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High-efficiency transgene integration by 
homology-directed repair in human primary 
cells using DNA-PKcs inhibition

Sridhar Selvaraj1,2, William N. Feist    1,2, Sebastien Viel    1,2,3,4, 
Sriram Vaidyanathan1,2,5,6, Amanda M. Dudek1,2, Marc Gastou1,2, 
Sarah J. Rockwood1,2, Freja K. Ekman1,2, Aluya R. Oseghale1,2, Liwen Xu1,2, 
Mara Pavel-Dinu1,2, Sofia E. Luna    1,2, M. Kyle Cromer    1,2,7, Ruhi Sayana1,2, 
Natalia Gomez-Ospina1,2 & Matthew H. Porteus    1,2 

Therapeutic applications of nuclease-based genome editing would benefit 
from improved methods for transgene integration via homology-directed 
repair (HDR). To improve HDR efficiency, we screened six small-molecule 
inhibitors of DNA-dependent protein kinase catalytic subunit (DNA-PKcs), a 
key protein in the alternative repair pathway of non-homologous end joining 
(NHEJ), which generates genomic insertions/deletions (INDELs). From this 
screen, we identified AZD7648 as the most potent compound. The use of 
AZD7648 significantly increased HDR (up to 50-fold) and concomitantly 
decreased INDELs across different genomic loci in various therapeutically 
relevant primary human cell types. In all cases, the ratio of HDR to INDELs 
markedly increased, and, in certain situations, INDEL-free high-frequency 
(>50%) targeted integration was achieved. This approach has the potential 
to improve the therapeutic efficacy of cell-based therapies and broaden the 
use of targeted integration as a research tool.

Genome editing is a method to change the nucleotide sequence of a cell 
with single-nucleotide precision. The most well-developed method of 
genome editing is using an engineered nuclease to create a site-specific 
DNA double-strand break (DSB) in the genome1,2. CRISPR–Cas9 is the 
most widely used engineered nuclease system for genome editing due 
to its ease of design, high activity and high specificity. CRISPR–Cas9 
genome editing is a two-component system consisting of a guide RNA 
(gRNA) that is complementary in sequence to the genomic target site, 
which recruits the Cas9 nuclease to create a precise DSB3–7. There are 
redundant cellular mechanisms to repair the induced DSB8. DSBs can be 
repaired by the non-homologous end joining (NHEJ) pathway, a generally 
accurate form of repair that occasionally can result in small insertions/

deletions (INDELs) often of a single nucleotide at the break site9,10. If 
the DSB is repaired by microhomology-mediated end joining (MMEJ), 
small to large INDELs are created11–13. Finally, homology-directed repair 
(HDR) involves the use of either endogenous or exogenous homologous 
donor template sequence to precisely repair the DSB. After providing 
an exogenous donor template, the HDR pathway can be harnessed for 
targeted integration of single-nucleotide changes or changes of several 
thousand base pairs8,14. HDR-mediated genome editing is currently the 
most flexible method of creating the widest variety of changes to the 
genome of a cell and has now entered clinical studies15.

One of the hallmarks of nuclease-based genome editing is that in 
a population of cells, a mixture of INDELs and HDR-mediated targeted 
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(Fig. 1a). To identify the most potent and selective DNA-PKcs 
small-molecule inhibitor for enhancing gene targeting efficiency, we per-
formed a screen at the CCR5 locus to knock-in two stop codons using the 
RNP and AAV6 gene editing platform in PSCs33 (Fig. 1b). For this screen, 
we tested various previously described DNA-PKcs inhibitors, AZD7648  
(refs. 32,34), M3814 (ref. 35), VX984 (ref. 36), KU57788 (ref. 37), BAY8400 
(ref. 38) and LTURM34 (ref. 39), at three different concentrations  
(1, 0.1 and 0.01 μM). AZD7648, M3814, VX984 and BAY8400 improved 
gene targeting efficiency at a concentration of 1 μM. At 0.1 μM, only 
AZD7648 significantly enhanced gene targeting efficiency more 
than fourfold compared to no treatment (Fig. 1c and Extended Data  
Fig. 1a). Thus, AZD7648 is more potent than the other DNA-PKcs inhibi-
tors for improving gene targeting efficiency. Next, we performed con-
centration gradient (1, 0.5, 0.25 and 0.1 μM) and time course (4, 8, 12 
and 24 h) analyses for gene targeting with AZD7648 treatment. From 
this analysis, we found that between 0.25 and 0.5 μM was the optimal 
concentration and 24 h was the optimal incubation time for improving 
gene targeting (Fig. 1d,e and Supplementary Fig. 1a,b). Notably at the 
optimal concentration (0.5 and 0.25 μM) for gene targeting, AZD7648 
was highly specific for DNA-PKcs inhibition (Fig. 1a).

CCR5 is a safe harbor genomic locus that can be used for integra-
tion of large gene cassettes with exogenous promoters to safely over-
express genes of interest for therapeutic and research purposes40–43. 
Thus, we tested whether DNA-PKcs inhibitor treatment can improve 
gene targeting efficiency at the CCR5 locus for integration of large gene 
cassettes. We compared the effects of AZD7648 and other DNA-PKcs 
inhibitors on gene targeting efficiency at the CCR5 locus for the 
knock-in of a multikilobase sequence (2.6 kb; Fig. 1f). We found that 
AZD7648 significantly enhanced allelic gene targeting efficiency at 1 
and 0.1 μM, while M3814 and VX984 were effective only at 1 μM. With 
AZD7648 treatment, allelic gene targeting efficiency reached 85%, 
which is a 2.4-fold increase compared to that observed in untreated 
control cells. BAY8400 treatment significantly improved gene target-
ing at 0.1 μM (Fig. 1g). Next, we assessed cell viability at different time 
points (24, 48 and 72 h) after CCR5 gene targeting with and without 
treatment with different DNA-PKcs inhibitors (AZD7648, M3814, VX984 
and BAY8400 at 0.5 and 0.25 μM). AZD7648 treatment showed the 
highest improvement in gene targeting efficiency (Extended Data  
Fig. 1b). Cell viability analysis showed that AAV6 transduction alone led 
to high levels of toxicity, which has been reported in previous studies 
on AAV transduction in PSCs44. Among the gene-targeted cells, treat-
ment with DNA-PKcs inhibitors led to slightly higher toxicity at 48 h and 
72 h than observed in untreated cells. BAY8400 was found to be more 
toxic than other DNA-PKcs inhibitors at all three time points (Extended 
Data Fig. 1c). Next, we assessed biochemically whether treatment 
with AZD7648 effectively inhibits DNA-PKcs activity without affecting 
the function of kinases belonging to the PI3K family. For DNA-PKcs 
activity, we assessed autophosphorylation at Ser 2056 (ref. 32), and 
for PI3K function, we assessed phosphorylation of AKT at Ser 473  
(ref. 45). We used bleomycin to induce broadscale DNA damage to 
enhance the detection of DNA-PKcs activity46. Western blotting showed 
that PSCs treated with bleomycin for 2 h exhibited autophosphoryla-
tion of DNA-PKcs (Ser 2056), while AZD7648 co-treatment inhibited 
this autophosphorylation. RNP/AAV6 gene editing did not result in 
detectable DNA-PKcs autophosphorylation due to minimal activation 
of the protein because the high-fidelity Cas9 RNP creates few breaks in 
the genome at any given point. Importantly, AZD7648 treatment did 
not affect phosphorylation of AKT (Ser 473) by PI3K family of kinases 
(Extended Data Fig. 2a). We also confirmed that AZD7648 treatment 
improved gene targeting efficiency in PSCs used for this biochemical 
analysis (Extended Data Fig. 2b).

To confirm the maintenance of pluripotency in gene-targeted 
PSCs, we assessed the expression of pluripotency markers and the 
ability to differentiate into three germ layers following gene target-
ing at the CCR5 locus. Flow cytometry analysis showed that AZD7648 

insertions occurs. Moreover, while HDR-to-INDEL ratios of 1:1 or greater 
can be achieved, the frequency of INDELs is often greater than that of 
HDR8,16. An important advance in genome editing would be to develop 
methods in which HDR is significantly more frequent than INDELs, and, 
ideally, INDEL-free targeted integration might be achieved. During 
genome editing, HDR-based targeted integration has been shown to 
outcompete MMEJ-based INDELs but not NHEJ-based INDELs16,17. This is 
likely due to the NHEJ pathway being active in all phases of the cell cycle, 
while HDR and MMEJ are active in S and G2 phases of the cell cycle18,19. 
Thus, different methods for inhibition of the NHEJ pathway are being 
explored for enhancing the frequency of HDR-based gene targeting/
targeted integration20–22.

