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SUMMARY
Genome editing in induced pluripotent stem cells is currently hampered by the laborious and expensive nature of identifying homology-

directed repair (HDR)-modified cells.We present an approachwhere isolation of cells bearing a selectable, HDR-mediated editing event at

one locus enriches for HDR-mediated edits at additional loci. This strategy, called co-targeting with selection, improves the probability of

isolating cells bearing HDR-mediated variants and accelerates the production of disease models.
INTRODUCTION

Programmable nucleases are seeing widespread application

in the genome engineering field on account of their ability

to permit precise genetic modifications in cell cultures and

whole organisms. The CRISPR/Cas9 (CRISPR-associated)

system (Bhaya et al., 2011) has attracted particular atten-

tion on account of its flexibility, ease of use, and cost-effec-

tiveness compared with alternative nucleases (e.g., zinc-

finger nucleases [ZFNs] and transcription activator-like

effector nucleases [TALENs]). Approaches utilizing ZFNs,

TALENs, and, increasingly, CRISPR/Cas9 for the creation

of genetically modified induced pluripotent stem cell

(iPSC) lines that can be converted into pertinent somatic

cell types for exploration of contextually relevant patho-

physiological states have become a go-to strategy for

delineating variant/disease association (reviewed inHocke-

meyer and Jaenisch, 2016). Precision genome editing typi-

cally involves incorporation of an exogenously supplied

DNA donor with the desired variant, often containing

one ormore additional sequence incorporations to prevent

nuclease re-cutting (Long et al., 2014), into the genome of

the host cell via the homology-directed repair (HDR)

pathway following a nuclease-mediated, double-strand

break. Despite enhancements in the efficiency with
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which donor DNA can be incorporated into the genome,

HDR-based editing in iPSCs using either vector- or single-

stranded oligodeoxynucleotide (ssODN)-based donors oc-

curs infrequently, often less than 1% (Soldner et al., 2011;

Wang et al., 2014). Consequently, identifying a cell that

bears a mutation of interest, which can entail extended

maintenance, expansion, and analysis of hundreds of

clonal populations, is laborious, expensive, and not readily

scalable.

Increasing evidence suggests that HDR, which represents

the lesser-used method of genome repair, is dependent on

various cell-autonomous factors. Mitotic manipulation,

temporal regulation of Cas9 expression, and suppression

of the non-homologous end-joining (NHEJ) pathway

have all been shown to enhance HDR editing in vitro to

varying degrees (Gutschner et al., 2016; Lin et al., 2014;

Maruyama et al., 2015; Yu et al., 2015). Selecting cells based

on reagent delivery and integration of Cas9 into the

genome have also been shown to enhance the frequency

of HDR (Ding et al., 2013a, 2013b; Gonzalez et al.,

2014). Elegant strategies have been devised to isolate pre-

cision-modified cells, including knockin of excisable

selectable cassettes and serial enrichment of positive sub-

fractions (Miyaoka et al., 2014; Yusa et al., 2011). Here

we implemented a simple and adaptable method that
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obviates chemical perturbation, avoids stable Cas9 expres-

sion, maintains inherent DNA repair competence, does

not require additional time or equipment, and is appli-

cable to mismatch repair-proficient cell systems. We envis-

aged a potential HDR-competence spectrum across any

population of transfected iPSCs, whereby a small subpop-

ulation would naturally be more receptive to the incor-

poration of donor DNA via HDR while other cells remain

refractory. In such a receptive cell, multiple independent

HDR events could occur simultaneously meaning, in the-

ory, an HDR-based primary editing event to incorporate

a selectable marker at one locus could be accompanied

by one or more independent user-specified HDR-mediated

edits at other loci. Hence, isolation of cells based on the

primary, selectable modification would enrich for the

secondary, passenger modification(s). The methodology

outlined herein is conceptually analogous to strategies

previously described for the selection of cells harboring

NHEJ-mediated gene-disruption events (Liao et al., 2015;

