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ABSTRACT

Genome editing of human induced pluripotent stem
cells (iPSCs) is instrumental for functional genomics,
disease modeling, and regenerative medicine. How-
ever, low editing efficiency has hampered the ap-
plications of CRISPR–Cas9 technology in creating
knockin (KI) or knockout (KO) iPSC lines, which is
largely due to massive cell death after electropora-
tion with editing plasmids. Here, we report that the
transient delivery of BCL-XL increases iPSC survival
by ∼10-fold after plasmid transfection, leading to a
20- to 100-fold increase in homology-directed repair
(HDR) KI efficiency and a 5-fold increase in non-
homologous end joining (NHEJ) KO efficiency. Treat-
ment with a BCL inhibitor ABT-263 further improves
HDR efficiency by 70% and KO efficiency by 40%. The

increased genome editing efficiency is attributed to
higher expressions of Cas9 and sgRNA in surviving
cells after electroporation. HDR or NHEJ efficiency
reaches 95% with dual editing followed by selection
of cells with HDR insertion of a selective gene. More-
over, KO efficiency of 100% can be achieved in a bulk
population of cells with biallelic HDR KO followed by
double selection, abrogating the necessity for single
cell cloning. Taken together, these simple yet highly
efficient editing strategies provide useful tools for
applications ranging from manipulating human iPSC
genomes to creating gene-modified animal models.

INTRODUCTION

Human embryonic stem cells (ESCs) provide a sufficient
cell source for regenerative medicine due to their unlimited
self-renewal capacity (1). The discovery of patient-specific
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induced pluripotent stem cells (iPSCs) solved both the im-
munogenic problem associated with the transplantation of
allogeneic cells as well as ethical concerns (2,3). Recently,
considerable progress has been made to generate iPSCs
from readily available cell sources like peripheral blood and
the use of non-integrating vectors that express reprogram-
ming factors (4). However, to realize the full potential of iP-
SCs in regenerative medicine and disease modeling, disease-
causing genes often need to be corrected or modified prior
to conducting therapy.

Gene targeting in mouse ESCs was achieved decades ago,
albeit at extremely low efficiencies (5). Further studies led
to a realization that the early success had unwittingly ex-
ploited the cell’s intrinsic repair mechanism after sponta-
neous genomic DNA breaks (6). However, naturally oc-
curring double-stranded DNA breaks (DSBs) surrounding
a target locus are extremely rare, often limiting the tar-
geting efficiency to levels to one in a million, even with
the use of homology arms (HA) extending 10 kb pairs
(7). To enhance gene targeting, tremendous effort over the
past two decades has focused on creating DSBs at cer-
tain loci by targetable endonucleases. While the develop-
ment of engineered endonucleases, like zinc-finger nucle-
ases or transcription activator-like effector nucleases, have
generated excitement, their limitations in design or cloning
have rendered them impractical for routine laboratory use
(8,9). The latest generation of RNA-guided endonuclease,
or CRISPR–Cas9, has been widely used due to its simplic-
ity in vector design and robustness in performance (10–12).
CRISPR–Cas9 is an adaptive immune system that evolved
in bacteria and archaea to identify and destroy invading
agents such as bacteriophages or plasmids (13). The com-
monly used Cas9 is from Streptococcus pyogenes (Sp), which
we used in this study.

DSBs created by endonucleases are primarily repaired
by non-homologous end joining (NHEJ) or homology-
directed repair (HDR) (6,14). In the absence of a template,
the NHEJ pathway is utilized, introducing variable inser-
tions or deletions (indels) at the DSB site, which may disrupt
the open reading frame of the gene and generate a knockout
(KO) allele. This editing approach is relatively efficient and
has been widely used in genetic engineering and functional
genomics research (15,16). In the presence of a donor tem-
plate flanked with homology arms (HAs), the HDR path-
way can be used to integrate the sequence between HAs to
create a precise DNA deletion, substitution, or insertion,
leading to the correction of pathologic genes or the tar-
geted integration of a gene or DNA fragment of interest.
Unfortunately, HDR-mediated knockin (KI) using a con-
ventional plasmid template is typically inefficient. Recently,
we reported a 5- to 10-fold increase in HDR KI efficiency
by using a double cut donor plasmid design, which is a con-
ventional targeting vector flanked on either side by a Cas9–
single guide RNA (sgRNA) recognition sequence (17). We
also found that HAs of 300–600 bp in length are sufficient
to guide precise genome editing. This finding has been inde-
pendently reproduced in other labs (18,19). A similar gene
targeting strategy that takes advantage of the highly efficient
double cut HDR donor design (pDonor-sg) is used in this
study.

Although efficient genome editing has been achieved in
many tumor cell lines (12,20), efforts to precisely insert a
large fragment into the genome of human pluripotent stem
cells (PSCs) have been challenging. HDR efficiencies of 0.1–
1% after creating DSBs using artificial nucleases have been
reported by different labs (21–23). Up to 5% HDR insertion
of a fluorescent protein in human iPSCs has been reported,
but this is cell line-dependent (24).

The inefficiency in editing human PSCs is largely due to
low cell viability after manipulation. In contrast to mouse
PSCs, the dissociation of human PSCs into a single cell
suspension often induces massive cell death. The use of a
ROCK inhibitor considerably increases cloning efficiency
(25) by preventing anoikis, which is dissociation-induced
apoptosis (26,27). This has solved, however, only one prob-
lem. To precisely edit PSCs, the CRISPR components Cas9
and sgRNA, together with a DNA donor template, need
to be delivered into cells. The most efficient way for vec-
tor delivery is electroporation or its improved version nu-
cleofection (28,29), which still induces massive cell death
(30,31). Furthermore, electroporation of DNA causes addi-
tional cell death, as previously reported in multiple cell lines
(32–34). Although Cas9–sgRNA can be delivered in the less
toxic forms of protein and RNA, the introduction of donor
templates using plasmid vectors is the simplest approach,
especially for the insertion of a large DNA fragment.

As massive cell death during and following nucleofection
of plasmid vectors remains a major barrier in iPSC genome
editing, we hypothesized that minimizing cell death dur-
ing this process would considerably improve genome edit-
ing efficiency. Previous reports have shown that viral vector-
mediated stable or transient overexpression of BCL2 or
BCL-XL increases human PSC single cell survival (35,36).
While studying cellular reprogramming and genome editing
(37–39), we fortuitously found that overexpression of BCL-
XL in iPSCs may greatly reduce cell death after electropo-
ration, accompanied with a striking increase in editing ef-
ficiency. BCL-XL, the isoform 1 or anti-apoptotic isoform
of BCL2-like 1 (BCL2L1) gene, maintains the integrity of
the outer mitochondrial membrane and prevents the release
of mitochondrial contents such as cytochrome c, an acti-
vator of apoptosis (40). Other anti-apoptotic factors in the
BCL2 family include BCL2 and MCL1, whose roles in anti-
apoptosis have been extensively studied (41). However, there
are no reports to date on their roles in genome editing of hu-
man iPSCs or other cell lines.

In this study, we report a striking effect of BCL-XL on
enhancing genome editing efficiency in human iPSCs. We
find that co-transfection of BCL-XL expressing plasmids
leads to ∼10-fold increase in iPSC survival after electro-
poration, as well as a 20- to 100-fold increase in HDR KI
efficiency and ∼5-fold increase in NHEJ KO efficiency at
multiple loci. Treatment of BCL-XL transfected iPSCs with
the BCL inhibitor ABT-263 (42) further increases KI effi-
ciency by 70% and KO efficiency by 40%. Similar results
were obtained at multiple loci (PRDM14, CTNNB1, OCT4,
CD326, and CD9) in six iPSC lines from different donors,
demonstrating the reproducibility of this approach. HDR
KI of a fluorescent reporter has been achieved in 10–50%
of iPSCs without selection. The use of a simple selection
strategy, i.e. dual or biallelic editing followed by the selec-
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tion of drug-resistant cells, can achieve KI efficiency of 95%
and KO efficiency of 100%. The unprecedented editing effi-
ciency in a population of unselected iPSCs may enable one
to avoid the tedious single cell cloning step in some appli-
cations, such as when creating reporter iPSC lines. Even for
applications that need isogenic pairs to evaluate the effect of
gene mutations in a given disease phenotype, one only needs
to screen a small number of clones instead of hundreds of
single cell clones.

MATERIALS AND METHODS

Lentiviral BCL-XL vector construction and virus production

The complementary DNA (cDNA) for the puromycin re-
sistance gene (Puro) and BCL-XL were amplified by poly-
merase chain reaction (PCR) using KAPA HiFi polymerase
(KAPA Biosystems) and purified using the GeneJET Gel
Extraction Kit (Thermo Fisher Scientific). The fragments
BCL-XL, E2A linker, and Puro were inserted into a lentivi-
ral vector with the EF1 promoter using the NEBuilder
HiFi DNA Assembly Kit (New England Biolabs). All con-
structs were verified by Sanger sequencing (MCLAB). All
the correct clones were grown in CircleGrow Medium (MP
Biomedicals) and DNA plasmids were purified using Endo-
Free Plasmid Maxi Kits (Qiagen). A standard calcium
phosphate precipitation protocol was used for lentivirus
production. The lentiviral vectors were concentrated 100-
fold by centrifugation at 6,000 g for 24 hours at 4◦C to reach
biological titers of 2–10 × 107/ml.

sgRNA design

The sgRNA vectors were constructed as detailed previ-
ously (43). In brief, we used the CHOPCHOP website
(https://chopchop.rc.fas.harvard.edu/) (44) to design high-
performance sgRNAs targeting GFP (sgDocut), human
PRDM14, CTNNB1, OCT4, CD9, CD326, BBC3, BAX,
EEF1A1, GAPDH,AAVS1, and mouse EEF1A1. The sgR-
NAs with a base G at the 5′ end, which initiates U6-
promoter-mediated transcription, were preferentially cho-
sen. The sgRNAs used in this paper are listed in Supple-
mentary Table S2.