The NHEJ pathway is initiated following the binding of Ku70/Ku80 
protein to the ends of the DSB11,23. Ku70/Ku80 then recruits the catalytic 
subunit of DNA-dependent protein kinase (DNA-PKcs) to form the 
DNA-dependent protein kinase complex. The DNA-PKcs is activated 
through autophosphorylation and is critical for progression of the 
NHEJ pathway24. Subsequently, the XRCC4, XLF and DNA ligase IV 
complex is recruited to ligate the broken ends25. Inhibition of Ku or DNA 
ligase IV through short hairpin RNA/short interfering RNA or small mol-
ecules has been shown to moderately improve HDR efficiency by reduc-
ing the levels of NHEJ26–29. In addition, peptide-based inhibition of 53BP1 
(a protein that promotes the NHEJ pathway) can also result in increased 
frequencies of HDR-mediated genome editing30. A recent study showed 
that introduction of a catalytically inactive mutation in DNA-PKcs leads 
to high levels of HDR-based gene targeting following gene editing with 
single-stranded oligodeoxynucleotide (ssODN) donor and Cas9 gRNA 
in human induced pluripotent stem cells (iPSCs)31. This enhancement 
in gene targeting could also be recapitulated with transient inhibition 
of DNA-PKcs using the small-molecule compound M3814 (refs. 16,31). 
Although, M3814 is a potent DNA-PKcs inhibitor, it has been shown to 
be less selective than other small-molecule DNA-PKcs inhibitors32. At 
the concentrations used for gene targeting, M3814 can inhibit various 
kinases of the PI3K family and the mTOR kinase, potentially causing 
cellular toxicity (Fig. 1a)16,31. Thus, DNA-PKcs inhibitors with higher 
specificity might result in further improvements in gene targeting 
efficiencies with mitigated cellular toxicity.

We screened various selective small-molecule DNA-PKcs inhibitors 
for enhancing gene targeting efficiency using Cas9 ribonucleoprotein 
(RNP) and adeno-associated virus serotype 6 (AAV6) HDR donor delivery  
in human PSCs33. From this screening, AZD7648 was identified as the most 
potent compound for enhancing gene targeting efficiency. AZD7648 
was more potent than M3814 for improving gene targeting and has  
also been shown to be a more selective DNA-PKcs inhibitor than M3814 
(Fig. 1a)32. AZD7648 treatment significantly enhanced gene targeting 
efficiency at different genomic loci for integration of both short and 
long sequences in various therapeutically relevant human primary cells, 
such as PSCs, hematopoietic stem and progenitor cells (HSPCs), T cells 
and human bronchial epithelial cells (HBECs). With AZD7648 treatment, 
we achieved high levels of gene targeting with low to no INDELs in most 
cases. Allelic gene targeting efficiency reached as high as 90% in some 
cases. Remarkably, AZD7648 could turn a gRNA that generated very few 
INDELs when delivered as an RNP alone without AZD7648 into a gRNA 
that generated ~50% targeted integrations without detectable INDELs 
when combined with AAV6 HDR donor and AZD7648. The use of AZD7648 
resulted in flipping of the HDR-to-INDEL ratio from 1:1 to >5–100:1 in most 
circumstances. Thus, AZD7648 treatment can broadly enhance the ex vivo 
targeted integration frequency in primary cells, thereby improving the 
efficacy of ex vivo gene-targeted cell-based therapies and expanding the 
application of targeted integration for research purposes.

Results
AZD7648 enhances gene targeting efficiency in PSCs
The small-molecule DNA-PKcs inhibitors AZD7648 and VX984 have 
better selectivity profiles than M3814, as described previously32  
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Fig. 1 | AZD7648 is the most potent DNA-PKcs inhibitor for improving gene 
targeting in PSCs. a, Table showing the half-maximal inhibitory concentration 
(IC50) values of different small-molecule DNA-PKcs inhibitors (M3814, AZD7648 
and VX984) against DNA-PKcs, ATM, ATR, mTOR and various PI3K family kinases 
in A549 cells (data are adapted from a previous study)32. b, Schematic of the gene 
targeting strategy to introduce two stop codons at the CCR5 locus using Cas9 RNP 
and AAV6 gene editing. c, Allelic gene targeting efficiency after gene editing at 
the CCR5 locus (b) with different concentrations (1, 0.1 and 0.01 μM) of DNA-PKcs 
inhibitors (AZD7648, M3814 and VX984) compared to untreated cells (UNT) as 
measured by inference of CRISPR edits (ICE) analysis 4 d after gene editing (n = 3). 
d, Concentration gradient analysis of AZD7648 treatment (1, 0.5, 0.25 and 0.1 μM) 
for gene targeting at the CCR5 locus (b). The percentage of targeted alleles was 

measured by ICE analysis 4 d after gene editing (n = 3). e, Time course analysis 
of AZD7648 treatment (4, 8, 12 and 24 h) for gene targeting at the CCR5 locus (b). 
The percentage of targeted alleles was measured by ICE analysis 4 d after gene 
editing (n = 3). f, Schematic for gene targeting at the CCR5 locus for knock-in 
of UBC-GFP-bGH-pA sequence using Cas9 RNP and AAV6 gene editing. g, Gene 
targeting at the CCR5 locus (f) with different concentrations (1, 0.1 and 0.01 μM) 
of DNA-PKcs inhibitors (AZD7648, M3814, VX984 and BAY8400). The percentage 
of targeted alleles was measured by droplet digital PCR (ddPCR) analysis 5 d after 
gene editing (n = 3). All data in c–e and g are shown as mean ± s.e.m. and were 
compared by one-way analysis of variance and Tukey’s multiple comparisons 
test; *P < 0.05; ***P < 0.001; ****P < 0.0001; NS, not significant.
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treatment led to gene targeting in more than 90% of cells, which was a 
2.5-fold increase compared to that observed in untreated control cells 
(Extended Data Fig. 2c). Analysis of the allelic distribution of wild-type 
(WT), INDEL and HDR frequencies showed that AZD7648 treatment 
improved HDR frequency 3-fold, with a corresponding increase in 
HDR-to-INDEL ratio from 0.3 to ~8 (~24-fold increase; Extended Data 
Fig. 2d). Interestingly, we found that treatment with AZD7648 led to a 
minor fraction of small to large deletions and a predominant increase 
in the frequency of WT in non-targeted alleles, while the remaining 
alleles showed a 1-base pair (bp) insertion. This 1-bp insertion was the 
only type of INDEL observed in non-AZD7648-treated genome-edited 
cells (Supplementary Fig. 2a). We found that gene-targeted PSCs 
with and without AZD7648 treatment maintained the expression of  
different pluripotency markers (Extended Data Fig. 3a). Differentiation 
of gene-targeted PSCs into three germ layers (ectoderm, mesoderm 
and endoderm) was also unaffected by AZD7648 treatment, further 
confirming the maintenance of pluripotency (Extended Data Fig. 3b).

We performed single-cell cloning of PSCs gene targeted at the 
CCR5 locus and treated with different concentrations of AZD7648 
(Extended Data Fig. 3c) and assessed the genotypes of the single-cell 
clones. We found that treatment with 0.5, 0.25 and 0.1 μM AZD7648 
led to the generation of 90%, 80% and 60% of clones with biallelic 
knock-in, respectively, while in untreated cells, only 30% of clones had 
biallelic knock-in (Extended Data Fig. 3d). This result confirms that 
AZD7648 treatment leads to an increase in biallelic gene targeting. 
We then tested whether AZD7648 pretreatment before gene editing 
could further improve gene targeting efficiency. PSCs were pretreated 
with AZD7648 for 24 h before gene targeting and were then either left 
untreated or were continued on AZD7648 treatment after nucleofec-
tion. Allelic gene targeting efficiency was unaffected by pretreatment 
with AZD7648 with or without treatment after nucleofection compared 
to the corresponding control cells. This indicates that pretreatment has 
no effect, and treatment after editing is essential for improving gene 
targeting efficiency (Extended Data Fig. 3e).

We then tested the effect of AZD7648 treatment on improving 
gene targeting across different genomic loci in PSCs. We first tested 
AZD7648 treatment for editing sickle cell disease (SCD) and cystic 
fibrosis (CF) mutations at HBB and CFTR loci, respectively, using 
the previously described Cas9 RNP and AAV6 donor reagents in WT 
PSCs47–49 (Extended Data Fig. 4a,b). At both concentrations (0.5 and 
0.25 μM) tested, AZD7648 treatment improved gene targeting efficien-
cies at HBB and CFTR loci, with corresponding decreases in the levels 
of INDELs. Notably, AZD7648 treatment improved the mean ratio of 
HDR to INDELs from 5 to 26 at the HBB locus and from 2 to 13 at the CFTR 
locus (Extended Data Fig. 4a,b and Supplementary Fig. 2b,c). We then 
tested the effects of AZD7648 and M3814 treatment on the ability to 
knock-in a multikilobase sequence (2.6 kb) at the HBB locus. Although 
allelic gene targeting in untreated cells was quite high at 50%, treatment 
with AZD7648 or M3814 improved gene targeting by ~1.4-fold at the 
higher concentration (2 μM), and only AZD7648 showed a significant  
improvement at the lower concentration (0.5 μM; Extended Data Fig. 4c).  
Non-gene-targeted alleles in untreated cells showed a 9-bp deletion 
as the major INDEL, while there was also a small fraction of insertions 
and other deletions, resembling the pattern in the RNP-only control. 
AZD7648 treatment led to an increase in the frequency of WT alleles, 
and the remaining alleles had a small fraction of the 9-bp deletion 
(Supplementary Fig. 3a). We then assessed whether gene replace-
ment efficiency could be improved with AZD7648 treatment at the 
HBA1 locus using the previously described gene editing strategy50. 
AZD7648 treatment improved HBA1 gene replacement efficiency by 
around fourfold at both high and low concentrations (2 and 0.5 μM), 
while M3814 was effective only at the higher concentration (2 μM; 
Extended Data Fig. 4d). Non-gene-targeted alleles in untreated cells 
showed a 1-bp insertion as the major INDEL, while there was also a small 
fraction of alleles with deletions, resembling the RNP-only control. 

