, correcting the ORF for PuroR and eGFP reporter genes.

c Different lengths of direct repeats designed for the SSA-RPG

reporters. The lengths are set to range from 50 to 350 bp with 50 bp

increased each
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length of direct repeats reaches its optimal 200 bp. These

observations were also confirmed by microscopic ex-

amination. For CCR5.a.gRNA/Cas9-transfected cells, the

fluorescence microscope observations showed prominently

more eGFP? cells with the SSA-RPG reporter with direct

repeats of 200 bp (Fig. 3c), and further puromycin selection

also generated much more positive colonies than the NHEJ-

RPG reporter (Fig. 3d). For the control group, the majority

of cells died after puromycin treatment for 5 days, sug-

gesting that puromycin also can be used as an efficient

selection antibiotic. Similar results were observed with

AAVS1.gRNA/Cas9-, CCR2.gRNA/Cas9-, CCR5.b.gRNA/

Cas9- and CCR5.ZFN-transfected cells. These indicated that

the SSA-RPG reporter can be highly sensitive for the se-

lection and enrichment of nuclease-functioned positive cells

by both FACS and puromycin selection.

Enrichment efficiencies of the NHEJ-RPG and SSA-

RPG surrogate reporters

As the reported NHEJ-HygroR-based surrogate reporter [12,

16, 17], we used PuroR gene for fast and efficient enrich-

ment of genetically modified cells. Based on the results

described above, the SSA-RPG surrogate reporter with di-

rect repeats of 200 bp, compared with the NHEJ-RPG

reporter, was chosen for further enrichment investigation.

293T cells were co-transfected with AAVS1.gRNA/Cas9

expression plasmid and corresponding surrogate reporter

plasmids, NHEJ-RPG and SSA-RPG, respectively. Subse-

quent T7E1 assay demonstrated that mutation frequencies

(Indels, %) within AAVS1 locus for SSA-RPG and NHEJ-

RPG groups were 43.9 and 37.9 %, 34.8-fold and 29.1-fold

of the unselected groups (1.2 and 1.3 %), respectively

(Fig. 4a). Further sequencing results revealed that the mu-

tation frequencies for puromycin-selected cells in SSA-

RPG and NHEJ-RPG groups were 86.6 and 64.7 %, 21.1-

fold and 18.5-fold, respectively, of the unselected groups

(Fig. 4b, c). In conclusion, the SSA-RPG and NHEJ-RPG

surrogate reporters share similar enrichment efficiencies for

genetically modified cells, indicating that the genomic

modification within selected positive cells is independent of

the repair of surrogate reporters. However, the SSA-RPG

surrogate reporter did help to yield efficient number of

genetically modified cells, exhibiting a higher sensitivity

upon the NHEJ-RPG reporter.

Enrichment of genetically modified cells

with SSA-RPG based puromycin selection

To further verify the efficiency and sensitivity of the SSA-

RPG surrogate reporter for enrichment of genetically

modified cells, three additional CRISPR-Cas9 targets,

Fig. 2 Schematic drawing of the enrichment principle with dual-

reporter surrogate system and the designed nucleases. a Schematic of

the enrichment for genetically modified cells. b Schematic of

CRISPR-Cas9 system derived from S. thermophilus. c Schematic of

the CCR5.ZFN heterodimer nuclease and the target sequence [31]
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CCR2, CCR5.a and CCR5.b, were subsequently investi-

gated. T7E1 assay demonstrated that mutation frequencies

for puromycin-selected cells were 57.8, 27.1 and 24.7 %,

which were 13.8-fold, 12.3-fold and 6.3-fold of the un-

selected cells (4.2, 2.2 and 3.9 %), respectively (Table 1;

Supplementary Fig. 4a, c, e). The enrichment was further

verified by the sequencing results as 72.7, 30.8 and 45 %,

34.6-fold, 18.1-fold and 11.8-fold of the unselected groups

(2.1, 1.7 and 3.8 %), respectively (Table 1; Supplementary

Fig. 4b, d, f). To ask whether the SSA-RPG reporter is also

efficient for the enrichment of cohesive-ending ZFN-in-

duced genetically modified cells, 293T cells co-transfected

with CCR5.ZFNL/CCR5.ZFNR expression plasmids and

corresponding SSA-RPG surrogate reporter plasmid were

also subjected to puromycin selection and mutation de-

tection. T7E1 assay and sequencing results suggested

mutation frequencies for puromycin-selected cells as 34.2

and 26.3 %, which were [34.2-fold and 18.8-fold of the

unselected cells (Table 1; Supplementary Fig. 4g, h).