Moriarity et al., 2014) although we extend the prin-

ciple for isolation of cells bearing HDR-mediated precision

editing.
RESULTS AND DISCUSSION

To test our hypothesis, we devised and implemented a

strategy that we refer to as co-targeting with selection

(CTS). CTS involves simultaneous transfection of human

iPSCs with (1) a nuclease and donor plasmid designed to

incorporate, via HDR, an antibiotic-resistance cassette

into the AAVS1 safe harbor site (Sadelain et al., 2012) on

chromosome 19, and (2) CRISPR/Cas9-based reagents and

a cognate ssODNdesigned to introduce a variant of interest

at a second locus, followed by maintenance in antibiotic-

containing medium for approximately 10 days to select

for resistant (and theoretically HDR-competent) clones

(Figures 1A and 1B). Antibiotic-resistant colonies are then

isolated, clonally expanded, and screened for knockin of

the variant of interest. CTS does not alter the duration

from transfection to isolation and analysis, but based on

our experience and data reported herein, markedly en-

hances the representation of cells bearing passenger modi-

fications (knockin alleles at the gene of interest) in the final

population.

We first applied the CTS method to a single gene

(CRYAB) in hB53 hiPS6 iPSCs (Riedel et al., 2014).

Following transfection of a pre-validated CRYAB-specific

single guide RNA (sgRNA)-expressing pX330 vector and

ssODN donor template (for incorporation of the passenger

modification) as well as a commercially available AAVS1-

specific TALEN pair and puromycin N-acetyltransferase

(pac)-containing donor vector driven by a constitutive
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promoter (for incorporation of the selectable modifica-

tion), cells were treated with puromycin per our CTS pro-

tocol (to enrich for cells that underwent HDR, Figure S1),

for 48 hr (to eliminate untransfected cells), or not at all

(to mimic a selection-free system) (Figure S2). Clones

were then harvested and analyzed via Sanger sequencing

for modification at the gene of interest. The total number

of editing events (NHEJ and HDR) was >7-fold greater in

CTS cells relative to unselected cells and, crucially, the

HDR/NHEJ ratio was >4-fold greater (Figure 1C, left panel,

and Table S1). This corresponded to a �40% likelihood

of picking a precision-modified clone, both heterozy-

gous and homozygous, from the final culture with CTS

compared with 2% (no treatment) or 4% (transient puro-

mycin treatment) (Figures 1C, middle and right panel,

and 1D). Interestingly, we did not observe enhancement

in donor incorporation following isolation of transiently

transfected cells in this experiment, which may be due

to the pac cassette presence on the AAVS1 donor-targeting

construct and not on the gene-specific nuclease (pX330)

plasmid. Therefore, direct comparisons with published

methods where selection is performed for transfection of

the nuclease containing plasmid (Ding et al., 2013a,

2013b) and CTS were not performed in this study. These

data suggested that selecting for HDR-receptive cells via a

selectable modification significantly enriched for cells

bearing passenger modifications (precision edit events) at

the site of interest.

To benchmark the impact of CTS on HDR representation

in a more quantitative manner and across multiple loci, we

applied the workflow to a total of seven disease-associated

variants across four different genes (CRYAB, BAG3, LMNA,

and MTERF4) in two separate iPSC lines (hB53 hiPS6 and

hB119 hiPS9) and analyzed editing outcomes via deep-

sequencing. Following CTS, cells were pooled and deep-

sequenced using the Illumina MiSeq platform. Average

sequencing coverage following read trimming and quality

filtering across all experiments was >150,0003, and the er-

ror rate was estimated to be less than 0.1%.We observed an

average 3.7-fold (hB53 hiPS6) and 3.3-fold (hB119 hiPS9)

increase in the total number of edits (HDR and NHEJ)

across all loci with CTS compared with those without

CTS (Table S2). Focusing on precision editing events and

considering all seven variants, we observed an average

50-fold increase in HDR with CTS compared with those

without CTS in both cell lines (Figures 2A–2C; Table S2).