Plasmid construction

All Cas9, sgRNA, BCL-XL, BCL2, and MCL1 plasmids
were constructed with the NEBuilder HiFi DNA Assem-
bly Kit (New England Biolabs). First, PCR products were
produced using KAPA HiFi polymerase (KAPA Biosys-
tems) and purified using the GeneJET Gel Extraction Kit
(Thermo Fisher Scientific). The linear PCR products were
then assembled into plasmids in a DNA assembly reaction
(20 �l) on ice, according to the manufacturer’s instructions.
The reaction contained NEBuilder HiFi DNA Assembly
Master Mix (10 �l), equal ratios of PCR products (0.2–0.5
pM), and water. The ligation reaction was briefly vortexed
and centrifuged prior to incubation at 50◦C for 5–30 min-
utes. NEB 5-� Competent Escherichia coli cells were then
transformed with the assembled DNA products and plated
on LB agar with ampicillin. Multiple colonies were cho-
sen for Sanger sequencing (MCLAB) to identify the correct
clones.

Construction of pDonor-sg double cut donor plasmids

The pDonor-sg vectors were constructed as detailed previ-
ously (43). The double cut donor plasmids used in this study
were generated using the NEBuilder HiFi DNA Assembly
kit (New England Biolabs), as detailed above. In short, all
the fragments included in a pDonor-sg (left HA, desired KI
fragments, right HA) were amplified by PCR using KAPA
HiFi polymerase (KAPA Biosystems) and purified using the
GeneJET Gel Extraction Kit (Thermo Fisher Scientific).
The HA sequences ∼600 bp in length were amplified from
human genomic DNA, and a sgDocut (donor cut) recog-
nition sequence was added upstream of the left HA and
downstream of the right HA. All the vectors were verified
by Sanger sequencing (MCLAB).

Human iPSC culture

The iPSC lines were generated from different anonymous
adult donors by peripheral blood (PB) reprogramming us-
ing episomal vectors that express OCT4, SOX2, MYC,
KLF4, and BCL-XL (37,38,45). Blood samples were ob-
tained from the Tianjin Blood Center with the approval
of the local research ethics committee. All feeder-free iP-
SCs (passages 6–15) were routinely maintained on Matrigel
(Corning)-coated tissue-culture plates (BD) in mTeSR1
(Stemcell Technologies) (46,47). On the first day after
passaging with Accutase (Stemcell Technologies), 10 �M
ROCK inhibitor Y-27632 (Millipore) was added to the cul-
ture medium. Human iPSCs were cultured at 37◦C with 5%
CO2 and were fed with fresh medium every day.

iPSC-BCL-XL cell line establishment

iPSCs were transduced with lentiviral vectors (Lenti-EF1-
BCL-XL-E2A-Puro-Wpre) at a low multiplicity of infec-
tion (MOI) of 0.1–0.2, and stably transduced cells were se-
lected by culturing them in mTeSR1 medium supplemented
with 1 �g/ml puromycin for one week.

Electroporation of human iPSCs

For genome editing in human iPSCs, cells were transfected
by electroporation using the Amaxa Human Stem Cell
Nucleofector® Kit 2 (Lonza) and the program B-016, ac-
cording to the manufacturer’s instructions. Briefly, a 70 �l
electroporation solution was prepared for each reaction, in-
cluding 57.4 �l of the nucleofector solution, 12.6 �l of the
supplement, and plasmids. Generally 1 �g of Cas9 plasmid,
0.5 �g of sgRNA plasmid, 0.5 �g of sgDocut plasmid (for
cutting pDonor in some experiments), 1 �g of pDonor plas-
mid, and 0.5 �g of BCL2 family gene plasmids were used.
iPSCs with 60–70% confluency were used for electropora-
tion. iPSCs were dissociated with the addition of 500 �l of
Accutase, gently pipetted less than three times, and filtered
with a 70 �m filter to obtain a single cell suspension. Ap-
proximately 1–1.5 × 106 cells were centrifuged at 400 g for
5 minutes and the supernatant was carefully aspirated by
vacuum. The cells were then resuspended in the 70 �l elec-
troporation solution and carefully transferred into the cu-
vette. Electroporation was conducted on an Amaxa Nucle-
ofector II. After electroporation the cuvette was incubated

https://chopchop.rc.fas.harvard.edu/
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at 37◦C for ∼5 minutes since we found that this improved
cell survival, similar to a previous report (48). The cells
were then seeded onto Matrigel-coated plates in mTeSR1
medium with 10 �M ROCK inhibitor Y-27632. Cells were
gently handled during each step to reduce physical dam-
age to the cells. One day later cultures were fed with fresh
mTeSR1 medium without the ROCK inhibitor.

Flow cytometry

Attached cells were dissociated with Accutase to obtain a
single cell suspension and analyzed on a BD FACSAria III
flow cytometer. For suspended cells, 80% of cells from the
culture medium were transferred into a 5 ml FACS tube and
analyzed directly. Cells were first gated for the intact cell
population using forward scatter versus side scatter plots,
and then gated for single cells based on forward scatter W
versus forward scatter H. For HDR-mediated KI of a flu-
orescent reporter into a target gene (PRDM14, CTNNB1,
OCT4, EEF1A1, and GAPDH), the fluorescence-positive
cell population was considered the HDR KI cells. For
NHEJ-mediated KO of a target gene (CD9 and CD326),
1 �l of Anti-Human CD9 FITC (eBioscience) or Anti-
Human CD326 PE (eBioscience) was added into a 100 �l
single cell suspension (1–5 × 105 cells), incubated for 20
minutes in the dark at room temperature to stain cells,
washed with 2 ml of FACS buffer, and resuspended in 300
�l of FACS buffer for FACS analysis. The fluorescence-
negative cell population was gated and labeled as KO
cells. Electroporation without relevant sgRNAs was carried
out as negative controls.

Dynamics of BCL-XL expression at mRNA and protein levels
after electroporation

To easily detect the expression levels of BCL-XL at both the
messenger RNA (mRNA) and the protein levels, the pEF1-
BCL-XL-mNeonGreen vector was constructed according
to the protocol in the ‘Plasmid construction’ section. Af-
ter transfection, the EF1 promoter drives expression of the
BCL-XL-mNeonGreen fusion gene, and the fluorescence
intensity detected by FACS accurately reflects the BCL-
XL protein expression level. iPSCs were electroporated with
0.5 or 1 �g of pEF1-BCL-XL-mNeonGreen and the cells
were harvested at 4, 6, 8, 16, 24, 48, and 72 hours after elec-
troporation for flow cytometry and reverse transcription
quantitative polymerase chain reaction (RT-qPCR) analy-
sis. These methods are detailed in the ‘Flow cytometry’ and
‘RT-qPCR analysis’ sections, respectively.

Dynamic changes of editing plasmid copy numbers after elec-
troporation

iPSCs were harvested at 2, 4, 6, 8, 24, 72 hours, or 7 days
after electroporation of CRISPR plasmids with or without
BCL-XL. Genomic DNA was extracted using the Gentra
Puregene Blood Kit (Qiagen) with RNase digestion. Ampli-
fication and detection were carried out on a 7500 Fast Real-
Time qPCR System (Applied Biosystems) in 96-well plates.
Each 20 �l reaction system was prepared containing 10
�M primer pairs (detailed below), 10–20 ng of DNA tem-
plates, 10 �l of KAPA SYBR® FAST Universal 2x qPCR

Master Mix (Kapa Biosystems), 0.4 �l of ROX Low (50x),
and nanopure water. The reaction procedure was as follows:
hold for 20 seconds at 95◦C (enzyme activation) followed by
40 cycles of 3 seconds at 95◦C (denaturation) and 30 seconds
at 60◦C (annealing, extension, and data acquisition). The
melting curve was determined after PCR cycling to reas-
sure the specificity of PCR amplification. A non-target con-
trol was included to rule out DNA carryover. The following
primers were used to examine gDNA (ACTB), total plas-
mid (Backbone), BCL-XL plasmid, Cas9 plasmid, sgRNA
plasmid, and pDonor plasmid (mNeonGreen): ACTB-
F: TCGTGCGTGACATTAAGGAG, ACTB-R: GGCA
GCTCGTAGCTCTTCTC; Backbone-F1: ATCCTGTT
ACCAGTGGCTGC, Backbone-R1: CGCTTACCGGAT
ACCTGTCC; BCL-XL-F1: TCCCCATGGCAGCAGT
AAAG, BCL-XL-R1: AAAAAGGCCA CAATGCGA
CC; Cas9-F1: CAGACAGCAACTGCCTGAGA, Cas9-
R1: TGTCGAAAGTGCGCTGTTTG; sgRNA-F1: GC
AAGTTAAAATAAGGCTAGTCC, sgRNA-R1: CGAC
TCGGTGCCACTTTTTC; mNeonGreen-F1: CATCAA
CGGTGTGGACTTTG, mNeonGreen-R1: GTATCCGG
AGCCATCTACCA.

Time-lapse imaging

After electroporation, iPSCs were seeded onto a Matrigel-
coated 12-well plate (BD) with 2 ml of mTeSR1 medium
and 10 �M ROCK inhibitor Y-27632. The plate was placed
in the Biostation Cell Culture Observation System (Nikon)
at the University of California Riverside (UCR) Stem
Cell Core. When the condensation disappeared one hour
later, one spot was chosen from each well for time-lapse
imaging. Phase-contrast images were taken under the 20x
objective at 10-minute intervals for a duration of 48 hours.
Culture medium was not changed during the process so
as to minimize perturbations. The time-lapse images were
composed into videos with the iMovie software (Supple-
mentary Movies S1–6).