Taken together, the efficiency and sensitivity of the SSA-

RPG surrogate reporter are significantly efficient for the

enrichment of both Cas9- and ZFN-induced genetically

modified cells by puromycin selection.

Enrichment of genetically modified cells

with SSA-RPG-based FACS

To improve the feasibility of the surrogate reporter system,

the eGFP fluorescence gene was fused with the target/SSA

arms-interrupted PuroR gene by T2A sequence as dual re-

porter (Fig. 1). FACS was supposed as an alternative to the

puromycin selection for the enrichment of genetically

modified cells. 293T cells co-transfected with

Fig. 3 Repair efficiency and sensitivity comparison of the NHEJ-

RPG and SSA-RPG reporters. a Statistical results of CCR5.a.gRNA/

Cas9-induced DSB repair efficiencies for different surrogate re-

porters. b Statistical results of CCR5.ZFN-induced DSB repair

efficiencies for different surrogate reporters. The repair efficiency is

calculated as the mean value of three independent experiments. Error

bars represent standard deviation. c Visualization of DsRed and eGFP

expression by fluorescence microscopy. d Sensitivity comparison of

the NHEJ-RPG and SSA-RPG reporters under puromycin treatment.

293T cells were co-transfected with CCR5.a.gRNA/Cas9 expression

plasmid and corresponding surrogate reporter plasmids, NHEJ-RPG

and SSA-RPG, respectively. Cells were observed and photographed

with fluorescence microscope 2 days after transfection, and main-

tained continuously with puromycin treatment for another 5 days, and

photographed. Scale bar 50 lm
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CCR5.a.gRNA/Cas9 or CCR5.ZFNL/CCR5.ZFNR expres-

sion plasmids and corresponding SSA-RPG surrogate

reporter plasmid, were sorted 3 days (*72 h) after trans-

fection for DsRed? eGFP? cells. Subsequent T7E1 assay

and sequencing detection revealed that intent mutation fre-

quencies for flow cytometric sorted cells were 31.4 and

23.5 %, 13.2-fold and 11.2-fold of the unsorted cells (2.4 and

2.1 %) for CCR5.a.gRNA/Cas9 (Table 2; Supplementary

Fig. 5a, b), and as for CCR5.ZFN, 27.7 and 20.8 %, which

were[27.7-fold and 14.9-fold of the unsorted cells (Table 2;

Supplementary Fig. 5c, d). These results suggested that the

SSA-RPG surrogate reporter could be used for the enrich-

ment of genetically modified cells not only by puromycin

selection but also by FACS.

Detection of off-target effect after puromycin selection

and FACS

To determine if there are any off-target events within the

enriched cells, the genome DNA prepared after puromycin

selection or flow cytometry sorting in the above studies

was also used for the off-target detection (T7E1 assay). The

Fig. 4 Enrichment of AAVS1.gRNA/Cas9-induced genetically mod-

ified mutants by puromycin selection. 293T cells were co-transfected

with AAVS1.gRNA/Cas9 expression plasmid and corresponding

surrogate reporter plasmids, NHEJ-RPG and SSA-RPG, respectively,

and were subjected to puromycin treatment before indel detection.

a T7E1 assay for the indels within unselected and puromycin-selected

cells (PuroR?). Arrows indicate the expected fragments. Mutation

frequencies (Indels, %) at the bottom were calculated by measuring

the band intensities. b Sequencing results of indels within SSA-RPG

based unselected and puromycin-selected cells. c Sequencing results

of indels within NHEJ-RPG based unselected and puromycin-selected

cells. Dashes and lower-case letters in green indicate deleted and

inserted base pairs, respectively (the inserted or deleted base pairs are

numbered in the parentheses). The number (92 or 93) represents the

multiple occurrences for indicated clones

Table 1 Enrichment results of genetically modified mutations (Indels) with SSA-RPG-based puromycin selection