AZD7648 treatment led to an increase in the frequency of WT alleles, 
a small fraction of alleles with deletions and few to no alleles with the 
1-bp insertion (Supplementary Fig. 3b).

In conclusion, these results confirm that AZD7648 is the cur-
rent most potent DNA-PKcs inhibitor for enhancing gene targeting 
efficiency across different genomic loci in PSCs without affecting 
pluripotency.

AZD7648 improves gene targeting efficiency in HSPCs
We compared the effects of various DNA-PKcs inhibitors (AZD7648, 
M3814, VX984 and BAY8400) at two different concentrations (2 μM 
and 0.5 μM) on improving gene targeting at the CCR5 locus in primary 
human CD34+ HSPCs. Allelic gene targeting efficiency and cell viability 
counts indicated that treatment with 0.5 μM inhibitor was less toxic 
than treatment with 2 μM inhibitor, with similar gene targeting effi-
ciencies observed for all compounds. At 0.5 μM, AZD7648 showed  
the highest improvement in gene targeting efficiency compared to the 
other compounds (Extended Data Fig. 5a). We then determined the 
optimal concentration of AZD7648 treatment with a concentration 
gradient analysis (1–0.01 μM) for gene targeting at the CCR5 locus. We 
found that gene targeting efficiency remained high between 0.25 and 
0.5 μM, which is similar to the results from PSCs, and we used 0.5 μM 
for all subsequent gene targeting experiments in HSPCs (Extended 
Data Fig. 5b). In non-gene-targeted alleles, we found that AZD7648 
treatment at concentrations of 1, 0.5 and 0.25 μM led to an increase 
in the frequency of WT alleles and a decrease in the frequency of  
alleles with 1-bp insertions compared to untreated cells (Supple-
mentary Fig. 3c).

We then tested the effect of AZD7648 on gene targeting across 
different therapeutically relevant genomic loci in HSPCs. AZD7648 
treatment at the optimal 0.5 μM concentration improved allelic gene 
targeting efficiency by around threefold, with a concomitant seven-
fold increase in HDR-to-INDEL ratio at the CCR5 safe harbor locus for 
knock-in of a multikilobase sequence (2.6 kb; Fig. 2a). To confirm that 
gene targeting with AZD7648 does not affect the ability of HSPCs to 
differentiate into different hematopoietic lineages, we performed 
a colony-forming unit (CFU) assay in vitro. For this, we used CCR5 
gene-targeted HSPCs (RNP + AAV6) with and without AZD7648 treat-
ment. As controls, we used mock-, AAV6-only- and RNP-only-treated 
cells with and without AZD7648 treatment and assessed colony forma-
tion. As has been previously described, the RNP/AAV6 system caused 
a decrease in the total number of colonies without a change in distri-
bution50–53, but AZD7648 treatment did not cause further decreases 
in total colony number nor a change in the colony type distribution  
(Fig. 2b and Extended Data Fig. 5c). We then determined the geno-
types of the gene-targeted HSPC-derived erythroid burst-forming 
unit (BFU-E) and CFU granulocytes and monocytes (CFU-GM) colonies 
from the CFU assay and found that AZD7648 treatment increased  
the frequency of colonies with biallelic HDR knock-in by more than 
sevenfold in both colony types (9% to 67% increase in BFU-E and 9%  
to 78% increase in CFU-GM; Fig. 2c). Thus, AZD7648 treatment increases 
the frequency of biallelic HDR knock-in without affecting the differen-
tiation potential of HSPCs.

We assessed whether AZD7648 treatment improved gene tar-
geting in long-term hematopoietic stem cells (LT-HSCs) and multi-
potent progenitors (MPPs). For this, we gene targeted CD34+ HSPCs 
at the CCR5 locus with and without AZD7648 treatment and sorted 
the LT-HSC and MPP populations by fluorescence-activated cell sort-
ing (Supplementary Fig. 4a). AZD7648 treatment improved the fre-
quency of gene-targeted cells in LT-HSC and MPP populations by more 
than 2.5-fold, as assessed by flow cytometry for green fluorescent  
protein (GFP; Supplementary Fig. 4b). Allelic gene targeting efficiency 
was improved by almost fourfold with AZD7648 treatment in LT-HSC 
and MPP populations, with a concomitant increase in HDR-to-INDEL 
ratio (Fig. 2d). Thus, AZD7648 treatment improves gene targeting in 
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phenotypic LT-HSCs, which are essential for achieving sustained clinical 
benefit in potential therapeutic applications.

We then tested AZD7648 treatment for editing the SCD mutation 
at the HBB locus47,48. HBB gene targeting efficiency was improved with 

AZD7648 treatment to nearly INDEL-free levels with a fivefold (10 to 54)  
increase in HDR-to-INDEL ratio (Fig. 2e and Supplementary Fig. 5a). 
Next, we tested the ability of AZD7648 treatment to improve gene 
replacement at the HBA1 locus with HBB gene sequence, a previously 

a

c e

f

RNP UNT AZD
0

25

50

75

100

125
Pe

rc
en

t a
lle

lic
 d

is
tr

ib
ut

io
n WT

INDEL

HDR

RNP + AAV6

HDR:INDEL
ratio 0 0.3 2.2

BF
U

-E

C
FU

-G
M

BF
U

-E

C
FU

-G
M

RNP UNT AZD

0

20

40

60

80

100

120

Pe
rc

en
ta

ge
 o

f c
ol

on
ie

s

WT/WT
WT/INDEL
WT/HDR
INDEL/INDEL
INDEL/HDR
HDR/HDR

Untreated AZD7648

Promoter Ex 1

Cas9:sgRNA
HBG1/HBG2

ssODN template

HDR13-bp deletion

Prom

Promoter Ex 1

g h

CCR5 gene targeting

CFU assay: colony
genotyping

HBB gene targeting
(SCD)

HBG1/HBG2 gene targeting strategy
with ssODN

HBG1 gene targeting
with ssODN

HBG2 gene targeting
with ssODN

d

0

25

50

75

100

125
WT
INDEL
HDR

Pe
rc

en
t a

lle
lic

 d
is

tr
ib

ut
io

n

RNP + AAV6

13-bp deletion:
other INDEL

ratio

RNP +
ssODN
2.5 µM

RNP +
ssODN
5 µM

RNP +
ssODN
2.5 µM

RNP +
ssODN
5 µM

13-bp deletion:
other INDEL

ratio

HDR:INDEL
ratio

3 3 50 4 ∞ ∞71961

CCR5 gene targeting in HSC
and MPP

U
N

T

AZ
D

U
N

T

AZ
D

U
N

T

AZ
D

0

20

40

60

80

100

120

Pe
rc

en
t a

lle
lic

 d
is

tr
ib

ut
io

n

WT

INDEL

HDR

Bulk HSC MPP

HDR:INDEL
ratio 0.2 2.2 0.2 1.0 0.1 0.8

0 10 54

b CFU assay: number of colonies

M
oc

k

AA
V

RN
P

RN
P 

+ 
AA

V6

M
oc

k

AA
V

RN
P

RN
P 

+ 
AA

V6

0

20

40

60

80

100

N
um

be
r o

f c
ol

on
ie

s

No treatment AZD7648

CFU-GEMM

CFU-GM

BFU-E

0

25

50

75

100

125
WT
Other INDELs
13-bp deletion

WT
Other INDELs
13-bp deletion

Pe
rc

en
t a

lle
lic

 d
is

tr
ib

ut
io

n

0

25

50

75

100

125

Pe
rc

en
t a

lle
lic

 d
is

tr
ib

ut
io

n

RN
P

U
N

T

AZ
D

U
N

T

AZ
D

RN
P

U
N

T

AZ
D

U
N

T

AZ
D

Fig. 2 | AZD7648 improves gene targeting in HSPCs. a, Allelic distribution of 
WT, INDEL and HDR frequencies following gene editing at the CCR5 locus for 
knock-in of the UBC-GFP-bGH-pA sequence using RNP/AAV6 gene editing with 
and without AZD7648 treatment (0.5 μM; n = 6). HDR frequency was measured by 
ddPCR analysis, and WT and INDEL frequencies were measured by ICE analysis. 
Mean HDR-to-INDEL ratios are represented above the bars. b, A CFU assay was 
performed on mock-, RNP-, AAV6- and RNP + AAV6-treated HSPCs following 
gene editing at the CCR5 locus with or without treatment with 0.5 μM AZD7648. 
The plot shows the distribution of the mean absolute number of multipotent 
granulocyte, erythroid, macrophage and megakaryocyte progenitor cells  
(CFU-GEMM), CFU-GM and BFU-E colonies (n = 2). c, Single-cell colonies (BFU-E 
and CFU-GM) from RNP + AAV6-treated cells with or without AZD7648 treatment 
from b were genotyped to assess WT, INDEL and HDR frequencies. The plot shows 
the distribution of the percentage of BFU-E and CFU-GM colonies with different 
genotypes (n = 1). d, Allelic distribution of mean WT, INDEL and HDR frequencies 