RT-qPCR analysis

Total RNA was extracted using an RNA Isolation Kit
(Exiqon) with a DNaseI (Qiagen) treatment on the col-
umn. The RNA was quantified using the NanoDrop 2000
(Thermo Scientific) and diluted to the same concentrations.
First-strand cDNA was synthesized from the same volume
of RNA (500–1000 ng) using a 5x All-In-One RT Mas-
terMix (Abm) in a 20 �l reaction system, according to
the manufacturer’s instructions. cDNA was then diluted
to 100 �l by adding 80 �l of nanopure water into each
sample, and 5 �l was used for the next qPCR step. Am-
plification and detection were carried out on a 7500 Fast
Real-Time qPCR System (Applied Biosystems) in 96-well
plates with three parallel wells for each condition. Each 20
�l reaction system was prepared containing 10 �M gene-
specific primer pairs (detailed below), 5 �l of diluted cDNA
templates, 10 �l of KAPA SYBR® FAST Universal 2x
qPCR Master Mix (Kapa Biosystems), 0.4 �l of ROX Low
(50x), and nanopure water. The reaction procedure was
as follows: hold for 20 seconds at 95◦C (enzyme activa-
tion) followed by 40 cycles of 3 seconds at 95◦C (denatu-
ration) and 30 seconds at 60◦C (annealing, extension, and
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data acquisition). The melting curve was determined after
PCR cycling to reassure the specificity of PCR amplifica-
tion. A non-target control was included to rule out DNA
carryover. The following primers were used: GAPDH-
F: GAGTCAACGGATTTGGTCGT, GAPDH-R: TT
GATTTTGGAGGGATCTCG; Cas9-F1: CAGACAGC
AACTGCCTGAGA, Cas9-R1: TGTCGAAAGTGCGC
TGTTTG; Cas9-F2: GGCTACGCCGGATACATTGA,
Cas9-R2: TGGGGGATGCTTCCATTGTC; sgRNA-F1:
GCAAGTTAAAATAAGGCTAGTCC, sgRNA-R1: CG
ACTCGGTGCCACTTTTTC; sgRNA-F2: GCTAGAAA
TAGCAAGTTAAAATAAG, sgRNA-R2: CTCGGTGC
CACTTTTTCAAGT; BCL-XL-F1: TCCCCATGGCAG
CAGTAAAG, BCL-XL-R1: AAAAAGGCCACAATGC
GACC.

RNA sequencing

RNA sequencing was conducted to investigate the effects
of BCL-XL on promoting iPSC survival. Integration-free
iPSCs from three different blood donors were used. After
the nucleofection of PRDM14 editing vectors with or with-
out the BCL-XL plasmid, cells were harvested at 2, 4, and 8
hours after electroporation. Total RNA was extracted from
iPSCs using an RNA Isolation Kit (Exiqon) with DNaseI
(Qiagen) treatment on the column. RNA sequencing was
conducted by Novogene (Tianjin, China). In brief, 1 �g
of total RNA from each sample was created into Illumina
mRNA-seq libraries with a TruSeq RNA kit (version 1, set
A) following polyA-selection, fragmentation, first-strand
synthesis, and second-strand synthesis steps. The libraries
were sequenced on an Illumina HiSeq x10. Approximately
20 million reads of 150 bp paired-end data from each sam-
ple were obtained. The data were analyzed using the web-
based platform Galaxy. Salmon (49) was used to determine
transcripts per million (TPM) by aligning the data with the
human transcriptome (Gencode Release 19, GRCh37.p13).
DESeq2 was used to identify differentially expressed genes
(DEGs) between BCL-XL groups and the control group
without BCL-XL (50). Those DEGs were further analyzed
for pathway enrichment using DAVID (51) and Ingenuity
Pathway Analysis (IPA) .

BBC3 and BAX knockout iPSC lines

The pD-EF1-Puro-PolyA-sg plasmid was designed and
constructed as described previously. Two human iPSC lines
were electroporated with plasmids that express Cas9, sg-
BBC3 (or sgBAX), pD-EF1-Puro-PolyA-sg, and BCL-XL,
as described previously. The integration of the EF1-Puro-
PolyA expression cassette at the cleavage site leads to the
disruption of the open reading frames of BBC3 or BAX
and the expression of the Puro resistance gene. Puromycin
(1 �g/ml) was added into culture medium for one week to
select stable BBC3 or BAX KO cell lines.

Small molecules

To test the effects of small molecule compounds, iPSCs were
equally split into several wells after electroporation with

CRISPR plasmids. Pan-caspase inhibitor Z-VAD-FMK
(Sigma), TP53 inhibitor pifithrin-� (PFT; Sigma), and BCL
inhibitor ABT-263 (Navitoclax; Selleck Chemicals) were
first diluted in 50 �l of culture medium to make a master
mix. Then 50 �l of the diluted small molecules were added
evenly into each well with the desired working concentra-
tion and treatment time. The medium was changed with
fresh medium thereafter. A parallel well with only DMSO
added (0.1%) was carried out as a control. Three days after
electroporation, the cells were harvested for FACS analysis
to determine editing efficiency.

Analysis of NHEJ/HDR editing and off-target cleavage by
deep sequencing or Sanger sequencing

To compare editing efficiencies of different donor de-
signs, double cut donor pDonor-sg or single-stranded
oligodeoxynucleotides (ssODNs) were used (17,52). Three
iPSC lines were electroporated with 1 �g of Cas9 plasmid,
0.5 �g of sgRNA plasmid, with or without 0.5 �g of
pEF1-BCL-XL or pEF1-BCL2, together with different
donor templates. For editing at EEF1A1 or GAPDH,
1 �g of pDonor-sg-PmeMul was used which induces a
12 bp insertion and 6 bp deletion after HDR editing.
For editing at AAVS1, CD326, and GAPDH, 0.5 �l
of 40 pM ssODN template (AAVS1–50Mlu50-ssODN,
CD326a-50Mlu50-ssODN, or GAPDH-50Mlu50-ssODN)
was used, each of which induces a 6 bp insertion after
HDR editing. The Ultramer® DNA single-stranded
oligonucleotides AAVS1-ssODN and CD326a-ssODN
were purchased from IDT. The sequences of these ssODNs
are as follows: G*G*GTACTTTTATCTGTCCCCTCCA
CCCCACAGTGGGGCCACTAGGGACAGacgcgtGA
TTGGTGACAGAAAAGCCCCATCCTTAGGCCTC
CTCCTTCCTAGTCT*C*C (AAVS1), C*G*CGCGCA
GCATGGCGCCCCCGCAGGTCCTCGCGTTCGGG
CTTCTGCTTGacgcgtCCGCGGCGACGGCGACTTTT
GCCGCAGCTCAGGAAGGTGAGGCGCGGA*T*T
(CD326), and A*A*GCTCATTTCCTGGTATGTGGCT
GGGGCCAGAGACTGGCTCTTAAAAAGacgcgtTG
CAGGGTCTGGCGCCCTCTGGTGGCTGGCTCAG
AAAAAGGGCCCTGA*C*A (GAPDH). * indicates
phosphorothioate (PS) modification (53) which increases
oligo stability, and the underlined sequence indicates
targeted insertion.

iPSCs treated in different conditions were harvested three
days after electroporation for genomic DNA extraction us-
ing the Gentra Puregene Blood Kit (Qiagen) with RNase di-
gestion. To prevent artifacts induced by plasmid templates
when editing at EEF1A1 or GAPDH, the primary PCR
was conducted using primers targeting genomic sequences
flanking the HAs of the donor. PCR was conducted with
KAPA HiFi DNA polymerase. For primary PCR, the fol-
lowing primers were used: EEF1A1-F1: CCACCAACTC
GTCCAACTGA, EEF1A1-R1: CCCACGTTTCAACA
TGCACA; GAPDH-F1: ATGTTCGTCATGGGTGTG
AA, GAPDH-R1: CCAGGCTGAGCTCCACTAAC. The
PCR cycling condition was as follows: 95◦C hold for 4
minutes, followed by 30 cycles of 98◦C for 5 seconds,
64◦C for 5 seconds, 68◦C for 5 seconds, and 72◦C for
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30 seconds. Off-target site prediction was performed us-
ing the COSMID tool (54). Primers targeting off-target
sites were designed by Primer3Plus to have an expected
amplicon between 250-285 bp (Supplementary Table S3).
The PCR cycling conditions was as follows: 95◦C hold
for 4 minutes, followed by 30 cycles of 98◦C for 5
seconds, 64◦C for 5 seconds, 68◦C for 5 seconds, and
72◦C for 5 seconds. The following primers were used
to amplify DNA for deep sequencing: EEF1A1-F2: CC
ACCTTTGGGTAAGGATGA, EEF1A1-R2: GAGTGG
GGTGGCAGGTATTA; GAPDH-F2: CTGACTTCAA
CAGCGACACC, GAPDH-R2: GGTGGTCCAGGGGT
CTTACT; AAVS1-F2: CCCCTATGTCCACTTCAGGA,
AAVS1-R2: GGGGGTGTGTCACCAGATAA; CD326-
F2: GCTCCTCGTGTCCCACTC, CD326-R2: CTCTTG
GTCCCCTCCCTATT.

The PCR products were confirmed by electrophoresis on
1% agarose gels. Approximately 50 ng of PCR products
from each on-target and off-target sites were mixed and
were sequenced on an Illumina HiSeq x10 by Novogene
(Tianjin, China).

High-throughput sequencing data were analyzed using
the Galaxy platform (55) and web-based tool Cas-Analyzer
(56). We used FLASH (57) to merge double-ended data
and split merged data with the Barcode Splitter tool on
Galaxy. Next, the demultiplexed data were uploaded to Cas-
Analyzer and executed according to a reference PCR se-
quence and sgRNA sequence. For clarity, we only showed
the top 10 possibilities of on-target cleavage in representa-
tive samples. To analyze HDR efficiency, donor sequences
were provided to Cas-Analyzer. This tool returns results in-
cluding total read number, HDR read number and percent-
age, and indels reads (the sum of HDR and NHEJ).

Cells edited with GAPDH-50Mlu50-ssODN were ana-
lyzed with Inference of CRISPR Edits (ICE), a web-based
analysis tool developed by Synthego (https://www.biorxiv.
org/content/early/2018/01/20/251082). In brief, iPSCs were
harvested 3 days after nucleofection for PCR amplifica-
tion, followed by Sanger sequencing. The .ab1 files were up-
loaded to https://ice.synthego.com/#/ for analysis. The ICE
score indicates editing by NHEJ and HDR, and the +6 in-
sertion indicates HDR editing.

Digital karyotyping by SNP arrays

Genomic DNA samples were extracted from indicated iP-
SCs and tumor cell lines, and were hybridized to Human-
CoreExome arrays (Illumina; 20005132) followed by stain-
ing and scanning on the Illumina HiScan system, per stan-
dard protocol (58). These arrays can interrogate 550,601 hu-
man SNP markers, thus yielding up to 50-fold better reso-
lution (∼100 kb) than conventional karyotyping by Giemsa
banding. Log R ratio (LRR) and B allele frequency (BAF)
were used to detect copy number variants (CNVs). LRR
represents logged ratio of observed probe intensity to ex-
pected intensity, with any deviations from 0.0 indicating
copy number changes. BAF is the proportion of hybridized
sample that carries the B allele, as designated by the In-
finium assay, so that discrete BAF values of 0.0, 0.5, and
1.0 for each locus (representing AA, AB, and BB) can be
seen in a normal sample.