In support of our hypothesis that CTS enriches for HDR,

we observed an overt shift in the balance between the

two modes of repair such that the HDR/NHEJ ratio was

enhanced on average 18-fold (hB53 hiPS6) and 27-fold

(hB119 hiPS9) with CTS compared with those without

CTS (Figures 2D–2F; Table S2). Considering all loci and

both cell lines, the HDR rate following CTS was �14%,



Figure 1. Rationale for CTS and Proof of Feasibility
(A) Cells are edited simultaneously with gene-specific CRISPR/Cas9 and ssODN containing a variant of interest (red asterisk) as well as
plasmids expressing AAVS1-specific TALENs and a puromycin resistant (PuroR) donor cassette.
(B) Components from (A) are transfected into iPSCs where HDR-receptive cells (green) are more likely to incorporate donor DNA than HDR-
refractory cells (red).
(C) Precision-edited versus indel-containing alleles, detected via direct Sanger sequencing of relevant PCR products in hB53 hiPS6 iPSCs
following CTS (n = 39) compared with no selection (n = 46) or transient exposure to puromycin (n = 48) (left panel), where n is the number
of individual iPSC clones analyzed. Percent of clones bearing the CRYAB:c.325G>C variant (middle panel) and the number of heterozygous/
homozygous clones (right panel).
(D) Representative chromatograms showing local CRYAB sequence of a wild-type (WT) clone (top) and that of a clone bearing a
CRYAB:c.325G>C (homozygous) knockin allele (black arrow, c.325G>C variant; gray arrow, Cas9-blocking silent variant). See also Figures
S1, S2, S4 and Table S1.
which corresponds to >1 in 10 clones bearing a precision

edit.

While CTS led to a gross increase in incorporation of the

intended passenger modifications, deep-sequencing data

revealed significant variation in locus targetability. For

example, representation of the CRYAB:c.343delT variant

was 22% (hB53 hiPS6) and 25% (hB119 hiPS9) following

CTS (1% [hB53 hiPS6] and 3% [hB119 hiPS9] without

CTS), whereas representation of the LMNA:c.1346G>T

variant was 1% (hB53 hiPS6) and 4% (hB119 hiPS9) HDR
following CTS (<0.05% in both cell lines without CTS).

Notwithstanding, the average >100-fold increase in HDR

at LMNA with CTS means that isolating a precision-edited

clone is feasible (�1 cell in 40 with CTS compared with

�1 cell in �3,800 without, assuming heterozygosity) and

suggests that loci which are inherently refractory to preci-

sion editing may be amenable via CTS. We also observed

that the extent of ssODN incorporation was seemingly in-

dependent of its orientation relative to the sgRNA target

strand (Table S3).
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Figure 2. Quantitative Analysis of CTS-Enabled Precision Editing Across Multiple Genes
(A and B) Representation of precision (HDR only) editing events, based on read sequence and normalized to total read count, with (+) and
without (�) CTS at multiple loci in hB53 hiPS6 (A) and hB119 hiPS9 (B) iPSC lines (�) CTS indicates cells handled in the same way as (+)
CTS except for the addition of puromycin.
(C) Average fold change in HDR-mediated knockin with CTS relative to that without CTS, considering all loci in hB53 hiPS6 and hB119 hiPS9
iPSC lines.
(D and E) Relative proportions of reads bearing NHEJ- and HDR-based edits with (+) and without (�) CTS at multiple loci in hB53 hiPS6 (D)
and hB119 hiPS9 (E) iPSC lines.
(F) Average increase in the HDR/NHEJ ratio in hB53 hiPS6 and hB119 hiPS9 iPSC lines with CTS relative to without CTS. See also Figure S3
and Table S2.
We next assessed how reflective the HDR editing rates

calculated via deep-sequencing were of actual editing rates.

Hence, the CTS protocol was repeated for all seven variants

independently, and approximately 250 clonal populations

were then picked and analyzed via Sanger sequencing.