Nucleases Loci T7E1 assay Sequencing detection

Unselected (%) Selected (%) Fold Sorting (%) Unsorting (%) Fold

CRISPR-Cas9 CCR2 4.2 57.8 13.8 2.1 72.7 34.6

CCR5a 2.2 27.1 12.3 1.7 30.8 18.1

CCR5b 3.9 24.7 6.3 3.8 45 11.8

ZFNs CCR5 \1.0 34.2 [34.2 1.4 26.3 18.8
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off-target sites were predicted according to Cradick’s

method for ZFNs [43] and the online software (http://

crispr.mit.edu/) for CRISPR-Cas9 system, respectively. We

selected and tested three top off-target sites with the

highest potential for each intent target site (CCR5.a.gRNA/

Cas9 and CCR5.ZFN). We did not detect any obvious off-

target effects even after puromycin selection and flow cy-

tometric enrichment (Supplementary Figs. 6, 7),

suggesting that a conclusion can be made in a certain ex-

tent that our surrogate system does not exacerbate the off-

target effect obviously and can be used for efficient en-

richment of genetically modified cells.

Discussion

In this work, we designed two dual-reporter surrogate

systems to facilitate the enrichment of genetically modified

cells by either puromycin selection or FACS. By compar-

ing the DSB repair efficiencies of the two surrogate

reporter systems under different end conditions generated

by Cas9 and ZFNs, we found that the efficiency and sen-

sitivity of the SSA-RPG surrogate reporter with direct

repeat length more than 200 bp were much higher than the

NHEJ-RPG reporter. The enrichment efficiencies for ge-

netically modified cells were also compared to be

independent of the repair efficiency of surrogate reporters,

but the SSA-RPG surrogate reporter did increase obviously

positive cells and exhibited higher sensitivity, which was

further applied successfully for the enrichment of CRISPR-

Cas9- and ZFN-induced genetically modified cells by both

puromycin selection and FACS. Thus, the SSA-RPG sur-

rogate reporter provides a useful tool for efficient activity

validation and enrichment of genetically modified cells,

especially when the nuclease activity is very low.

For a long time, NHEJ has been considered as the pre-

dominant mechanism among NHEJ, SSA and HR repair

pathways [19, 25–29]. There were only few reports

claiming that the frequency of SSA was higher than that of

NHEJ [30, 31]. We found that the length of the direct

repeats introduced would influence the SSA-based reporter

repair efficiency distinctly in a certain range. Both Cas9-

and ZFN-induced SSA-mediated repair efficiencies were

positively correlated with the length of the direct repeats

until they reached plateaus, suggesting that the length of

direct repeats is a major factor to determine the SSA repair

pathway. For NHEJ-mediated DSB repair, Cas9-induced

DSBs showed lower efficiency, compared with the ZFN-

induced cohesive ends. Although the SSA-mediated repair

efficiency was much higher than NHEJ when the length of

direct repeats as SSA arms is 200 bp, when the length is

less than 50 bp for Cas9-induced DSBs, or less than 100 bp

for ZFN-induced cohesive ends, the SSA-based surrogate

reporters possess no superiority on the NHEJ-based re-

porter (Fig. 3a, b). Difference in repair pathway utilization

between I-SceI (Producing 30-overhangs) and TALENs

(Producing 50-overhangs) was also reported, due to intrin-

sic properties of the nuclease reagents [30]. Here, we

compared the DNA repair pathway preference between

different DSB conditions generated by Cas9 and ZFNs,

respectively, and difference was only observed when the

length of direct repeats for the SSA-based reporter is less

than 100 bp. Whether the I-SceI nuclease involves differ-

ent repair pathway preference remains elusive.

In conclusion, both the SSA-RPG and NHEJ-RPG dual

reporters are proved to be efficient for the enrichment of

genetically modified 293T cells. However, the sensitivity

for the SSA-RPG reporter with the direct repeat length of

200 bp is much higher because of higher repair efficiency,

which could contribute to yield more positive cells through

puromycin selection or FACS. Similar results have been

achieved in another project of our team with mouse C2C12

cell line for Rosa26 and Vitamin D loci (Data not shown).

Thus, the SSA-RPG reporter should be the prior choice,

which can help to save the time and cost to enrich enough

genetically modified cells for the purposes of the gene

therapy, gene function analysis and generation of genome-

edited animals. Nevertheless, for a new cell line, pre-ex-

perimental comparison of the two reporters is strongly

recommended as we did, if possible.