Mouse ESC culture and electroporation

Mouse ESCs were purchased from ATCC and maintained
in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 5% fetal bovine serum (FBS; Gibco),
5% serum replacement (Gibco), 2 mM glutamine
(Gibco), 10 ng/ml mouse leukemia inhibitory factor,
0.1 mM 2-mercaptoethanol (Gibco), 3 �M GSK inhibitor
CHIR99021 (Selleck), 1 �M MEK inhibitor (MCE®), and
1% penicillin/streptomycin (Invitrogen). Cells were then
seeded on 0.1% gelatin-coated (Sigma) tissue-treated 6-well
plates. The cells were fed with fresh medium every day and
split by 6- to 8-fold every 2–3 days. The electroporation
process performed was similar to that used for human
iPSCs, except the A-013 program was used.

K562 cell culture and electroporation

K562 cells (ATCC; CCL-243) were grown in RPMI-1640
medium (VWR Life Science) with 10% FBS (Gibco) and
1% penicillin/streptomycin (Invitrogen). For the electropo-
ration of K562 cells, the Amaxa™ Cell Line Nucleofector™
Kit V (Lonza) and T-016 program were used according to
the manufacturer’s instructions.

Jurkat cell culture and electroporation

Jurkat cells (ATCC; Clone E6–1) were grown in RPMI-1640
medium (VWR Life Science) with 10% FBS (Gibco) and
1% penicillin/streptomycin (Invitrogen). For the electropo-
ration of Jurkat cells, the Amaxa™ Cell Line Nucleofector™
Kit V (Lonza) and X-001 program were used according to
the manufacturer’s instructions.

293T cell culture and transfection

HEK293T cells were cultured in DMEM supplemented
with 10% FBS (Gibco) and 1% penicillin/streptomycin (In-
vitrogen). For the transfection of HEK293T cells, Lipofec-
tamine 3000 (Life Technologies) was used according to the
manufacturer’s instructions.

Statistics

The P values for different groups were calculated and ana-
lyzed by paired student’s t-test. *, P < 0.05; **, P < 0.01;
***, P < 0.001; ns, not significant.

RESULTS

Electroporation of plasmids leads to massive cell death in iP-
SCs

Massive cell death is often observed when electroporation
is carried out on iPSCs with plasmids, presenting a bot-
tleneck in improving editing efficiency. We reasoned that
the high death rate may be attributable to the (i) single cell
preparation of iPSCs; (ii) instantaneous cell death resulting
from electric shock; (iii) cytotoxicity of plasmids; and/or
(iv) cleavage of the genome. To distinguish between these
possibilities, we compared the cell survival rates on day 1
for 1–1.5 × 106 iPSCs under the following conditions: no

https://www.biorxiv.org/content/early/2018/01/20/251082
https://ice.synthego.com/#/
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electroporation, electroporation with or without plasmids,
and electroporation with or without DNA cleavage (Figure
1A). All groups followed the same cell preparation and elec-
troporation parameters. iPSCs without electroporation sur-
vived very well under the protection of the ROCK inhibitor
Y-27632, for this reason we set it as a control.

Compared to the control group without electroporation,
75% of iPSCs died after electroporation treatment alone
(Figure 1A). We suspect this may be due to irreversible
membrane damage induced by the high-voltage electric
shock, resulting in instantaneous necrosis of some cells (59).
This is supported by the observation of aggregate clumps of
cellular debris floating in the medium after electroporation,
and the decreased proliferation of cells that survive elec-
troporation. Strikingly, electroporation with plasmids re-
sulted in more severe cell death with only ∼5% cell survival
rate, representing a 5-fold decrease in survival compared to
no plasmid treatment. In addition, we observed further de-
creased cell survival when the Cas9–sgRNA construct ex-
pressed by the plasmids induced a cleavage of pDonor-sg
and/or the genome (Figure 1A). These results demonstrate
that the electroporation procedure and plasmid cytotoxicity
are the two main factors leading to the massive cell death of
iPSCs during genome editing, whereas the DNA damage
response after Cas9–sgRNA mediated cleavage only plays
a minor role.

Stable BCL-XL overexpression increases editing efficiency
by promoting cell survival after electroporation

In our previous study on HDR editing using double cut
HDR donors (17), we observed relatively high levels of cell
survival and editing efficiency after electroporation of iP-
SCs. These iPSCs were generated by lentiviral transduction
of Yamanaka reprogramming factors together with BCL-
XL (60,61). This result is in striking contrast to what we ob-
served with integration-free iPSCs generated with episomal
vectors (38), strongly suggesting that BCL-XL improves
iPSC survival after nucleofection. To verify this assump-
tion, we transduced three different integration-free iPSC
lines with a lentiviral vector that expressed both BCL-XL
and puromycin resistance gene (MOI = 0.1). iPSC-Lenti-
BCL-XL lines that stably overexpressed BCL-XL were es-
tablished following puromycin selection (Supplementary
Figure S2A). As a control, iPSCs-Lenti-control lines were
also established by transduction with the Puro resistance
gene only.

We tested the effects of stable BCL-XL overexpression by
using the previously verified PDRM14 HDR editing vector
system (17). CRISPR plasmids including pEF1-Cas9,
pU6-sgPRDM14, pD-PRDM14-E2A-mNeonGreen-sg,
and pU6-sgDocut were co-electroporated into iPSC-
Lenti-BCL-XL lines and iPSC-Lenti-control lines, leading
to the precise integration of E2A-mNeonGreen at the
PRDM14 stop codon after HDR editing. Since PRDM14
is actively expressed in iPSCs, its endogenous transcrip-
tion machinery drives expression of mNeonGreen, thus
mNeonGreen-positive cells represent HDR-edited events
(Figure 1B). Cell survival was determined by the number
of live cells on day 1 relative to the number of cells used
for electroporation. Similar to the previous study (Figure

1A), only 3% of iPSC-Lenti-control cells survived on day
1, whereas 90% of iPSC-Lenti-BCL-XL cells survived,
suggesting that stable BCL-XL overexpression leads to a
30-fold improvement in cell survival after electroporation
with plasmids (Supplementary Figure S2B). Gene editing
efficiency at PRDM14 was increased from 0.17% in the
control group to ∼15% in the iPSC-Lenti-BCL-XL lines, a
90-fold improvement (Supplementary Figure S2B). These
results suggest that increased iPSC survival by BCL-XL
leads to enhanced HDR editing in surviving cells.

Transient BCL-XL overexpression increases editing effi-
ciency by selecting iPSCs harboring high copies of CRISPR
plasmids

Stable BCL-XL overexpression may affect downstream ap-
plications of edited iPSCs, therefore we tested whether tran-
sient BCL-XL overexpression from a non-integrating vec-
tor could also achieve the same effects. For this purpose,
we constructed the plasmid pEF1-BCL-XL encoding BCL-
XL under the control of the EF1 promoter. We electro-
porated iPSCs with the pEF1-BCL-XL plasmid together
with CRISPR plasmids composed of pEF1-Cas9, pU6-
sgPRDM14, pDonor-sg, and pU6-sgDocut. (Figure 1C).
To examine the dynamic changes of BCL-XL after elec-
troporation, we created a BCL-XL-mNeonGreen fusion
gene, allowing for measuring BCL-XL at the protein level
by FACS and at the mRNA level by RT-qPCR. We ob-
served high levels of BCL-XL expression 12–24 hours after
transfection, followed by a significant decrease in BCL-XL
at both the protein and mRNA levels (P < 0.05) (Supple-
mentary Figure S3). These data demonstrate that transient
transfection of plasmids only leads to 1–2 days of high-level
expression.

Cell survival on day 1 and HDR KI efficiency on day 3
were examined, as detailed above. Compared with 3% cell
survival in the control group without BCL-XL, 27% of cells
in the transiently overexpressed BCL-XL group survived, a
9-fold increase (Figure 1D). The increased survival is ac-
companied with ∼150-fold improvement in KI efficiency
(0.17 versus 25%) at the PRDM14 locus (Figure 1D). Of
note, transient BCL-XL overexpression exhibited higher
editing efficiency compared to stable BCL-XL overexpres-
sion (25 versus 15%) (Figure 1D and Supplementary Figure
S2B). We speculate this result may be attributed to greater
selection pressure after transient BCL-XL transfection be-
cause cells harboring greater copy numbers of BCL-XL and
editing plasmids are more likely to survive the stress and
have higher editing efficiency.