We successfully isolated cell lines for all seven mutations

and observed a concordance between the quantities of

HDR editing events determined via deep-sequencing and

direct sequencing (Figures 3 and S3; Tables S2 and S3).

We note that pooled deep-sequencing measures allelic

representation at a specific time point and does not

reflect zygosity or account for differing cellular growth

rates from which the pool was derived. Extent of heterozy-

gosity seemed to correlate, at least for the CRYAB muta-

tions, with increasing distance from the CRISPR/Cas9 cut

site (i.e., increased observation of heterozygous knockin
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clones with CRYAB:c.325G>C), but not in the case of

BAG3:c.1430G>A, where we failed to isolate any mutant

homozygous lines even though the targeted nucleotide

was immediately adjacent to the CRISPR/Cas9 cut site.

We speculate, as others have, that the nature and extent

of zygosity is dictated by the distance between the

CRISPR/Cas9 cut site and the targeted nucleotide as well

as locus-dependent factors, such as chromatin organiza-

tion (Paquet et al., 2016; Ward, 2015; Yang et al., 2013).

We analyzed the zygosity and specificity of pac

cassette knockin at the AAVS1 locus by Southern blot-

ting and an integration-specific PCR assay (Figures S4A

and S4B). We found that 50% of the clones (24/48)

were correctly targeted without additional random

integration. Of these, 21/24 were heterozygous and

3/24 were homozygous (Figure S4C). We observed



Figure 3. Validation of Knockin Cell Lines Generated with CTS
Knockin clones were generated for each disease-associated variant of interest shown in Table S3, with representative clones harboring
variants in each gene shown here. Chromatograms (chromats) showing Sanger sequencing results of original cell line (WT) and knockin line
(KI) with variants indicated by black arrows. Immunocytochemistry showing pluripotency markers Nanog and SSEA-4 for each knockin cell
line harboring the respective variant of interest. Images were merged and counterstained with DAPI. Scale bar, 100 mm. Representative
karyotypes for each cell line. Agarose gel showing AAVS1 inside-out PCR for both the 50 (middle lane) and 30 (right lane) integration sites
(Experimental Procedures), which demonstrates site-specific integration of the selection construct via HDR. See also Figure S3 and Table S3.
concordance between results from Southern blotting

and the PCR-based assay. With the PCR-based assay,

representative cell lines harbored the pac cassette at

AAVS1 (Figure 3) and none displayed evidence of addi-

tional aspecific integration events (data not shown). In

addition, all lines analyzed exhibited the typical plurip-

otent cell morphology and karyotypic stability as well

as expression of pluripotency markers (Figure 3), and

maintained a capacity to form high-representation car-

diomyocyte cultures (data not shown).

Despite improvements in sgRNA design (Doench et al.,

2016), we nevertheless analyzed the top potential off-target

sites (Experimental Procedures) in multiple mutant cell

lines via Sanger sequencing and detected no signs of

aspecific cleavage (data not shown). Furthermore, deep-

sequencing of potential off-target sites (Experimental

Procedures) revealed that CTS did not enrich for aberrant

cutting compared with unselected cells (data not shown).

The TALENs targeting AAVS1 have been previously demon-

strated to have minimal off-target cleavage (Hockemeyer

et al., 2011). Collectively, these data suggest negligible
reagent promiscuity and that while CTS enriches for cells

bearing HDR-edited alleles, it does not enrich for off-target

mutations. We note that GUIDE-seq (Tsai et al., 2015) or

similar would be required for whole-genome examination

of off-target cutting.