Materials and methods

Construction of NHEJ-RPG surrogate reporter

The NHEJ-RPG surrogate reporter was constructed with

two independent expression cassettes using standard

molecular biology techniques. The DsRed expression cas-

sette consists of the DsRed gene driven by CMV promoter

Table 2 Enrichment results of genetically modified mutations (Indels) with SSA-RPG based FACS

Nucleases Loci T7E1 assay Sequencing detection

Unsorted (%) Sorted (%) Fold Unsorted (%) Sorted (%) Fold

CRISPR-Cas9 CCR5a 2.4 31.4 13.2 2.1 23.5 11.2

ZFNs CCR5 \1.0 27.7 [27.7 1.4 20.8 14.9
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and terminated by the rabbit beta-globin gene polyA signal,

which is used for measuring transfection efficiency. The

PuroR gene and eGFP fluorescent gene are fused by T2A

(GSGEGRGSLLTCGDVEENPGP) as dual-reporter [42],

and the cassette is driven by CAG promoter and terminated

by the SV40 polyA signal. A multiple cloning site (MCS)

containing NotI/BamHI sites is introduced just following

the initiation codon ATG of PuroR gene for nuclease target

sequence cloning (Fig. 1a, Supplementary Fig. 1a). The

PuroR and eGFP genes could be expressed successfully for

wide type NHEJ-RPG reporter, but the open reading frame

(ORF) will be disrupted once a nuclease target sequence

was inserted. When the designed nuclease cleaves the

target sequence, the mutagenic NHEJ-mediated DNA DSB

repair will generate one-third of products with correct

ORF, resulting in functional expression of PuroR and eGFP

genes. Then, PuroR and eGFP positive cells can be sub-

jected to puromycin selection or flow cytometry sorting.

The oligonucleotides-annealing products of CCR2/

CCR5.a.CRISPR and CCR5.ZFN target sequences (Sup-

plementary Table 1) were inserted into the NotI/BamHI

sites to generate corresponding surrogate reporter vectors.

All the plasmids were confirmed by sequencing.

Construction of the SSA-RPG surrogate reporter

Differently with the NHEJ-RPG system, for the SSA-RPG

surrogate reporter, the MCS with NotI/BamHI sites is

flanked with direct repeats as SSA arms and inserted into

the middle of PuroR gene to interrupt the ORF (Fig. 1b,

Supplementary Fig. 1b). The direct repeat sequences

derived from PuroR gene are designed to flank the MCS

site, and the lengths are set to range from 50 to 350 bp with

50 bp increased each (Fig. 1c). When designed nuclease

functions to cleave the target sequence inserted within the

surrogate reporter, the SSA-mediated repair will result in

the deletion of one repeat, together with the intervening

sequence, correcting the ORF for PuroR and eGFP reporter

genes. The oligonucleotides-annealing products of CCR2/

CCR5.a.CRISPR, CCR5.b.CRISPR and AAVS1.CRISPR

and CCR5.ZFN target sequences (Supplementary Table 1)

were also inserted into the parental SSA-RPG plasmid

using NotI/BamHI sites to generate corresponding surro-

gate reporter vectors. All the plasmids were confirmed by

sequencing.

Construction of the designed nuclease expression

vectors

The CRISPR-Cas9 system used in this work was the

Streptococcus thermophilus CRISPR3-Cas (StCas9) sys-

tem as we previously reported [38] (Fig. 2b). Target

sequences were selected from human CCR2, CCR5 and

AAVS1 loci. The gRNA and humanized S. thermophilus

Cas9 protein are expressed within one pll3.7 vector driven

by mU6 and CMV promoter, respectively (Supplementary

Fig. 1c).

The ZFN pair designed to target CCR5 locus as shown

in Fig. 2c, were synthesized (Biosune, Inc. China) directly,

based on the sequences reported previously [13], and in-

serted into the eukaryotic expression vector pst1374-MCS

to construct pst1374-CCR5.ZFNL and pst1374-

CCR5.ZFNR, respectively (Supplementary Fig. 1d). To

improve performance of the ZFN nuclease, FokI within

ZFNL was introduced with Sharky and ELD mutations,

and that within ZFNR introduced with the Sharky and

KKR mutations [44]. These mutations were generated by a

multiple site-directed mutagenesis method as reported [45].