To test this hypothesis, we transfected cells with editing
plasmids (1 �g of Cas9, 1 �g of Donor plasmid, and 0.5 �g
of sgRNA) with or without BCL-XL (0.5 �g), and exam-
ined dynamic changes of plasmid copy numbers per cell by
qPCR (Supplementary Figure S4). As expected, the BCL-
XL group had a relatively higher copy number (∼400 ver-
sus 300), although the difference was not statistically sig-
nificant (paired T test). Of interest, the average copy num-
ber per cell in the BCL-XL group increased from ∼400 to
600 between 2 and 6 hours, suggesting that cells with high
copies of BCL-XL are more likely to survive (Supplemen-
tary Figure S4A). In addition, copy numbers were main-
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Figure 1. BCL-XL increases editing efficiency by promoting cell survival after electroporation. (A) Relative iPSC number on day 1 after electroporation
with or without PDRM14 editing plasmids. To determine the effects of cutting just genome or pD, sgDocut or sgPDRM14 were omitted, respectively; n =
4, *P < 0.05, ***P < 0.001. (B) Schematic of HDR-mediated editing at PRDM14. An sgPRDM14 was designed to target the stop codon. A promotorless
double cut HDR donor pD-PRDM14-E2A-mNeonGreen-sg was used to guide HDR insertion of the mNeonGreen reporter. E2A is a self-cleaving linker
for multicistronic expression. Left and right HA: light blue (600 bp); E2A: blue; Cas9–sgRNA cleavage site: red lighting. (C) Transient BCL-XL overexpres-
sion is achieved by transfection with a pEF1-BCL-XL plasmid. sgPRDM14 was designed to cut PRDM14, and sgDocut for cutting pD-sg. (D) Transient
BCL-XL overexpression strikingly increases human iPSC survival and HDR efficiency at PRDM14 locus. HDR efficiency was determined 3 days after
transfection by FACS; n = 15, ***P < 0.001. (E) Transient BCL-XL overexpression strikingly increases HDR-mediated KI efficiency at both CTNNB1
and OCT4; n = 6, **P < 0.01, ***P < 0.001. (F) Transient BCL-XL overexpression increases NHEJ-mediated KO efficiency at both CD9 and CD326.
KO efficiency was determined 1 week after transfection by FACS; n = 6, ***P < 0.001. (G) Dynamic changes in relative cell numbers after electroporation
with genome editing plasmids with or without BCL-XL; n = 6, data presented as mean ± SEM. (H) Representative images of iPSCs at 2, 4, or 8 hours
after electroporation with or without BCL-XL. Without BCL-XL, massive cell death was observed at 4 or 8 hours after electroporation. For details, see
Supplementary Movies S1–6.
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tained at ∼400 up until 24 hours after transfection, which
can be explained by TP53 activation-induced cell cycle ar-
rest (see the ‘RNA-seq analysis’ section). In contrast, be-
tween 6 and 24 hours, the copy numbers in the control
group without BCL-XL abruptly dropped from ∼300 to 30,
suggesting a strong selection against iPSCs carrying more
plasmids (Supplementary Figure S4B). This result is con-
sistent with massive cell death observed between 6 and 24
hours in the control group (Figure 1G). In the BCL-XL
group, the copy number decreased by ∼3-fold from day 1–3,
largely due to the dilution effects of cell proliferation. One
week after transfection, the residual plasmids were barely
detectable (Supplementary Figure S4A). As expected, the
dynamic changes of all the CRISPR component plasmids
followed the same pattern in each group. Together these
data consolidate the conclusion that addition of BCL-XL
promotes the survival of plasmid-transfected iPSCs, abro-
gating the negative selection against high-copy cells. As a
result, the relatively higher levels of CRISPR components
in surviving cells lead to efficient editing.

To generalize the effects of BCL-XL on iPSC survival and
HDR-mediated KI, we conducted similar experiments at
two other loci, CTNNB1 and OCT4. First we conducted
a dose-finding experiment and found that as little as 0.1 �g
of BCL-XL plasmid had a considerable effect in promoting
iPSC survival and enhancing editing, while increasing the
dose from 0.25 to 1 �g of BCL-XL plasmid tended to in-
crease the beneficial effects. In contrast, further increasing
the dose to 2 �g showed a trend of decreased effects (Sup-
plementary Figure S5). As such, 0.5 ug of BCL-XL plasmid
was used in the following experiments. Gene editing strate-
gies at CTNNB1 and OCT4 are illustrated in Supplemen-
tary Figure S6A and B, respectively. After HDR KI of the
promoterless pDonor vector, expression of the fluorescent
reporter mNeonGreen or Crimson was driven by the en-
dogenous CTNNB1 or OCT4 transcription machinery. To
further increase reproducibility of our studies, we carried
out these experiments using six different iPSC lines. Again,
BCL-XL co-transfection led to a dramatic improvement in
KI efficiency of ∼20-fold at both CTNNB1 (1.6 versus 32%)
and OCT4 (0.4 versus 7.6%) (Figure 1E; Supplementary
Figure S6A and B).

We reasoned that BCL-XL increases the survival of
stressed iPSCs after electroporation, and thus should also
increase the efficiency of genome editing other than HDR
KI. Therefore we investigated the effects of BCL-XL on
NHEJ-mediated KO at CD326 (also known as EPCAM)
and CD9. We chose to knockout these two genes because
they are expressed at high levels in human iPSCs and can
be detected by antibody staining of surface markers, fol-
lowed by flow cytometry. Experiments were carried out in
six different iPSC lines, and gene editing strategies are illus-
trated in Supplementary Figure S6C and D. As expected,
we observed significant improvement in KO efficiency by
BCL-XL, ∼5.5-fold increase at CD326 (10 versus 55%) and
∼2.5-fold increase at CD9 (9 versus 22%) (Figure 1F; Sup-
plementary Figure S6C and D). Interestingly, we observed
considerably lower improvement from BCL-XL in NHEJ
KO versus HDR KI, which may be due to higher baseline
editing levels in KO versus KI without BCL-XL (∼10 ver-
sus 0.2–1%). The discrepancy between NHEJ and HDR re-

pair can be further explained by cell cycle arrest at G1 after
the electroporation of plasmids induced stress and CRISPR
cleavage induced TP53 activation, because cells at G1 with
DSBs are predominantly repaired by NHEJ (62).

Taken together, these studies demonstrate that transient
BCL-XL overexpression in human PSCs considerably in-
creases both HDR knockin efficiency and NHEJ-mediated
knockout efficiency.

Analysis of cell death dynamics after electroporation with or
without BCL-XL

To investigate the dynamics of cell death after the elec-
troporation of iPSCs with plasmids in the absence or
presence of BCL-XL, we counted live cells 0.5–48 hours
post-transfection. About 0.5 hours after electroporation,
∼50% of iPSCs in both groups survived the shock. From
0.5–2 hours, cells in both groups stably attached and no
additional cell death was observed (Figure 1G). How-
ever, from 2–8 hours, the vast majority of cells in the
control group began to die. In contrast, the ever-increasing
expression of BCL-XL (Supplementary Figure S3) pro-
tected cells from death, leading to a 60% increase in sur-
vival at 4 hours. Six hours later, with the accumulation of
BCL-XL, cell death was not significantly increased hence-
forth. Twenty-four hours after electroporation with BCL-
XL, cells began to divide (Supplementary Movies S1–6),
leading to an increase in relative survival rates from ∼10-
to 20-fold compared to the no BCL-XL controls (Figure
1G).

To consolidate and visualize the protective effects of
BCL-XL after electroporation of iPSCs with plasmids, we
conducted a time-lapse analysis (Supplementary Movies
S1–6). Starting 2 hours after electroporation, many cells
released multiple small apoptotic bodies indicating apop-
tosis, whereas a few cells lost viability with the remaining
corpse, suggestive of necrosis. Some cells continued to die
8 hours later in the control group, but at a decreased rate.
In contrast, the rate of cell death in the BCL-XL group
from 2–8 hours was considerably lower. In addition, sur-
viving cells in the BCL-XL group displayed healthy mor-
phology and higher mobility compared with the no BCL-
XL controls. Around 12 hours later, surviving iPSCs in
the BCL-XL group actively communicated with each other
by extending pseudopodia and clustered together. Approx-
imately 24 hours later, a few cells started to divide and pro-
liferate. Representative images of iPSCs at 2, 4, or 8 hours
after electroporation (Figure 1H) were extracted from the
time-lapse movies (Supplementary Movies S3 and 4). These
time-lapse studies confirm that rapid cell death occurs 2–8
hours after electroporation, while overexpressed BCL-XL
prevents cell death starting 4 hours after electroporation
(Figure 1G).

BCL2 or MCL1 is inferior to BCL-XL in iPSC survival and
editing

Having demonstrated the significantly beneficial effects of
BCL-XL on iPSC survival and editing after electropora-
tion, we asked whether other members in the BCL2 family
could also be used to facilitate iPSC editing. For this pur-
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Figure 2. BCL2 or MCL1 is inferior to BCL-XL in promoting iPSC sur-
vival and editing efficiency. (A and B) Effects of BCL2 and MCL1 on hu-
man iPSC survival and editing. Cell survival was determined by cell count
on day 1 after electroporation. KI or KO efficiency was determined on day
3 or 7 by FACS; n = 4–5. (C) Relative expression of Cas9 and sgRNA by
RT-qPCR; n = 6. RT-qPCR analysis was conducted 8 hours after electro-
poration; *P < 0.05; **P < 0.01; ***P < 0.001; ns = not significant.

pose, we constructed pEF1-BCL2 and pEF1-MCL1 plas-
mids to compare with the pEF1-BCL-XL plasmid. We
tested these vectors in both HDR KI and NHEJ KO sys-
tems. For the KO system, BCL2 improved survival rate ∼6-
fold, but at lower levels compared to BCL-XL alone (∼9-
fold), whereas MCL1 did not significantly increase iPSC
survival after plasmid transfection. Similarly, BCL2 mod-
erately increased HDR-mediated KI efficiency (0.2 versus
7.5%, ∼35-fold improvement), whereas MCL1 showed no
significant improvement in both KI and KO efficiency (Fig-
ure 2A). For the KO system, BCL2 also improved survival
rate by a lower fold compared to BCL-XL alone (∼2.5
versus ∼7-fold), whereas MCL1 showed no improvement
in cell survival. Likewise, BCL2 only moderately improved
NHEJ-mediated KO efficiency (9.2 versus 37%, ∼4-fold im-
provement) (Figure 2B). These data demonstrate that the
striking effects of BCL-XL cannot be replaced by either
BCL2 or MCL1.

BCL-XL or BCL2-mediated increase in editing efficiency
is associated with increased cell survival (Figure 2A and B).
The above studies show that BCL promotes the survival
of iPSCs transfected with more copies of editing plasmids
(Supplementary Figure S4), which is expected to increase
RNA expression of Cas9–sgRNA. As expected, RT-qPCR
analysis showed a 5 to 10-fold increase in Cas9 and 3- to
6-fold increase in sgRNA levels (Figure 2C). Collectively,
these data indicate that iPSCs carrying more plasmids are
better protected from cell death by BCL.

RNA-seq analysis reveals anti-apoptotic effects of BCL-XL

In an attempt to investigate the potential mechanisms un-
derlying BCL-XL-mediated cell survival after electropora-
tion of plasmids, we conducted RNA-seq analysis on sam-
ples harvested at 2, 4, or 8 hours when massive cell death was
observed. At early time points, no DEGs were identified,
likely due to low levels of BCL-XL (Supplementary Figure
S7A). With considerably increased expression of BCL-XL
at 8 hours (74-fold higher than control), 51 genes were up-
regulated (Supplementary Figure S7B). Consistent with the
well-established function of BCL-XL as an anti-apoptotic
factor, gene ontology (GO) analysis of these 51 genes re-
vealed the enrichment of multiple biological processes, in
particular the negative regulation of apoptosis, DNA dam-
age response, and cellular response to DNA damage stim-
ulus (Supplementary Figure S7C). These results are consis-
tent with the well-established function of BCL-XL as a po-
tent anti-apoptotic factor. The top 10 enriched biological
processes also include DNA damage response (signal trans-
duction by TP53) and cellular response to DNA damage
stimulus (Supplementary Figure S7C). Furthermore, the
analysis of regulatory network by IPA showed that BCL-
XL overexpression is associated with enhanced synthesis
and repair of DNA, in addition to reduced degradation,
metabolism, and fragmentation of DNA (Supplementary
Figure S7D).