CTS is an inexpensive, rapid, straightforward, and readily

scalable method, conceptually analogous to other marker-

assisted enrichment strategies (Arribere et al., 2014), which

increases the likelihood of isolating cells bearing knockin

alleles by providing a non-integrating reporter of the

HDR pathway activity akin to that devised by Flemr and

Buhler (2015). While the precise cellular mechanisms of

ssODN-mediated double-strand break repair remain to be

elucidated, the observed enrichment by CTS via canonical

homologous recombination of the double-stranded pac

cassette donor into AAVS1 suggests a transient state of

HDR permissiveness and a potential overlap in these repair

mechanisms in iPSCs. We encountered significant vari-

ability in inter-locus targetability and suspect that local

sequence composition and chromatin organization likely

influence repair preference. Given themultifactorial nature
Stem Cell Reports j Vol. 8 j 491–499 j March 14, 2017 495



Figure 4. Simultaneous Dual Modification using CTS
(A) Dual modification was attempted on hB53 hiPS6 using components for targeting MTERF4:c.693delATA and CRYAB:c.358A>G. Following
CTS, 50 clones were sequenced and, of those, 14 had knockin at CRYAB (depicted in the red circle) and 6 had knockin at MTERF4 (depicted
in the blue circle). All 6 of the cells with MTERF4 knockin also had knockin at CRYAB. Given individual editing rates, the likelihood of
co-occurrence assuming random distribution of events is 5%. We observed a disproportionate co-occurrence of dual modification with a
FET < 0.001.
(B) Representative chromatograms of dual-targeted clones at each loci and WT sequence. Black arrows indicate variant of interest po-
sition. Silent, engineered blocking mutations that prevent re-targeting by Cas9 are indicated by gray arrows.
(C) Table including genotypes of individual clones at both (MTERF4 and CRYAB) loci. WT, unmodified; KI, knockin; Indel, insertion or
deletion. See also Table S3.
of complex diseases and especially the role of modifier loci,

we envisage CTS being of potential utility for simultaneous

recapitulation of multiple candidate variants. Indeed,

using CTS, we concurrently delivered editing reagents de-

signed to incorporate passenger mutations at two different

loci and isolated multiple clones bearing both edits (Fig-

ure 4). It will be interesting to determine whether applica-

tion of CTS in conjunction with polycistronic sgRNA

delivery systems (Cong et al., 2013) will permit highly

parallelized HDR-based genome editing.
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Operationally, CTS provides a marked improvement in

the efficiency of isolating precision-modified iPSC lines

compared with direct cloning-based methods, without

extended hands-on time or a requirement for additional

instrumentation. Following methodological refinements

and legislating for effect range, we conservatively estimate

that a singlewell-trained technician could generate ten pre-

cision-edited cell lines in 1 month. CTS is generalizable in

that, while the system described uses antibiotic resistance

as the selectable modification, alternative HDR-based



reporters (e.g., insertion of a GFP cassette) could theoreti-

cally be employed. In our experiments, half of the analyzed

clones were correctly targeted at AAVS1 with no additional

random integration events, consistent with data reported

previously (Hockemeyer et al., 2011), and this would likely

be further improved with a gene trap approach. The site of

the selectable modification could also be adapted depend-

ing on context and user requirements. For example,

knockin of a GFP tag into a cardiac transcription factor

such as NKX2-5 (Elliott et al., 2011) would yield iPSCs

that harbor a variant of interest in tandem with a reporter

which assists cardiomyocyte isolation. Furthermore,

compared with alternative knockin strategies facilitated

by targeted insertion of a selectable marker, CTS does not

require the production of gene-specific custom targeting

vectors, making it a readily scalable strategy. In addition,

while we observed no adverse effects of AAVS1 targeting

or carriage of the pac cassette on cell behavior or differenti-

ation potential (although appropriate isogenic control

cell lines harboring only the pac cassette should be utilized

for phenotypic evaluation), removal of the pac cassette

could be performed through transfection of cells with

piggyBac transposase, although excision/re-integration

rates would need to be empirically determined. Removal

of the pac cassette would be required for any subsequent

modification of generated cell lines with the same CTS

strategy. Finally, a detailed mechanistic examination of

the processes (e.g., engagement of HDR proteins, chro-

matin reorganization) that distinguish HDR-responsive

from HDR-refractory cells and which contribute to the re-

ported observationswill be necessary andwill undoubtedly

catalyze discovery of additional factors which augment

precision genome editing in all cell systems.
EXPERIMENTAL PROCEDURES

Detailed Experimental Procedures are available in the Supple-

mental Information.