Cell culture

Human embryonic kidney 293T (HEK293T) cells were

routinely maintained in Dulbecco’s modified Eagle medi-

um (DMEM, Gibco) supplemented with 100 U/mL

penicillin, 100 lg/mL streptomycin and 10 % (v/v) fetal

bovine serum (FBS, Hyclone), at 37 �C and 5 % CO2.

About 1 9 104 293T cells were seeded into 0.5 mL of

culture medium per well of 24-well plate and incubated for

about 24 h before transfection.

Cell transfection

The transfection was conducted with related plasmids

(Total of 1.6 lg plasmid DNA per transfection) within

24-well plates using Sofast transfection reagent (Xiamen

Sunma Biotechnology Co., Ltd. China) according to the

user manual. For the ZFN groups, the mole ration of ZFNL

and ZFNR expression vectors and surrogate reporter was

1.2:1.2:1, and the ZFN parental plasmid pst1374-MCS was

used as the control. Meanwhile, for the CRISPR-Cas9

groups, the mole ration of gRNA/Cas9 expression vector

and surrogate reporter was 1.2:1, and the Cas9 expression

vector without gRNA was used as the control. For each

transfection, more than three independent replicates were

performed.

Detection of surrogate reporter repair efficiency

in 293T

The cells were observed and photographed with fluores-

cence microscope 1, 2 and 3 days after transfection,

respectively. Then, cells were harvested and subjected to

flow cytometric counting. 30,000 cells were counted to

number the DsRed? cells and DsRed? eGFP? positive

cells. The percentage of DsRed? cells represents the effi-

ciency of transfection, and the percentage of DsRed?
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eGFP? cells compared with DsRed? cells was calculated

to estimate the repair efficiency of surrogate reporter and

the activity of designed nucleases. Compensation ex-

periments with 293T cells transfected with independent

eGFP or DsRed expression vectors were performed to de-

crease the errors. Data were analyzed using FCS Express 4

flow cytometric data analysis software.

Puromycin selection

The cells within half number of wells were harvested and

directly used for genomic DNA extraction with

E.Z.N.A.DNA Kit (OMEGA Bio-Tek) by standard proce-

dure 3 days after transfection. Meanwhile, the other wells

were maintained with puromycin (Sigma) treatment 2 days

after transfection at a final concentration of 3 lg/mL for

5 days, and the medium was changed every day. After the

treatment, selected cells within positive colonies were

collected and genomic DNA was extracted for subsequent

T7E1 assay. Untransfected cells, cells transfected with

surrogate reporter alone and cells co-transfected with nu-

clease parental vector and surrogate reporter were used as

controls.

Fluorescence-activated cell sorting

3 days after transfection, cells were harvested and half

were directly subjected to genomic DNA extraction for

subsequent T7E1 assay, and the remaining cells were used

for flow cytometric sorting before genomic DNA extrac-

tion. Briefly, single-cell suspensions were analyzed and

cells with strong DsRed and eGFP signals were sorted

using the FACSAria II cell sorter (BD Biosciences, USA)

to enrich cells harboring functional surrogate reporter.

Untransfected cells, cells transfected with surrogate re-

porter alone and cells co-transfected with nuclease parental

vector and surrogate reporter were used as controls.

Detection of nuclease-induced mutations in genomic

level

T7E1 assay was performed as previously described [12, 14]

to detect the nuclease-induced mutations in genomic level.

Generally, the genomic DNAs prepared form different

experiment groups were PCR amplified for DNA fragments

containing intent target sequences with appropriate primers

(Supplementary Table 2). 100 ng amplified DNA fragment

was denatured by heating and annealed to form heterodu-

plex DNA, subsequently treated with 5 units of T7 nuclease

I (New England Biolabs) for 20 min at 37 �C and finally

analyzed using 2 % agarose gel electrophoresis. Mutation

frequencies were calculated as previously described based

on the band intensities using ImageJ software and the

following equation: mutation frequency

(%) = 100 9 [1 - (1 - fraction cleaved)1/2], where the

fraction cleaved is the total relative density of the cleavage

bands divided by the sum of the relative density of the

cleavage bands and uncut bands [46]. PCR-amplified

fragments were also inserted into the pGEM-T vector by

T-A cloning and 20 or more clones were sequenced.
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