following gene editing at the CCR5 locus for knock-in of the UBC-GFP-bGH-pA 
sequence using RNP/AAV6 with and without AZD7648 (0.5 μM) treatment in bulk, 
LT-HSC and MPP populations (n = 2). HDR frequency was measured by ddPCR 
analysis, and WT and INDEL frequencies were measured by ICE analysis. Mean 
HDR-to-INDEL ratios are represented above the bars. e, Allelic distribution of WT, 
INDEL and HDR frequencies following gene editing at the HBB locus for editing 
the SCD mutation (E6V) using RNP/AAV6 with and without AZD7648 (0.5 μM) 
treatment as measured by ICE analysis (n = 4). Mean HDR-to-INDEL ratios are 
represented above the bars. f, Schematic for gene targeting at the HBG1 and 
HBG2 promoters to introduce a 13-bp deletion using Cas9 RNP- and ssODN-
based donor delivery. g,h, Allelic distribution of mean WT, 13-bp deletion and 
other INDEL frequencies at HBG1 (g) and HBG2 (h) loci following gene editing 
(f) as measured by ICE analysis (n = 2). The mean ratios of the 13-bp deletion to 
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reported therapeutic gene editing strategy for β-thalassemia (Extended 
Data Fig. 5d)50. We found that gene replacement efficiency improved 
by about 1.4-fold with AZD7648 treatment with a 2-fold increase in 
HDR-to-INDEL ratio (Extended Data Fig. 5e). This improvement in 
gene targeting was only modest possibly because of the use of split 
homology arms, limiting the improvement in frequency of HDR-based 
targeted integration. In non-gene-targeted alleles, we found that 
AZD7648 treatment led to an increase in the frequency of WT alleles 
and a decrease in the frequency of alleles with 1-bp insertions compared 
to no treatment (the same as observed at the CCR5 locus, described 
above; Supplementary Fig. 5b). Cell viability was assessed in HSPCs 
after gene targeting at the CCR5, HBA1 and HBB loci. Similar to PSCs, 
we found some toxicity with transduction of AAV6 donors alone in 
HSPCs, as described previously54; but importantly, gene targeting with 
AZD7648 treatment resulted in only a small drop in viable cell count 
at 72 h after gene targeting at all three loci compared to mock-treated 
cells (Extended Data Fig. 5f).

We then tested whether gene targeting with AZD7648 treat-
ment affected the off-target activity of Cas9 RNP gene editing. For 
this, we assessed the previously characterized top off-target sites for 
CCR5 (OT39)42, HBB (OT1)48 and HBA1 (OT1)50 gRNAs in gene-targeted 
HSPCs using next-generation sequencing (NGS). At the OT1 site for 
HBB gRNA, we found that 1% of NGS reads had INDELs in untreated 
cells, while AZD7648-treated cells had about 3% of reads with INDELs. 
At the OT39 site for CCR5 gRNA, AZD7648-treated cells showed 0.03% 
of reads with INDELs, while the frequency of reads with INDELs was 
below the detection limit in untreated cells. At the OT1 site for HBA1 
gRNA, AZD7648-treated cells had INDELs in around 0.5% of reads, 
while untreated cells had INDELs in 0.24% of reads. Interestingly, this 
increase in off-target activity observed with AZD7648 treatment was 
due to an increase in the frequency of deletion INDELs at all three 
assessed off-target sites, and this is likely due to use of the MMEJ path-
way16 (Extended Data Fig. 6a). Blocking of specific off-target breaks 
is possible, however, if there were biologically important reasons to 
do so55,56. We next assessed whether on-target activity of Cas9 RNP is 
affected by AZD7648 treatment in the absence of AAV6 donor template. 
For this, we used CCR5 and HBB gRNAs and assessed the pattern of 
INDELs following AZD7648 treatment with and without AAV6 donor 
template. At the CCR5 locus, we found an increase in the frequency of 
WT and deletion INDELs with AZD7648 treatment in RNP-only-treated 
cells. With the addition of AAV6 donor template to introduce two stop 
codons, we found that AZD7648 treatment enhanced HDR efficiency 
without affecting the pattern of INDELs in non-gene-targeted alleles 
(Extended Data Fig. 6b and Supplementary Fig. 5c,d). At the HBB locus, 
we found that AZD7648 treatment in RNP-only-treated cells eliminated 
the small fraction of alleles with insertion INDELs and increased the 
frequency of WT alleles. The addition of AAV6 donor template with 
AZD7648 treatment led to an increase in HDR without affecting the 
pattern of INDELs in non-targeted alleles (Extended Data Fig. 6c and 
Supplementary Fig. 6a,b). Thus, gene editing with AZD treatment 
increases the frequency of alleles with WT sequence and deletion 
INDELs without the HDR donor template.

To confirm whether AZD7648 treatment is also relevant for gene 
targeting using ssODN-based donor template delivery, we tested SCD 
mutation editing with Cas9 RNP and ssODN donor in WT HSPCs57. 
With the lowest concentration of ssODN donor tested (2.5 μM), 
AZD7648 treatment improved gene targeting frequency from 49% 
to 65% with a corresponding 2.7-fold increase in the HDR-to-INDEL 
ratio. At the highest concentration of ssODN, the gene targeting fre-
quency was improved to a lesser extent with AZD7648 treatment, but 
there was a higher increase in HDR-to-INDEL ratio due to an increase 
in the frequency of WT alleles (Extended Data Fig. 6d and Supplemen-
tary Fig. 6c,d). Next, we further tested the applicability of AZD7648 
treatment with ssODN donor for gene targeting at HBG1 and HBG2 
to activate fetal hemoglobin expression (a therapeutic strategy for 

β-hemoglobinopathies)58. For this, we tested the feasibility of using an 
ssODN donor to introduce a naturally occurring 13-bp deletion muta-
tion in the promoters of HBG1 and HBG2, which is associated with a 
benign condition called hereditary persistence of fetal hemoglobin59,60 
(Fig. 2f). We used a previously reported gRNA near the target site, 
which, when delivered with Cas9 as RNP in HSPCs, led to a low frequency 
of the precise 13-bp deletion. This likely occurred through MMEJ repair 
of the DSB due to the presence of a 6-bp microhomology region around 
the cut site61. In accordance with the previous study, we observed an 
~20% frequency of the 13-bp deletion in both HBG1 and HBG2 promot-
ers with Cas9 RNP delivery. Inclusion of the ssODN donor with Cas9 
RNP (untreated) resulted in a 2- to 2.5-fold increase in the frequency of 
the 13-bp deletion due to an HDR-based deletion. AZD7648 treatment 
improved the 13-bp deletion frequency further by about 1.3- to 1.5-fold 
compared to no treatment, with a concomitant increase in the ratio of 
the 13-bp deletion to other INDELs by several fold (Fig. 2g,h and Sup-
plementary Fig. 7a–c). Thus, these results confirm the applicability 
of AZD7648 treatment for improving gene targeting across different 
genomic loci with either AAV6- or ssODN-based HDR donors in HSPCs.

AZD7648 improves gene targeting with low-activity gRNAs
We tested whether AZD7648 treatment can improve gene targeting 
efficiency while using a seemingly inactive gRNA, which creates very 
low levels of INDELs following Cas9 gRNA RNP delivery. For this, we 
tested gene targeting at the STING1 locus to introduce a point muta-
tion (V155M) associated with an autoinflammatory disease called 
STING-associated vasculopathy with onset in infancy (SAVI62; Fig. 3a). 
Following a gRNA screening near the mutation site in exon 5 of the 
STING1 gene, we identified a seemingly inactive gRNA (sg5) that gene-
rates only 1% INDELs and a highly active gRNA (sg3) that generates 
around 70% INDELs following RNP delivery. Gene targeting with the 
seemingly inactive gRNA improved from ~1% to ~50% with AZD7648 
treatment with no INDELs in PSCs. With the active gRNA, HDR frequency 
was improved by 2.3-fold with no INDELs following AZD7648 treatment 
in PSCs (Fig. 3b and Supplementary Fig. 8a,b). To test the feasibility of 
building a primary cell SAVI model, we next performed STING1 gene 
targeting in human CD34+ HSPCs. With the seemingly inactive gRNA, 
STING1 gene targeting efficiency in HSPCs improved by almost tenfold 
(from 6% to 59%) with no INDELs following AZD7648 treatment. Gene 
targeting with the active gRNA improved gene targeting efficiency by 
2.5-fold in HSPCs with a corresponding increase in HDR-to-INDEL ratio 
from 1 to 20 (Fig. 3c and Supplementary Fig. 8c).

Next, we assessed gene targeting at the CCR5 locus using 
low-activity gRNAs sg1 and sg4 with AZD7648 treatment in PSCs and 
HSPCs (Supplementary Fig. 9a). sg1 and sg4 RNP-only gene editing 
resulted in 17.5% and 40% INDELs, respectively, in PSCs, while editing 
with the high-activity gRNA sg11 resulted in 90% INDELs. Gene targeting 
with AZD7648 treatment resulted in INDEL-free allelic gene targeting 
efficiencies of 75% and 80% with sg1 and sg4 gRNAs, respectively, for 
the introduction of two stop codons, while the HDR efficiency was less 
than 20% in non-AZD7648-treated cells (Fig. 3d and Supplementary 
Fig. 9b,c). In HSPCs, sg1 and sg4 RNP-only gene editing resulted in 0% 
and 11.5% INDELs, respectively, while sg11 RNP showed 85% INDELs. 
Gene targeting with AZD7648 treatment yielded INDEL-free HDR at 
efficiencies of 47.5% and 79%, respectively, which are four- to fivefold 
higher than that of untreated control cells for the introduction of two 
stop codons in HSPCs (Fig. 3e and Supplementary Fig. 9d). To con-
firm whether this finding is applicable for the insertion of large gene 
cassettes, we tested gene targeting at the CCR5 locus for knock-in of 
a multikilobase sequence (2.6 kb) in HSPCs. With sg1, AZD7648 treat-
ment resulted in an INDEL-free HDR efficiency of 25%, while untreated 
cells had an HDR efficiency of only 3.5%. With sg4, AZD7648 treatment 
yielded an HDR efficiency of 50%, a fivefold increase compared to that 
observed in untreated cells. Gene targeting using the high-activity 
gRNA sg11 with AZD7648 treatment resulted in an HDR efficiency of 
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54% (Extended Data Fig. 7a). In non-gene-targeted alleles, AZD7648 
treatment resulted in a small fraction of deletion INDELs, which were 
absent in untreated cells for sg11 and sg4. For sg1, all non-gene-targeted 
alleles were found to be WT alleles with and without AZD7648 treat-
ment (Supplementary Fig. 10a).