Targeting Reagents
CRISPR target sites proximal to the SNP of interest were identified

using ZiFiT Targeter Version 4.2 and were cloned into pX330-U6-

Chimeric_BB-CBh-hSpCas9 (a gift from Feng Zhang, Addgene

plasmid no. 42230) as described previously (Cong et al., 2013).

Cleavage efficacy of designed vectors was validated using the

Cel-1 Surveyor assay as described previously (Geurts et al., 2009;

Miller et al., 2007). Cognate, variant-specific ssODNs were de-

signed and include silent mutations to prevent re-cutting of Cas9

followingHDR. TheAAVS1 SafeHarbor TALE-Nuclease Kit was pur-

chased from System Biosciences, including pAAVS1Dual Promoter

Donor Vector (GE602A-1) and the TALE-Nuclease Vectors, pZT-

AAVS1 L1 TALE-N Vector (GE601A-1) and pZT-AAVS1 R1 TALE-N

Vector (GE601A-1) previously shown to have minimal off-target

cleavage (Hockemeyer et al., 2011). A second AAVS1 Safe Harbor
Kit was purchased from Transposagen, the Puro-TK with XTN

TALEN (catalog no. KSH-004).
iPSC Lines and Culture
All human subject researchwas approved by theMedicalCollege of

Wisconsin and University of Utah institutional review boards. The

human iPSC lines used in this study are hB53 hiPS6 (Riedel et al.,

2014) and hB119 hiPS9, derived as described previously (Riedel

et al., 2014). Informed consent was obtained for this procedure.

iPSCswere cultured as described previously (Mitzelfelt et al., 2016).
iPSC Transfection
Transfection of relevant componentswas performed in iPSCs using

a 4D-Nucleofector (Lonza). Following transfection, cells under-

went the CTS protocol outlined in Figure S1 and detailed in the

Supplemental Experimental Procedures. For deep-sequencing

analysis of pooled populations (Figure 2), iPSCs were transfected

and cultured as described, except that 2-day post transfection cells

were separated into two groups, –CTS and +CTS, with corres-

ponding –CTS and +CTS samples derived from the same initial

transfection. +CTS conditions were as shown in Figure S1; –CTS

conditions were identical, except that puromycin was omitted.

Cells were pooled and genomic DNA was analyzed as described

below.
Genotyping PCR and Sanger Sequencing for Clones
Genomic DNA was isolated and PCR was carried out using gene-

specific primers. Resulting ampliconswere Sanger sequenced using

amplification primers.
Illumina MiSeq Library Preparation
Genomic DNA was isolated from pooled populations and samples

were prepared and analyzed with the Illumina MiSeq, as described

previously (Kistler et al., 2015).
Illumina MiSeq Analysis Methods
Readswere quality filtered using Trimmomatic (Bolger et al., 2014).

Sorted/indexed BAM files were aligned to reference sequences (ob-

tained from Ensembl release 84) with Bowtie2. Extent of HDR-

mediated donor integration was quantified by interrogating

FASTQ files for informative segments of the donor sequence (typi-

cally �50 nucleotides, spanning the targeted nucleotide and

CRISPR cut site) via in-house code, manual inspection, and third-

party software.
PCR-Based Analysis of Integration of theAAVS1Donor

Vector
HDR was confirmed at the AAVS1 locus using inside-out PCR with

one primer falling inside the exogenous sequence and one primer

outside the homology arm (Figure S4B).
Immunocytochemistry and Karyotyping
Immunocytochemistry and karyotyping were performed as

described previously (Mitzelfelt et al., 2016).
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SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental

Procedures, four figures and three tables and can be found

with this article online at http://dx.doi.org/10.1016/j.stemcr.

2017.01.021.
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