While our work was in revision, two studies on TP53-
mediated DNA damage response after CRISPR–Cas9
genome editing were published (63,64). Hence, we reana-
lyzed our RNA-seq data, focusing on TP53 target genes
(65,66). Similar to the study on CRISPR–Cas9 engineering
in human PSCs, we also found the upregulation of a similar
set of TP53 target genes such as BBC3, BTG2, CDKN1A,
MDM2, and POLH (Supplementary Figure S7E) (64). In
our dataset, we identified additional TP53 target genes such
as ALOX5 (67), GADD45A (68), KITLG (69), PGF, and
TNFSF9 (Supplementary Figure S7E). These genes play
critical roles in cell cycle arrest, apoptosis, and DNA dam-
age repair. Most of these genes’ expressions followed the
same pattern: (i) increased expression from 2–4 hours then
decreased expression from 4-8 hours in the control group;
(ii) continuous increase from 2–8 hours in the BCL-XL
treated iPSCs. The transcriptome data provide further ex-
planation to our experiment results. Some iPSCs in the con-
trol group showed evidence of DNA repair at 4 hours, but
most of these cells died from the DNA damage stress after
8 hours. In contrast, BCL-XL protected the edited iPSCs
from DNA damage-induced stress and TP53 activation, in-
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creasing survival. All of this led to strikingly increased edit-
ing efficiency.

BCL-XL cannot be replaced by inhibition of pro-apoptotic
factors

BCL-XL binds to pro-apoptotic counterparts BAX and
BAK1, preventing the formation of lethal pores in the mito-
chondrial outer membrane, and thereby interrupting apop-
tosis (70). In human ESCs, BAX, not BAK1, is the key in-
ducer of apoptosis (71). We also found that human iPSCs
predominantly express BAX instead of BAK1 (∼300 versus
50 TPM) (Supplementary Table S1). We thus hypothesized
that a BAX KO may promote the survival of stressed iPSCs.
To this end, we established four BAX KO cell lines from
two different iPSC lines by targeting Exon 1 or Exon 2 of
BAX with Cas9–sgRNA. BAX KO in these four lines greatly
improved cell survival and HDR-mediated KI at both the
PDRM14 and CTNNB1 loci (Supplementary Figure S8A),
but the KI levels were lower than those BCL-XL alone (Fig-
ure 1DE), suggesting that a BAX KO cannot replace BCL-
XL.

BBC3, also known as PUMA, interacts with BCL2 fam-
ily members, thus freeing BAX or BAK1 and inducing
apoptosis (72). We asked whether a BBC3 KO could in-
crease survival and editing in iPSCs. Thus we established
four BBC3 KO cell lines by targeting Exon 1 or 2 of BBC3 in
two different iPSC lines. Similar to BAX KO, BBC3 KO
greatly improved cell survival and editing (Supplementary
Figure S8B), but the effect is still inferior to that of BCL-
XL overexpression (Supplementary Figure S6B), suggest-
ing that a BBC3 KO alone cannot replace BCL-XL either.

After the formation of mitochondrial outer membrane
permeabilization (MOMP), cytochrome c is released from
the mitochondria and triggers a caspase activation cascade,
inducing apoptosis. We therefore tested if the pan-caspase
inhibitor Z-VAD-FMK (73) could improve iPSC survival.
Z-VAD-FMK treatment moderately increased iPSC sur-
vival and HDR efficiency. However, this effect of Z-VAD-
FMK treatment is obviously inferior compared to that of
BCL-XL overexpression (Supplementary Figure S8C).

Our findings that BAX KO, BBC3 KO, or Z-VAD-FMK
treatment did not significantly enhance the effects of BCL-
XL (Supplementary Figure S8A–C), suggest that BCL-XL
overexpression alone may achieve maximum protective ef-
fects. These results can be explained by the fact that all these
genes belong to the same pathway.

At last, we treated cells with pifithrin-� (PFT), a TP53
inhibitor (74). We found no significant effect of PFT on
human iPSC survival or editing efficiency (Supplementary
Figure S6D), which is in contrast to a recent report on en-
hanced effects of blocking TP53 on genome editing (64).
This may be due to insufficient effects of pifithrin-� on hu-
man PSCs (75).

Further increase in editing efficiency by selecting against cells
with low-level BCL-XL

Having demonstrated that iPSCs with a high copy number
of CRISPR plasmids have enhanced editing efficiency (Sup-
plementary Figure S4), we hypothesize that further enrich-
ing these cells would increase the editing efficiency in a bulk

Figure 3. BCL inhibition further increases editing efficiency in BCL-XL
transfected iPSCs. (A) Combined treatment of ABT-263, a BCL inhibitor,
compromises survival yet improves editing. Treatment of ABT-263 (1 �M,
8–24 h) compromises cell survival by 70% (left, n = 3), while further im-
proving PRDM14 KI efficiency (right, n = 3). (B) Treatment of ABT-263
(1 �M, 8–24 h) compromises cell survival by 80% (left, n = 4), while further
improving CD326 KO efficiency (right, n = 4); **P < 0.01.

population. To preferentially deplete the cells transfected
with low copies of plasmids, we treated the cells with ABT-
263 (Navitoclax), a potent inhibitor of BCL-XL, BCL2,
and BCL-W (42). As expected, adding ABT-263 (0.2 or 0.5
�M) right after electroporation when no exogenous BCL-
XL was expressed, led to a sharp reduction in cell survival
and no significant improvement in editing efficiency (Figure
3A). In contrast, when ABT-263 was administered from 8
hours, when robust BCL-XL has been expressed (Supple-
mentary Figure S3), until 24 hours, a dose-dependent grad-
ual decrease in cell survival and increase in editing efficiency
was observed. With 1 �M ABT-263, there was 50–70% re-
duction in cell survival, and 70 and 40% improvement in
KI and KO editing efficiency, respectively (Figure 3A and
B; Supplementary Figure S9). Consistent with increased
HDR, deep sequencing of these samples showed that ABT-
263 treatment also increased NHEJ indel frequencies by 50–
70% (Supplementary Tables S4A,B and S5A,B). These re-
sults indicate that the use of BCL-XL in iPSC genome edit-
ing allows for cell selection and enrichment of successfully
edited cells by administration of BCL inhibitors.

Confirmation of editing efficiency by deep sequencing

In the above studies, we designed donor templates to insert
a fluorescent protein expression cassette (1–2 kb) by HDR,
followed by quantitating HDR efficiencies by FACS. To fur-
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ther validate these results, we designed pDonors to insert a
short fragment of 6–12 bp at EEF1A1 and GAPDH, allow-
ing assessment of both NHEJ and HDR editing by deep
sequencing. We expect that BCL-XL also increases HDR
editing efficiency when using a template other than plas-
mids. As such, we decided to edit AAVS1, CD326, and
GAPDH loci using ssODNs. We observed higher levels of
NHEJ and HDR editing at EEF1A1, GAPDH, and CD326
loci than those at AAVS1 (Table 1). At the three loci with
higher editing levels, both BCL-XL and BCL2 significantly
increased NHEJ and HDR editing efficiencies (Figure 4).
Consistent with earlier results (Figure 2), BCL-XL tended
to have a greater effect. We also analyzed the ratio of HDR
to total indels and found that BCL-XL appeared to increase
the proportion of HDR. However, whether BCL-XL affects
the damage repair pathway choice is inconclusive since a
higher HDR/(HDR+NHEJ) ratio is also associated with
higher total indels. Taken together, these data demonstrate
that overexpressing BCL-XL is a universal approach for in-
creasing editing efficiency in human PSCs.

Off-target analysis and digital karyotyping demonstrate
safety of BCL-XL based editing strategy

One concern of CRISPR–Cas9 mediated gene editing is off-
target effects, and high levels of the Cas9–sgRNA complex
may increase chances of non-specific cleavage (20). In our
strategy, BCL-XL selects for iPSCs with high copy numbers
of editing plasmids, in particular with the addition of the
BCL inhibitor ABT-263. This raised a concern of height-
ened off-target cleavage. To address this possibility, we am-
plified target DNA sequences in PRDM14- or CTNNB11-
edited iPSCs by PCR, followed by Illumina paired-end se-
quencing (150 bp × 2). Putative off-target sites were pre-
dicted by the COSMID tool (54). We also examined on-
target cleavage, which serves as a positive control for data
analysis. Deep sequencing showed ∼20% indel efficiency at
the PRDM14 on-target locus and ∼30% indel efficiency at
CTNNB1 (Supplementary Table S4A and B). Meanwhile,
in the ten edited iPSC lines, no indels were detected in the
top 10–12 high-scoring off-target loci for PRDM14 and
CTNNB1 (Supplementary Table S5A and B). Even when
ABT-263 was used to further enrich edited iPSCs, off-target
cleavage was undetectable at both sites (Supplementary Ta-
ble S5A and B).

Multiple reports show that BCL-XL is associated with
chromosome 20q11.21 amplification (76–78). Furthermore,
20q11.21 gain is also observed in human cancers (79). These
reports raise safety concerns on the use of BCL-XL for
genome editing. To explore whether BCL-XL transfection
affects chromosome stability, we conducted digital kary-
otyping using an Illumina HumanCoreExome BeadChip,
which provides greater resolution (100 kb) than G-banded
karyotyping (∼5 Mb) (39,58,80). Analysis of two iPSC lines
and three edited clones (with BCL-XL transfection) did not
identify any abnormalities (Figure 5). To further assess the
effects of BCL-XL on genome stability, we transduced iP-
SCs for long-term, stable BCL-XL expression. After 10–20
culture passages, these lines still did not show any appre-
ciable changes in karyotype (Figure 5). These data demon-
strate that BCL-XL overexpression per se, especially tran-

siently, does not induce chromosome abnormality, which
is consistent with an earlier report (36). In comparison,
we also examined Jurkat, K562, and HEK293T cancer cell
lines, and observed massive abnormalities. In particular,
there were multiple monosomies and trisomies in K562 and
HEK293T cells (Supplementary Figure S10). The results
also validate the reliability of digital karyotyping.