We then tested whether this finding would be applicable to gene 
targeting at exon 1 of the IL2RG locus using previously characterized 
high-activity (sg1) and low-activity (sg5, sg6 and sg7) gRNAs in HSPCs51. 
For this gene targeting, we designed two different AAV6 HDR donor 
template vectors with split homology arms (one vector for sg1 and sg6 
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Fig. 3 | AZD7648 treatment improves gene targeting with seemingly inactive 
and low-activity gRNAs. a, Schematic for the gene targeting strategy at the 
STING1 locus (exon 5) to introduce a point mutation (V155M) associated with 
SAVI disease using RNP (sg3 and sg5)/AAV6 gene editing. sg5 is a seemingly 
inactive gRNA, and sg3 is an active gRNA. b, Allelic distribution of WT, INDEL and 
HDR frequencies following gene editing at the STING1 locus (a) using sg3 and 
sg5 gRNAs in PSCs with and without AZD7648 treatment (0.5 μM) as measured 
by ICE analysis (n = 3). c, Allelic distribution of WT, INDEL and HDR frequencies 
following STING1 gene editing using sg3 and sg5 gRNAs in human HSPCs with and 
without AZD7648 treatment (0.5 μM) as measured by ICE analysis (n = 3). d, PSCs 
were gene targeted at the CCR5 locus for the introduction of two stop codons 

using a high-activity gRNA (sg11) and two low-activity gRNAs (sg1 and sg4). The 
allelic distribution of mean WT, INDEL and HDR frequencies following CCR5 gene 
editing using sg11, sg1 and sg4 gRNAs in human PSCs with and without AZD7648 
treatment (0.5 μM) as measured by ICE analysis (n = 2) is shown. e, HSPCs were 
gene targeted at the CCR5 locus for the introduction of two stop codons using 
sg11, sg1 and sg4 gRNAs. The allelic distribution of mean WT, INDEL and HDR 
frequencies following CCR5 gene editing using sg11, sg1 and sg4 gRNAs in HSPCs 
with and without AZD7648 treatment (0.5 μM) as measured by ICE analysis (n = 2) 
is shown. Mean HDR-to-INDEL ratios are represented above the bars in b–e, and 
a ratio of ∞ denotes an INDEL frequency of zero. All data in b and c are shown as 
mean ± s.e.m.
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and the other vector for sg1, sg5 and sg7; Extended Data Fig. 7b,c). sg1 
RNP-only editing resulted in an INDEL frequency of 94%, while editing 
with sg6 yielded an INDEL frequency of only 26%. Gene targeting with 
AZD7648 treatment yielded an HDR efficiency of around 35% with sg6 
gRNA, which was more than fourfold higher than that of untreated cells. 
With sg1, AZD7648 treatment resulted in a gene targeting efficiency 
of 53%, a 2.8-fold increase compared to non-AZD7648-treated cells 
(Extended Data Fig. 7d). sg5 and sg7 RNP-only editing resulted in low 
INDEL frequencies of 11% and 2%, respectively, in HSPCs. With AZD7648 
treatment, sg5 and sg7 yielded gene targeting efficiencies of around 
49% and 31%, respectively, in HSPCs, and this was more than a sixfold 
increase compared to the HDR efficiency observed in untreated cells 
(Extended Data Fig. 7e). In non-gene-targeted alleles, AZD7648 treat-
ment increased the frequency of deletion INDELs with all four gRNAs 
at the IL2RG locus and interestingly reduced the frequency of WT 
alleles with the three low-activity gRNAs (Supplementary Fig. 10b,c). 
Importantly, at all three loci (STING1, CCR5 and IL2RG), gene targeting 
with seemingly inactive and low-activity gRNAs yielded higher HDR 
efficiencies with AZD7648 treatment than observed in untreated cells 
gene targeted with the corresponding high-activity gRNAs.

Thus, AZD7648 treatment can improve gene targeting dramati-
cally even with seemingly inactive and low-activity gRNAs across  
different genomic loci and can achieve INDEL-free HDR in human  
PSCs and HSPCs.

High HDR efficiency with lower amounts of RNP and AAV6
We tested whether AZD7648 treatment allows for titrating down the 
amounts of Cas9 RNP and AAV6 donor without affecting gene target-
ing efficiency. For RNP titration in PSCs, we tested reducing Cas9 RNP 
by two-, five- and tenfold for gene targeting at the CCR5 locus. Titrat-
ing down the amount of RNP in untreated cells resulted in an RNP 
dose-dependent decrease in gene targeting efficiency. With AZD7648 
treatment, gene targeting efficiency was consistently higher at dif-
ferent doses of RNP. Notably, allelic gene targeting efficiency and 
HDR-to-INDEL ratio with AZD7648 treatment at a tenfold lower dose 
of RNP (0.1×) were about two- and fivefold higher, respectively, than 
those observed in untreated cells with a full dose of RNP (1×; Fig. 4a). We 
confirmed these results by measuring the frequency of gene-targeted 
cells by flow cytometry, which showed a similar pattern (Extended Data 
Fig. 8a). AZD7648 treatment increased the frequency of WT alleles and 
resulted in a small fraction of deletion INDELs in the non-gene-targeted 
alleles; this pattern was consistent with different amounts of RNP (Sup-
plementary Fig. 11a). We then tested the effect of RNP titration in human 
HSPCs for gene targeting at the STING1 locus. Similar to PSCs, gene 
targeting efficiency and HDR-to-INDEL ratio with lower doses of RNP 
were consistently higher with AZD7648 treatment in HSPCs (Fig. 4b 
and Supplementary Fig. 11b).

We tested the effect of titrating down the AAV6 donor multiplicity 
of infection (MOI) in human PSCs and HSPCs (100 to 10,000 for PSCs 
and 100 to 5,000 for HSPCs) for gene targeting at the CCR5 locus. 
Allelic gene targeting efficiency and HDR-to-INDEL ratio with AZD7648 
treatment at an AAV6 MOI of 500 were higher than those of untreated 
cells at the highest tested MOI of 10,000 for PSCs and 5,000 for HSPCs 
(Fig. 4c,d). Flow cytometry analysis for the frequency of gene-targeted 
cells confirmed these findings in PSCs (Extended Data Fig. 8b). With 
AZD7648 treatment, non-gene-targeted alleles showed an increase in 
WT allele frequency and a small fraction of deletion INDEL alleles, which 
were absent in untreated cells (Supplementary Fig. 12a). In HSPCs, the 
frequency of gene-targeted cells at an AAV6 MOI of 500 with AZD7648 
treatment was higher than that of untreated cells at an AAV6 MOI of 
5,000 (Extended Data Fig. 8c). Similar to the results in PSCs, AZD7648 
treatment resulted in an increase in the frequency of WT alleles and 
a small fraction of alleles with deletion INDELs in non-gene-targeted 
alleles in HSPCs (Supplementary Fig. 12b). We further tested the effect 
of AZD7648 treatment for gene targeting with a lower amount of AAV6 

donor at the HBB locus for editing the SCD mutation. We observed a 
similar gene targeting efficiency and a threefold higher expansion 
with AZD7648 treatment at an AAV6 MOI of 600 than observed when 
gene targeting with an AAV6 MOI of 2,500 in the absence of AZD7648 
(Extended Data Fig. 8d,e). Correspondingly, we noticed a twofold 
decrease in p53 response as measured by CDKN1A expression levels,  
which correlated with a lower number of AAV genomes per cell 
(Extended Data Fig. 8f,g). Because increased p53 response has been 
shown to lower the in vivo engraftment potential of HSPCs63,64, this 
finding could be important for enhancing the engraftment and thera-
peutic potential of gene-targeted HSPCs.

Thus, these results show that AZD7648 treatment allows for 
reducing the amounts of RNP and AAV6 and maintenance of high gene  
targeting efficiencies.

AZD7648 treatment improves gene targeting in T and B cells
We then compared the effect of various DNA-PKcs inhibitors (AZD7648, 
M3814, VX984 and BAY8400) at two different concentrations (2 μM 
and 0.5 μM) for improving gene targeting at the CCR5 locus in primary 
human T cells. Allelic gene targeting efficiency and cell viability counts 
indicated that treatment with 0.5 μM inhibitor was less toxic than 
treatment with 2 μM inhibitor, with similar gene targeting efficiencies 
observed for all compounds. At 0.5 μM, AZD7648 and M3814 showed 
the highest improvement in gene targeting efficiency compared to 
the other two compounds (Extended Data Fig. 9a). Next, we further 
tested and optimized AZD7648 treatment for gene targeting in T cells. 
Following a concentration gradient analysis, we found that 0.5 μM 
was the optimal concentration of the compound for gene targeting 
at the CCR5 safe harbor locus in T cells, similar to findings in other cell 
types (Fig. 5a and Extended Data Fig. 9b). Importantly, we observed a 
minimal drop in cell viability at 72 h after gene targeting with different 
concentrations of AZD7648 compared to mock and untreated control 
cells (Extended Data Fig. 9c). In non-gene-targeted alleles, AZD7648 
treatment (1 and 0.5 μM) increased the frequency of WT alleles with a 
concomitant decrease in alleles with 1-bp insertion INDELs, and there 
was a small fraction of alleles with deletion INDELs, which were absent 
in untreated cells. At 0.1 μM, AZD7648 treatment did not affect the 
INDEL pattern in non-targeted alleles (Supplementary Fig. 13a). Next, 
we tested the effect of compound treatment when titrating down AAV6 
donor amounts for gene targeting at the CCR5 locus. At the different 
AAV6 MOIs tested (1,000–10,000), we found that allelic gene targeting 
efficiency with AZD7648 was consistently higher with a corresponding 
increase in HDR-to-INDEL ratio. Notably, the HDR-to-INDEL ratio at 
an MOI of 1,000 with AZD7648 treatment was nearly threefold higher 
than that observed in untreated control cells at an MOI of 10,000  
(Fig. 5b). We also found that the frequency of gene-targeted cells 
remained consistently high with AZD7648 treatment at different AAV6 
MOIs with very little drop in cell viability (Extended Data Fig. 9d,e). In 
non-gene-targeted alleles, AZD7648 treatment induced a small frac-
tion of deletion INDELs, which were absent in untreated cells, and this 
pattern was largely unaffected by the amount of AAV6 (Supplementary 
Fig. 13b). We then tested the effect of AZD7648 treatment in T cells for 
the knock-in of a chimeric antigen receptor (CAR), which is therapeuti-
cally relevant for cancer immunotherapies. For this, we assessed the 
CD19-CAR knock-in at the TRAC gene locus in T cells using a previously 
reported gene editing strategy65 (Fig. 5c). At two different AAV6 MOIs 
tested (1,250 and 2,500), we found that gene targeting with AZD7648 
treatment resulted in a 1.4-fold increase in the frequency of CD19-CAR+ 
T cells compared to untreated control cells (Fig. 5d). To confirm that 
gene targeting with AZD7648 treatment does not affect T cell func-
tion, we assessed the cytotoxicity of CD19-CAR+ T cells against a CD19+ 
Nalm6 leukemia cell line expressing GFP. CD19-CAR+ T cells and Nalm6 
cells were cocultured at a 1:1 ratio, and the cytotoxic activity of T cells 
was assessed by flow cytometry for GFP at 24 and 48 h. CD19-CAR+ 
T cells generated with and without AZD7648 treatment showed similar 
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Fig. 4 | AZD7648 improves gene targeting with lower amounts of RNP and 
AAV6. a, Allelic distribution of WT, INDEL and HDR frequencies following gene 
editing at the CCR5 locus for knock-in of the UBC-GFP-bGH-pA sequence in PSCs 
with or without AZD7648 treatment (0.25 μM) using different amounts of  
Cas9 RNP, as indicated, and a fixed amount of AAV6 donor (MOI of 2,500; n = 3). 
HDR frequency was measured by ddPCR analysis, and WT and INDEL frequencies 
were measured by ICE analysis. Mean HDR-to-INDEL ratios are represented above 
the bars. RNP 1× denotes 250 μg ml–1 Cas9 protein complexed with 100 μg ml–1 
gRNA. b, Allelic distribution of WT, INDEL and HDR frequencies measured by 
ICE analysis following gene editing at the STING1 locus (sg3) in human HSPCs 
for introduction of a V155M point mutation with or without AZD7648 treatment 
(0.5 μM) using different amounts of Cas9 RNP, as indicated, and a fixed amount 
of AAV6 donor (MOI of 2,500; n = 1). RNP 1× denotes 300 μg ml–1 Cas9 protein 
complexed with 160 μg ml–1 gRNA. HDR-to-INDEL ratios are represented above 

the bars. c, Allelic distribution of WT, INDEL and HDR frequencies following 
gene editing at the CCR5 locus for knock-in of the UBC-GFP-bGH-pA sequence in 
PSCs with or without AZD7648 treatment (0.25 μM) using a fixed amount of RNP 
and different amounts of AAV6 donor, as indicated (n = 3). HDR frequency was 
measured by ddPCR analysis, and WT and INDEL frequencies were measured  
by ICE analysis. Mean HDR-to-INDEL ratios are represented above the bars.  
d, Allelic distribution of WT, INDEL and HDR frequencies following gene editing 
at the CCR5 locus for knock-in of the UBC-GFP-bGH-pA sequence in human 
HSPCs with or without AZD7648 treatment (0.5 μM) using a fixed amount of RNP 
and different amounts of AAV6 donor, as indicated (n = 3). HDR frequency was 
measured by ddPCR analysis, and WT and INDEL frequencies were measured by 
ICE analysis. Mean HDR-to-INDEL ratios are represented above the bars. All data 
in a, c and d are shown as mean ± s.e.m.
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Fig. 5 | AZD7648 improves gene targeting in primary human T cells and 
HBECs. a, Allelic distribution of WT, INDEL and HDR frequencies following gene 
editing at the CCR5 locus for knock-in of the UBC-GFP-bGH-pA sequence  
in T cells with different concentrations of AZD7648 (as indicated) using  
RNP/AAV6 gene editing (n = 3). HDR frequency was measured by ddPCR, and 
WT and INDEL frequencies were measured by ICE analysis. Mean HDR-to-INDEL 
ratios are represented above the bars. b, Allelic distribution of WT, INDEL and 
HDR frequencies following gene editing at the CCR5 locus for knock-in of the 
UBC-GFP-bGH-pA sequence in T cells with or without AZD7648 (0.5 μM) using a 
fixed amount of RNP and different amounts of AAV6 donor, as indicated (n = 3). 
c, Schematic for gene targeting at the TRAC gene locus for knock-in of CD19-CAR 
using RNP/AAV6 gene editing. d, Frequency of CD19-CAR+ cells measured by 
flow cytometry for truncated nerve growth factor receptor (tNGFR) expression 
following gene editing at the TRAC gene locus (c) in T cells with or without 

AZD7648 (0.5 μM) treatment. Gene editing was performed with a fixed amount 
of RNP and two different MOIs of the AAV6 donor (n = 4). Data were compared 
by t-test with Welch’s correction; *P < 0.05; ***P < 0.001. e, Percentage of gene-
targeted alleles in WT HBECs after gene editing at the CFTR locus for editing the 
ΔF508 mutation using RNP/AAV6 with different concentrations of AZD7648, as 
indicated (n = 1). Allelic gene targeting frequency was measured by ICE analysis. 
f, Allelic distribution of WT, INDEL and HDR frequencies as measured by ICE 
analysis in HBECs derived from individuals with CF; HBECs were gene edited at 
the CFTR locus for the correction of the ΔF508 mutation using RNP/AAV6 with 
or without AZD7648 treatment (0.5 μM; n = 4). Mean HDR-to-INDEL ratios are 
represented above the bars. g, Viable cell count of CFTR gene-targeted HBECs 
with AZD7648 treatment (f) relative to that of untreated cells (n = 3). All data in a, 
b, d, f and g are shown as mean ± s.e.m.
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cytotoxic activities, confirming that gene targeting with AZD7648 
does not affect T cell function (Extended Data Fig. 9f). Thus, AZD7648 
treatment can enhance the efficiency of therapeutically relevant gene 
targeting in T cells without affecting function.

We tested gene targeting at the CCR5 locus in B cells with different 
concentrations of AZD7648 and observed a twofold increase in gene 
targeting efficiency with AZD7648 between the concentrations of  
4 and 0.5 μM and a 1.7-fold increase at 0.1 μM. This improvement in gene 
targeting frequency and HDR-to-INDEL ratio in B cells was mode rate 
at this locus compared to the other cell types tested (Extended Data 
Fig. 10a). In non-gene-targeted alleles, AZD7648 treatment at 4, 2,  
1 and 0.5 μM showed an increase in the frequency of WT alleles and 
a small fraction of alleles with deletion INDELs, which were absent  
in untreated cells. At 0.1 μM, AZD7648 treatment did not affect the 
pattern of INDELs in non-gene-targeted alleles, similar to results in 
HSPCs and T cells (Supplementary Fig. 14a).

High-efficiency gene correction of HBECs derived from 
individuals with CF
We next tested the effect of AZD7648 on gene targeting in primary 
HBECs. First, we performed an AZD7648 concentration gradient analy-
sis in WT HBECs for editing the CF mutation ΔF508 in exon 11 of the CFTR 
gene. Similar to other cell types, we found 0.5 μM to be the minimum 
optimal concentration required to improve gene targeting in HBECs, as 
measured by allelic gene targeting efficiency (Fig. 5e). We then tested 
the effect of AZD7648 on gene targeting at exon 1 of the CFTR gene for 
integration of a sequence larger than 1 kb in HBECs (Extended Data 
Fig. 10b). Following gene targeting, we found that AZD7648 treatment 
improved the frequency of GFP+ cells by around twofold (Extended 
Data Fig. 10c,d). Next, we tested the effects of AZD7648 treatment on 
gene targeting to correct the ΔF508 mutation in HBECs derived from 
individuals with CF49. The gene correction efficiency in untreated cells 
was around 30%, which improved by 2.5-fold with AZD7648 treatment. 
Accordingly, we observed an 18.5-fold increase in the HDR-to-INDEL 
ratio with AZD7648 treatment, indicating a dramatic drop in INDEL fre-
quency (Fig. 5f and Supplementary Fig. 14b). Importantly, cell viability 
was not affected in gene-targeted cells treated with AZD7648 compared 
to untreated cells (Fig. 5g). Thus, these results show the applicability of 
AZD7648 treatment for correction of the most common CF mutation 
in human-derived HBECs.