Rapid high-level knockin or knockout by dual or biallelic edit-
ing

The BCL-XL based approach has been routinely used in
our lab to achieve efficient KI or KO in 20–50% of the bulk
population of human iPSCs without any selection. How-
ever, single cell cloning is still necessary for downstream ap-
plications of edited iPSCs, such as directed differentiation.
We reasoned that an editing efficiency >90% would largely
eliminate the need for single cell selection and expansion,
which is laborious and can take an additional 1–2 months
to accomplish. To this end, we tested several selection strate-
gies to enrich edited cells.

In the above studies, we edited a single locus each time.
This approach can be further used to edit multiple loci
simultaneously by using one locus inserted with a selec-
tive cassette to enrich iPSCs with successful editing at an-
other. To test this concept, we designed a double cut donor
with the Puro resistance gene, targeting the PRDM14 lo-
cus. We carried out the experiments to target PRDM14 and
CTNNB1 simultaneously, followed by puromycin selection
(Figure 6A). As expected, HDR KI efficiency at CTNNB1
increased from 17 to 95% after puromycin selection (Figure
6B). Similarly, we edited PRDM14 and CD326 simultane-
ously (Figure 6C). After selection, CD326 KO cells were en-
riched from 21 to 98% (Figure 6D). These data demonstrate
that a dual editing strategy can be readily used to increase
HDR or NHEJ editing efficiency to over 95% in bulk iPSCs.

In demanding applications such as knocking out a gene
with a growth advantage, 95% KO in bulk cells is insuf-
ficient. In this scenario, we reasoned that an insertion at
two alleles with two different selection markers would dis-
rupt the open reading frame and allow selection against
all of the unedited cells. To test this concept, we designed
two donors pD-CD326-EF1-Puro-sg and pD-CD326-EF1-
Zeo-sg, with 600 bp HAs to guide the HDR insertion at
CD326 (Figure 6E). One week after electroporation, anti-
body staining and FACS analysis showed a KO efficiency
of 38%. Selection with either puromycin or zeocin increased
KO efficiency to 95–96%, while double selection with both
puromycin and zeocin led to 100% KO (Figure 6F). These
data demonstrate that knockout in virtually 100% cells can
be achieved by biallelic knockin of selective cassettes.

Differential effects of BCL2 family on editing of multiple cell
lines

BCL-XL strikingly enhances the editing efficiency in hu-
man iPSCs, largely by increasing the survival of plasmid-
electroporated cells by 10- to 20-fold. To determine whether
BCL family can also facilitate gene editing in other cell
lines, we tested the effects of BCL-XL, BCL2, and MCL1 in
mouse ESCs, HEK293T (human embryonic kidney cells),
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Figure 4. HDR/NHEJ editing efficiencies with double cut donors or ssODN donors as determined by high-throughput sequencing. (A and B) Indels
(HDR + NHEJ), HDR efficiency, and HDR percentage in all edited cells at EEF1A1 (A) and GAPDH (B) with pDonor-sg (double cut donor) in iPSCs;
HDR percentage was calculated by the ratio of HDR to HDR plus NHEJ. (C–E) Indels (HDR + NHEJ), HDR efficiency, and HDR percentage in all
edited cells at AAVS1 (C), CD326 (D), and GAPDH (E) using ssODN donors (single-stranded oligo DNAs) in iPSCs. The nucleofections were conducted
without (Control) or with BCL-XL/BCL2; n = 3; *P < 0.05, **P < 0.01, ***P < 0.001; ns = not significant.
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Table 1. Representative patterns of HDR and NHEJ editing with pDonor-sg or ssODN at different loci

HDR and NHEJ at EEF1A1 with pDonor-sg

Total reads = 33,041 Type Indel (bp) Read %

ATACAACTGAACAGTAC|TTTGGG WT 0 37.9%
ATACAACTGAACAGgtttaaacgcgtGGG HDR −6, +12 49.0%
ATACAACTGAACAGTACcTTTGGG NHEJ +1 0.8%
ATACAACTGAACAGTACaTTTGGG NHEJ +1 0.8%
ATACAACTGAACA––––––G NHEJ −9 0.7%
ATACAACTGAACAGTAC-TTGGG NHEJ −1 0.6%
ATACAACTGAACAGTACttTTTGGG NHEJ +2 0.5%
ATACAACTGAACAGTAC–TGGG NHEJ −2 0.5%
ATACAACTGAACAGTAC––GGG NHEJ −3 0.3%
ATACAACTGAACAGTA-TTTGGG NHEJ −1 0.3%
ATACAACTGAACAG––-TTGGG NHEJ −4 0.3%
ATACAACTGAACAGTACtTTTGGG NHEJ +1 0.3%

HDR and NHEJ at GAPDH with pDonor-sg

Total reads = 139,341 Type Indel (bp) Read %

GACTGGCTCTTAAAAAG|TGCAGG WT 0 42.3%
GACTGGCTCTTgtttaaacgcgtTGCAGG HDR −6, +12 15.8%
GACTGGCTCTTAA––-TGCAGG NHEJ −4 3.1%
GACTGGC––––––––––- NHEJ −23 2.8%
GACTGGCTCTTA–––TGCAGG NHEJ −5 1.9%
GACTGGCTCTTAAAA–––AGG NHEJ −5 1.7%
GACTGGCTCTTAAAAA–GCAGG NHEJ -2 1.7%
GACTGGCTCTTAAAA–TGCAGG NHEJ −2 1.6%
GACTGGCTCTTAAAAA-TGCAGG NHEJ −1 0.8%
GACTGGCTCTTAAAAA––––G NHEJ −6 0.8%
GACTGGCTCTTAAAAAGtTGCAGG NHEJ +1 0.7%
GACTGGCTC––––––––– NHEJ −23 0.7%

HDR and NHEJ at AAVS1 with ssODN donor

Total reads = 33,631 Type Indel (bp) Read %

GGGGCCACTAGGGACAG|GATTGG WT 0 74.9%
GGGGCCACTAGGGACAGacgcgtGATTG
G

HDR +6 1.0%

GGGGCCACTAGGGACA-GATTGG NHEJ −1 6.4%
GGGGCCACTAGGG–––ATTGG NHEJ −5 2.8%
GGGGCCACTAGGGACAG–––– NHEJ −12 2.1%
GGGGCCACTAGGGAC-GGATTGG NHEJ −1 1.4%
GGGGCCACTAGGGAC–GATTGG NHEJ −2 0.9%
GGGGCCACTAGGGACAGgGATTGG NHEJ +1 0.8%
GGGGCCACTA–––––––GG NHEJ −11 0.5%
GGGGCCACTAG––––––-GG NHEJ −10 0.4%
GGGGCCACTAGGGACAGcagGATTGG NHEJ +3 0.4%
GGGGCCACTAGGGA–GGATTGG NHEJ −2 0.3%

HDR and NHEJ at CD326 with ssODN donor

Total reads = 57,018 Type Indel (bp) Read %

GTTCGGGCTTCTGCTTG|CCGCGG WT 0 46.7%
GTTCGGGCTTCTGCTTGacgcgtCCGCGG HDR +6 7.2%
GTTCGGGCTTCTGCTT-CCGCGG NHEJ −1 11.0%
GTTCGGGCTTCTGCTTgGCCGCGG NHEJ +1 3.1%
GTTCGGGCTTCTGCTT––––- NHEJ −19 1.3%
GTTCGGGCTTCTGCTTG-CGCGG NHEJ −1 1.2%
GTTCGGGCTTCTG––-CCGCGG NHEJ −4 1.1%
GTTCGGGCTT––––-CCGCGG NHEJ −7 1.1%
GTTCGGGCTTCTGCT–CCGCGG NHEJ −2 0.9%
GTTCG––––––––––-GG NHEJ −16 0.8%
GTTCGGGCTTCTGC–––––– NHEJ −25 0.8%
GTTCGGGCTTCTGCTT––––G NHEJ −6 0.8%
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Figure 5. Digital karyotyping analysis of iPSCs. iPSC lines transduced with or without lenti BCL-XL were cultured for 10 or 20 passages before analysis.
Three edited clones were also analyzed to identify potential chromosome abnormalities. All the clones we analyzed show normal karyotypes.
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Figure 6. Rapid high-level KI or KO by dual or biallelic editing. (A) HDR-mediated dual KI at PRDM14 and CTNNB1 in iPSCs. CRISPR plasmids
together with BCL-XL plasmid were electroporated into iPSCs. HDR KI of the E2A-Puro-E2A-Crimson cassette at PRDM14 allows for puromycin
selection to enrich iPSCs with HDR editing at CTNNB1. (B) Co-enrichment of PRDM14 and CTNNB1 HDR-edited iPSCs by single selection. Puromycin
(1 �g/ml) was added 2 days after electroporation for selection. KI efficiency (mNeonGreen-positive) at CTNNB1 was determined by FACS. (C) Dual editing
at PRDM14 by HDR and CD326 by NHEJ. Similar procedure with (A) was carried out. (D) Co-enrichment of PRDM14- and CD326-edited iPSCs by
single selection. Puromycin (1 �g/ml) was added 2 days after electroporation for selection. KO efficiency at CD326 (CD326-PE-negative) was determined
by FACS. (E) Schematic for gene KO by biallelic HDR insertion of section cassettes. Two double cut HDR donors (pD-HDR-CD326-EF1-Puro-sg and
pD-HDR-CD326-EF1-Zeo-sg) were designed to insert Puro or Zeocin resistance genes at CD326, leading to biallelic disruption of the open reading frame.
All CRISPR plasmids together with BCL-XL plasmid were electroporated into iPSCs, followed with single or double selection. (F) Complete KO in 100%
iPSCs in a single step by double selection. Single selection by puromycin (1 �g/ml) or zeocin (100 �g/ml), or double selection by both were carried out 2
days after electroporation. KO efficiency at CD326 (CD326-PE-negative) was determined by FACS 10 days later.



Nucleic Acids Research, 2018, Vol. 46, No. 19 10211

K562 (human erythroleukemia cells), and Jurkat (T-cell
leukemia) cells. In all of these lines, electroporation with
BCL did not increase cell survival. To facilitate the detec-
tion of HDR editing, we designed a promoterless pDonor-
mNeonGreen to target the intron before the stop codon-
located exon of universally expressed genes EEF1A1 and
GAPDH. In mouse ESCs, two sgRNAs were designed to
target the EEF1A1 intron. BCL-XL increased HDR edit-
ing in all the mouse ESC experiments by 10–40% (P < 0.05),
whereas BCL2 and MCL1 were less effective (Supplemen-
tary Figure S11A). In K562 cells, BCL-XL and MCL1 had
no obvious benefits, while surprisingly, BCL2 significantly
decreased HDR efficiency at both EEF1A1 and GAPDH
(Supplementary Figure S11B). In HEK293T cells, BCL-XL
and BCL2 significantly decreased HDR efficiency at both
EEF1A1 and GAPDH, while MCL1 had no obvious ef-
fect (Supplementary Figure S11C). In Jurkat cells, BCL-XL
and MCL1 showed a trend for enhancing editing efficiency,
but the differences were statistically insignificant (Supple-
mentary Figure S11D). Taken together, these data indicate
that BCL-XL increases HDR efficiency in mouse ESCs and
BCL2 members have differential effects on gene editing in
different cell lines.

DISCUSSION

Here, we report a simple approach to greatly improve cell
survival and editing efficiency in human iPSCs by tran-
siently overexpressing BCL-XL. We show that massive cell
death (>95%) is a major barrier that limits editing efficiency
in iPSCs after plasmid electroporation, and that BCL-XL
improves cell survival by 10- to 20-fold when examined 1–2
days after electroporation), leading to a 20- to 100-fold and
5-fold increase in HDR-mediated KI and NHEJ-mediated
KO efficiency, respectively. Using simple selection strate-
gies, 95% HDR and100% NHEJ efficiency can be achieved.
This efficiency renders it seemingly unnecessary to conduct
single cell cloning, which has been routinely used in iPSC
studies that do not require isogenic clones. These methods
should have important applications in both iPSC studies
and embryo manipulations.

Mouse ESCs predominantly use the HDR pathway to re-
pair dsDNA damage, relative to somatic cells (81). Many
studies found, however, that HDR efficiency in human
PSCs is considerably lower than in other cell types (21–23).
This puzzle has recently been solved, partly due to two re-
ports published during revision of our work (63,64). Human
PSCs are primed to undergo rapid death due to the balance
of pro-apoptotic and anti-apoptotic BCL2 family proteins
in the mitochondria (71,82). In particular, human PSCs un-
dergo more rapid death after DNA damage-mediated acti-
vation of TP53 signaling than differentiated cells (82). Simi-
larly, human PSCs are extremely sensitive to DSBs induced
by Cas9–sgRNA, which activates TP53 signaling, leading
to cell cycle arrest and apoptosis (64). In contrast to us-
ing lentiviral vectors for editing, we used plasmids, which
have additional confounding factors such as physical dam-
age of plasma membranes and plasmid electroporation. In
our editing system, electroporation-induced damage of the
plasma membrane leads to the death of about 50% of cells,
while plasmid transfection induces 80% of cell death. Cy-

toplasmic DNA often triggers an innate immune response
in most types of cells (83,84). However, of interest, we did
not observe functional pathways that sense and respond
to transfected plasmids (Supplementary Figure S7C). As
such, other unknown mechanisms might have contributed
to plasmid-mediated PSC death. Taken together, the cell
death in our system is largely induced by plasmid electro-
poration and TP53 activation.

We demonstrate here that iPSC survival and gene edit-
ing efficiency can be greatly improved by overexpressing
BCL-XL. Interestingly, transient BCL-XL overexpression
showed lower cell survival but higher gene editing efficiency
than stable BCL-XL overexpression in iPSCs. This can be
explained by the survival advantage of cells transfected with
more copies of BCL-XL and editing components, as evident
by ∼5-fold higher expression of Cas9–sgRNA in BCL-XL
treated cells. The BCL inhibitor ABT-263 confers an addi-
tional selective pressure for cells with high copy numbers of
BCL-XL and editing plasmids, leading to 40–70% increase
in KO and KI efficiency.

We can reproducibly achieve up to 50% editing efficiency
in human iPSCs without any selection, but this may vary
from one locus to another. Using a dual editing approach
followed by selection, over 95% HDR KI or NHEJ KO effi-
ciency can be achieved. Moreover, virtually 100% of HDR-
mediated KO efficiency was achieved by biallelic KI of both
puromycin and zeocin resistance gene expression cassettes
driven by a strong promoter, followed by double selection.
These simple strategies abrogate the need for single cell
cloning, which is tedious and takes 1–2 months to procure
sufficient amounts of edited cells for functional studies. In
contrast, our new approach entails minimal hands-on time
and large quantities of edited iPSCs can be obtained in 1–2
weeks. The widespread use of these simple methods will un-
doubtedly expedite basic or translational research that may
benefit from genome editing of human iPSCs, such as func-
tional genomics, disease modeling, etc.

This is not the first report showing that expression of
BCL2 family proteins protects PSC death. Overexpression
of BCL2 or BCL-XL protects dissociation-induced cell
death (35,36). However, we extended these findings and
found that BCL-XL can partly protect electroporation and
CRISPR–Cas9 engineering-induced DNA damage stress.
We also found that BCL-XL is the best factor to achieve
these goals. These findings are reminiscent of our previ-
ous studies on reprogramming. It has puzzled us that BCL-
XL increases reprogramming efficiency by ∼3-fold in a
lentiviral transduction system, while increasing efficiency
∼10-fold in the electroporation system (37). This discrep-
ancy can be explained by the fact that (i) lentiviral vec-
tor transduction-mediated reprogramming, similar to edit-
ing (but less so), also activates the TP53 pathway (85) and
(ii) cells reprogrammed by electroporation also suffer phys-
ical damage. These data support the conclusion that BCL-
XL protects cell death induced by both p53 activation and
other stressors like physical damage.

A recent report indicates that TP53 inhibition increases
HDR efficiency by approximately 10-fold in human PSCs
(64). However, strategies targeting TP53 may increase
genetic instability and tumorigenic potential. Long-term
TP53 deficiency induces chromosome abnormality and can-
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cer, most likely because TP53 inhibition induces premature
cell cycle progression, preventing the appropriate repair of
damaged DNA. In our system, the TP53 pathway is intact,
as evidenced by upregulation of dozens of TP53 target genes
(Supplementary Figure S7). BCL-XL only inhibits apopto-
sis and does not affect cell cycle arrest, as evidened by ∼5-
fold increase in CDKN1A, also known as p21, 8 hours af-
ter nucleofection of BCL-XL and editing plasmids (Supple-
mentary Figure S7E). BCL-XL overexpression maintains
survival during cell cycle arrest, offering more time for cells
to recover. As such, it is tempting to speculate that our
approach is both safer and more powerful than blocking
TP53.

Our BCL-XL based editing approach is safe as evidenced
by the absence of off-target cleavage and chromosome ab-
normality. BCL-XL confers a survival advantage on iPSCs
transfected with high copies of editing plasmids, but this did
not lead to high levels of unspecific cleavage. This may be
explained by considerably lower amounts of Cas9–sgRNA
mRNA in iPSCs relative to the levels in cancer cells like
HEK293T (86). Although BCL-XL amplification is found
in many PSC lines (76–78), this can be explained by the
fact that increased BCL-XL expression offers a prolifera-
tive advantage when culture conditions are suboptimal. In
support of this argument, our digital karyotyping data pre-
sented here, together with early reports (36), demonstrate
that long-term overexpression of BCL-XL does not lead to
any obvious abnormalities. In addition, BCL-XL overex-
pression is transient in our system, and high-level expres-
sion is observed only 8–48 hours after nucleofection. After
one week, BCL-XL is almost undetectable in edited cells.
This should further mitigate the safety concerns of BCL-
XL.

The BCL2 family is the central regulator that arbi-
trates the life-and-death decision. This family is classified
into three subgroups: (1) anti-apoptotic factors such as
BCL-XL, BCL2, and MCL1, which inhibit effectors from
forming mitochondrial outer membrane permeabilization
(MOMP), (2) pro-apoptotic BH3-only proteins, and (3) ef-
fectors such as BAK1 and BAX that mediate MOMP. The
interactions between the anti-apoptotic repertoire, the pro-
apoptotic BH3-only proteins, and the effector proteins de-
cide the fate of the cell: survival or commitment to apop-
tosis (41). As such, overexpression of anti-apoptotic factors
has been commonly used to increase the survival of cells
in diverse settings. However, each factor may have differen-
tial protective effects in different scenarios, and we find that
BCL-XL is the most potent in the iPSC editing.

The impressive effects of BCL-XL can only be partly re-
placed by the overexpression of other anti-apoptotic genes
such as BCL2, or the KO of pro-apoptotic genes such as
BAX and BBC3, but none of these are as effective as BCL-
XL. In addition, inhibiting caspase or TP53 with small
molecules showed no obvious effects on the improvement
of cell survival and editing efficiency. The superior effects
of BCL-XL over BCL2 and MCL1 are reminiscent of our
previous finding that BCL-XL is more potent than BCL2
or MCL1 in enhancing reprogramming of iPSCs from adult
human peripheral blood cells (38,60).

We found that BCL-XL also significantly increases HDR
editing in mouse ESCs, although it did not increase cell sur-

vival after electroporation. As such, it is tempting to spec-
ulate that BCL-XL plasmids or RNA may enhance HDR
editing in PSCs or early embryos from mice, rats, pigs, non-
human primates, etc. If confirmed we envision that, together
with the double cut donor design (17), the success rates of
creating compound animal models can be considerably in-
creased (15,87).

We also observed differential effects of BCL-XL,
BCL2, and MCL1 on HDR editing in K562, HEK293T,
and Jurkat cells. In particular, BCL2 overexpression de-
creases the editing efficiency in K562 and HEK293T
cells. Manipulating factors related to cell death may have
unexpected effects on affecting genome editing efficiency in
different types of cells.

In summary, BCL-XL has an impressive effect on im-
proving cell survival and gene editing efficiency in human
iPSCs, which strikingly simplifies the procedure for gener-
ating a relatively pure population of HDR KI or NHEJ
KO edited cells. These simple and robust methods will find
broad applications in disease modeling, generation of re-
porter lines, gene modification, and functional genomics.
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