Overall, these results confirm the applicability of AZD7648 treat-
ment for improving gene targeting across different genomic loci in a 
wide variety of human primary cells.

Discussion
Despite the development of methods for improving targeted inte-
gration in human primary cells, the ratio of HDR-based targeted 
integration to INDELs often remains at 1 or lower, which is a limita-
tion for the application of targeted integration for therapeutic and 
research purposes8. Small-molecule-based inhibition of DNA-PKcs 
has been reported as a potential method for improving the frequency 
of HDR-based targeted integration through transient inhibition of 
the NHEJ pathway16,17,27,31. However, there is lack of a comprehensive 
evaluation of various commercially available small-molecule DNA-PKcs 
inhibitors to identify the most potent and selective compound for 
improving gene targeting. This is particularly important as highly 
potent and selective small-molecule DNA-PKcs inhibitors have been 
recently developed due to the relevance of DNA-PKcs as a target for 
anticancer therapy66,67. Following a screening of these recently devel-
oped compounds, we identified AZD7648 as the most potent DNA-PKcs 
inhibitor for improving gene targeting efficiency. Transient inhibition 
of DNA-PKcs by treatment with AZD7648 for 24 h during gene editing 
was sufficient to enhance gene targeting efficiency and increase the 
ratio of HDR to INDELs across different genomic loci in various thera-
peutically relevant human primary cells.

DNA-PKcs is a key player in the NHEJ-based repair of spontaneous 
and gene editing-induced DSBs68, and, thus, it is essential to confirm 
the effect of AZD7648 treatment on off-target editing as it could affect 
genomic stability in gene-targeted cells. To confirm the safety of gene 
targeting with AZD7648 treatment, we assessed off-target activity 
in gene-targeted HSPCs and found an increase of two- to threefold 
in the frequency of off-target deletion INDELs potentially due to the 
activation of the MMEJ pathway. Despite this increase in off-target 
activity, the high specificity of HiFi Cas9-based gene editing is largely 
maintained, as it has been found to be 20- to 35-fold more specific than 
gene editing with WT Cas9 (refs. 69,70). If there were a biologically 
important rationale, specific off-target INDELs can be blocked using a 
gRNA/dead Cas9 RNP to block that site55,56. Moreover, a previous study 
showed that genomic stability was largely maintained in human iPSCs 
with a catalytically inactive mutation in DNA-PKcs even after treat-
ment with the DSB-inducing drug bleomycin or extensive passaging. 
Interestingly, this study showed that the number of genomic trans-
locations induced by bleomycin treatment and the number of muta-
tions accumulated with passaging were fewer in DNA-PKcs-mutant 
human iPSCs than in WT cells31. Finally, we note that these DNA-PKcs 
inhibitors have been given in vivo to humans as part of clinical trials 
without noted adverse events (NCT03907969, NCT02644278 and 
NCT02316197). Thus, transient (24 h) small-molecule-based inhibition 
of DNA-PKcs during gene editing may not affect genomic integrity in 
gene-targeted cells.

PSCs hold great potential for applications such as disease  
modeling, drug screening and cell-based therapeutics71,72. Gene target-
ing of PSCs is broadly relevant for realizing the full potential of these 
applications73. Although the feasibility of single-cell cloning allows for 
the purification of gene-targeted PSCs, low gene targeting efficiency 
often results in a long and tedious process to isolate the clones with 
desired edits. With AZD7648 treatment, we consistently achieved 50% 
to 90% allelic gene targeting efficiency in PSCs with low to no INDELs 
across different genomic loci. This high gene targeting efficiency will 
make it easier to screen and isolate biallelic gene-targeted single-cell 
PSC clones.

Therapeutic gene editing of HSPCs for autologous cell therapy 
holds the potential for treatment of currently incurable diseases of 
the blood and immune system47,50,51,74. Gene-targeted HSPC-based 
autologous cell therapy has already entered clinical trials for SCD 
(NCT04819841)48. However, xenograft studies assessing the engraft-
ment potential have shown that gene-targeted HSPCs possess a lower 
long-term engraftment capacity, which could potentially limit the 
therapeutic benefit42,47,57,75. One possible explanation for this could 
be the lower levels of gene targeting in quiescent stem cells with 
long-term engraftment capacity. Because AZD7648 treatment sig-
nificantly enhances targeted integration frequency in both bulk HSPCs 
and LT-HSCs, it may also increase the frequency of gene-targeted cell 
engraftment, especially because AZD7648 allows lower amounts of 
both AAV6 and Cas9 RNP to be used while maintaining high levels of 
gene targeting. In addition, this enhanced gene targeting approach 
can also be useful for research applications, such as disease modeling 
with HSPCs, without the need for selection and enrichment of the 
targeted cells.

AZD7648 treatment also improved gene targeting in other primary 
cell types, such as T cells, B cells and HBECs, which shows the broad 
relevance of this approach across different cell types. Gene targeting 
in T cells is highly relevant for developing cancer immunotherapies76, 
and here, we have shown that AZD7648 treatment can improve T cell 
gene targeting at therapeutically relevant CCR5 (ref. 77) and TRAC 
loci65,78. HBECs are being considered as a potential cell source for 
developing autologous cell therapies to treat CF49,79,80. Gene targeting 
with AZD7648 treatment improved the gene correction efficiency of 
the most common CF mutation at the CFTR locus (ΔF508) by several 
fold in HBECs49. Thus, this gene targeting approach can improve the 
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therapeutic efficacy of potential ex vivo gene-targeted autologous 
cell-based therapies for CF.

One potential challenge associated with Cas9/gRNA-based gene 
editing is to find an active gRNA that creates high rates of INDELs near 
the genomic target site for achieving high-efficiency gene targeting81. 
Here, we have shown that application of AZD7648 treatment for gene 
editing with seemingly inactive and low-activity gRNAs can result in a 
high gene targeting efficiency of ~50% in both human PSCs and HSPCs. 
Using a low-activity gRNA, high frequencies of gene targeting were 
achieved with low to no INDELs. Thus, this gene targeting approach 
could expand the number of gRNAs that can be used for gene targeting 
due to the possibility of rescuing seemingly inactive gRNAs. This will be 
particularly important for contexts where there is limited availability 
of gRNA target sites near the genomic region of interest or when it is 
important to achieve zero or minimal INDELs as part of the process.

Furthermore, we found that AZD7648 treatment allows for titrat-
ing down the amount of Cas9 RNP and AAV6 donor without compro-
mising the gene targeting efficiency. Reducing the AAV6 dose for gene 
targeting can help reduce the toxicity associated with AAV transduction 
in primary cells44,54. Although the off-target activity associated with 
Cas9 gRNA gene editing is significantly reduced through the use of 
the high-fidelity version of Cas9 nuclease69, the use of lower amounts 
of high-fidelity Cas9 and gRNA for gene editing could further reduce 
off-target activity. Thus, titrating down the amounts of Cas9 RNP 
and AAV6 together to define the optimal amounts for gene targeting 
with AZD7648 could help achieve high gene targeting efficiency with 
reduced toxicity and off-target effects.

In conclusion, we have developed a gene targeting approach for 
achieving high gene targeting efficiency for precise knock-in of short 
to large sequences with low to no INDELs across different genomic loci 
in various human primary cells. This approach will broaden the appli-
cation of targeted integration in human cells as a tool for therapeutic 
and research applications.
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Methods
Ethics statement
Umbilical cord blood-derived HSPCs were obtained from Binns  
Program for Cord Blood Research with approval from the Stanford 
Institutional Review Board Committee under protocol 33813. All 
donors provided informed consent, and participant information was 
deidentified. CF HBECs were obtained from lungs explanted during 
transplantation under protocol 13-1396 approved by the Committee 
on the Protection of the Rights of Human Subjects at the University of 
North Carolina at Chapel Hill. All donors provided informed consent.

DNA-PKcs inhibitors
Small-molecule DNA-PKcs inhibitors used in this study are all com-
mercially available. AZD7648 (S8843) and M3184 (S8586) were from 
Selleck Chemicals. VX984 (HY-19939S), KU57788 (HY-11006), LTURM34 
(HY-101667) and BAY8400 (HY-132293) were from MedChemExpress. 
All DNA-PKcs inhibitors were resuspended in DMSO to make either 
2 mM or 4 mM stocks and were diluted in cell culture medium to make 
up the indicated final concentrations for gene targeting.

Cas9 and gRNA used for genome editing
High-fidelity Cas9 (ref. 69) purchased from Aldevron (SpyFi Cas9, 
9214) was used for all genome editing experiments. gRNAs used for 
genome editing were purchased from either Synthego or TriLink Bio-
technologies. gRNAs were chemically modified to include 2′-O-methyl-
3′-phosphorothioate at the first and last three nucleotides82. Genomic 
target sites for the different gRNAs used are listed in Supplementary 
Table 1.

AAV6 vector construction, production and purification
For construction of the AAV transfer plasmid, pAAV-MCS plasmid 
(Agilent) backbone was used. pAAV-MCS plasmid was digested with 
NotI-HF enzyme (New England Biolabs), and sequences of the homol-
ogy arms and insert were cloned into the backbone using NEBuilder 
HiFi DNA Assembly master mix (New England Biolabs, E2621L).  
After cloning, transfer plasmids were sequence verified and purified 
using a PureLink Expi Endotoxin-Free Maxi Plasmid Purification kit 
(Thermo Fisher Scientific, A31217). AAV6 vectors were either pro-
duced in-house or acquired through Vigene or Signagen. For in-house 
production, 293T cells were seeded in five to ten 150-mm dishes at  
10 million cells per dish. After 24 h, each dish with 293T cells was trans-
fected with 22 μg of packaging/helper plasmid, pDGM6 (a gift from  
D. Russell (University of Washington), Addgene plasmid 110660) and 
6 μg of the transfer plasmid in 1 ml of OptiMEM I (Gibco, 31985088) 
using PEI (Polysciences, 23966-1). Seventy-two hours after transfection, 
AAV6 was purified using an AAVpro purification kit (Takara, 6666), as 
per the manufacturer’s instructions. AAV6 titer was determined by 
ddPCR, as per the manufacturer’s instructions, using the previously 
validated primer/probe set83 listed in the Supplementary Table 1.

PSC culture and genome editing
Gene editing experiments were performed with three PSC lines: H9 
embryonic stem cells (ESCs; WiCell) and the previously described 
1205-4 and 1208-2 iPSC lines84. PSCs were maintained under feeder-free 
conditions on Matrigel-coated (Corning, 354277) plates in mTeSR1 
medium (STEMCELL Technologies, 85850). For gene editing, 24 h before 
nucleofection, PSCs were pretreated with 10 μM Y27632 (Cayman  
Chemical, 10005583). For each nucleofection, RNP complex was pre-
pared with 5 μg of Cas9 protein and 2 μg of gRNA and incubated for 
15 min at room temperature. PSCs were dissociated into single cells 
using Accutase (Innovative Cell Technologies, AT104). Five hundred 
thousand cells were resuspended with the RNP complex diluted in 
20 μl of P3 primary cell nucleofector solution (Lonza, V4XP-3032). 
Resuspended cells were added to 1 well of a 16-well Nucleocuvette 
Strip (Lonza), and nucleofection was performed in a 4D-Nucleofector 

(Lonza) using the program CA137. Nucleofected PSCs were plated 
in mTeSR1 medium supplemented with 10 μM Y27632 at a density of 
100,000 cells per well in 48-well plates. AAV6 vector and DNA-PKcs 
inhibitors were added to the medium at the indicated concentrations.  
After 24 h of incubation, the existing medium was removed, and  
fresh mTeSR1 supplemented with 10 μM Y27632 was added to the  
cells. From the following day, PSCs were maintained in mTeSR1  
without Y27632 until passaging. Gene targeting efficiency was  
analyzed 4–6 d after editing.

For single-cell cloning, gene-targeted PSCs were plated at a density 
of 250 cells per well of a six-well plate in mTeSR1 medium supplemented 
with 1× CloneR2 (STEMCELL Technologies, 100-0691) and incubated at 
37 °C for 2 d. After 2 d, medium was switched to fresh mTeSR1 medium 
supplemented with 1× CloneR2. Two days later, the cells were switched 
to and maintained in mTeSR1 medium with daily medium changes. 
At days 7–10, single-cell colonies were picked by scraping and propa-
gated individually. Gene targeting was assessed in single-cell clones by 
ddPCR, as mentioned above, and by PCR amplification of the region 
spanning the knock-in to determine the frequency of mono- and  
biallelic and non-targeted clones.

Cell viability measurement
An MTT assay was used for measuring gene-edited PSC viability. 
Gene-edited PSCs were plated in 96-well plates, and cell viability was 
assessed at 24, 48 and 72 h after editing. For this, 0.5 mg ml–1 MTT  
(MedChemExpress, HY-15924) diluted in growth medium was added to 
the cells, and the plates were incubated at 37 °C for 2 h. After this incuba-
tion, MTT was removed, and cells were lysed using 100 μl of lysis buffer 
(0.1 N HCl and 0.5% SDS in isopropanol). After lysis, absorbance was 
measured at 570 nm with 650 nm as the reference using a SpectraMax 
M3 plate reader (Molecular Devices). Absorbance values were used 
to calculate cell viability of gene-edited cells as a percentage relative 
to mock-treated cells. For measuring the viability of HSPCs, T cells 
and HBECs, cell suspensions were mixed with Trypan Blue (Gibco, 
15250061), and viable cell counts were determined using a TC10 cell 
counter (Bio-Rad) at 3–5 d after gene editing. Viable cell counts are 
represented as percent relative to mock or untreated cells as indicated.

Pluripotency marker analysis
Mock, RNP-only and gene-targeted PSCs were assessed for the 
expression of the pluripotency markers SSEA4, OCT3/OCT4, SOX2 
and NANOG. For SSEA4 expression analysis, dissociated PSCs were 
stained with anti-SSEA4 (BioLegend, 330407), and flow cytometry was 
used to measure the percentage of SSEA4+ cells. OCT3/OCT4, SOX2 
and NANOG expression was assessed following immunofluorescence 
staining of fixed PSCs. For this, PSCs were fixed with 4% paraformal-
dehyde (Electron Microscopy Sciences, 15710) for 20 min at room 
temperature. Cells were then permeabilized with 0.3% Triton X-100 
(Thermo Fisher Scientific, 85111) for 20 min at room temperature and 
incubated with a blocking solution of 3% bovine serum albumin (BSA; 
Gold Biotechnology, A-420-10) in PBS for 1 h at room temperature. 
After blocking, cells were incubated with primary antibody diluted 
1:200 in 3% BSA and incubated at 4 °C overnight. The following day, 
cells were washed once with PBS and incubated for 45 min at room 
temperature with secondary antibody and DAPI (Santa Cruz Biotech-
nology, sc-3598) diluted at 1:500 and 1:5,000, respectively, in 3% BSA. 
Primary and secondary antibodies used are listed in Supplementary 
Table 1. After this incubation, cells were washed once with PBS and 
stored in fresh PBS at 4 °C until imaging. Stained cells were imaged 
using a BZ-X710 microscope (Keyence), and images were analyzed 
using ImageJ software (v1.53, NIH). Areas of Alexa Fluor 647 and DAPI 
staining were measured following manual thresholding, and the ratio 
of these areas was used to determine the percentage of cells positive 
for the corresponding markers. The percentage values were capped 
at 100% to account for staining artifacts.
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Trilineage differentiation of PSCs and analysis
Gene-targeted PSCs (H9 ESCs and 1205-4 iPSCs) were assessed for 
three germ layer differentiation potential using a STEMdiff Triline-
age Differentiation kit (STEMCELL Technologies, 05230), as per the 
manufacturer’s instructions. Following differentiation, cells were 
dissociated with Accutase and stained with antibodies to respective 
extracellular markers. Cells were then fixed and permeabilized using 
an eBioscience Foxp3/Transcription Factor Staining Buffer Set (Thermo 
Fisher Scientific, 00-5523-00) and stained with antibodies (listed in 
Supplementary Table 1) to intracellular markers following the manu-
facturer’s instructions. Flow cytometry analysis was used to measure 
the percentage of cells double positive for the corresponding markers 
of the three germ layers.

ddPCR analysis of targeted integration
Gene targeting efficiency for the knock-in of multikilobase sequences 
was measured by ddPCR analysis. Genomic DNA was extracted from 
cells using QuickExtract DNA Extraction Solution (QE; Lucigen, 
QE09050). Pellets of 100,000 to 200,000 cells were resuspended 
in 40 to 50 μl of QE solution. This cell suspension was incubated at 
65 °C for 6 min and then at 100 °C for 10 min. The quick-extracted 
genomic DNA was digested with either BamHI-HF or HindIII-HF (New 
England Biolabs) at 37 °C for 1 to 2 h. One to two microliters of digested 
genomic DNA was used as a template for the ddPCR reaction with 10 μl 
of ddPCR supermix for probes (no dUTP; Bio-Rad, 1863025), 0.5 μl each 
of fluorophore-labeled target and reference primer/probe assays in a 
total volume of 20 μl. ddPCR droplets were generated in the droplet 
generator (Bio-Rad) with 70 μl of droplet generation oil (Bio-Rad, 
1863005) and 20 μl of sample, as per the manufacturer’s instructions. 
Forty microliters of the generated droplet sample was used for PCR with 
the following cycle: 95 °C for 10 min; 50 cycles of 94 °C for 30 s, 60 °C 
for 30 s and 72 °C for 2 min and 98 °C for 10 min. After PCR, droplets 
were analyzed using a QX200 Droplet Digital PCR reader (Bio-Rad), and  
Quantasoft software (v1.7.4.0917) was used to determine the number  
of copies of the target and reference DNA in the droplets. Allelic 
gene targeting efficiency was calculated as the percentage of target  
DNA copies relative to that of the reference. Target primer/probe 
assays were designed such that one primer anneals to the insert, and 
the other primer anneals outside the homology arm (In-Out PCR). 
Sequences of the different primer/probe assays used are listed in  
Supplementary Table 1.

ICE analysis for quantification of gene editing
The ICE CRISPR analysis tool (Synthego) was used to determine the 
allelic distribution of WT, INDEL and HDR frequencies for gene tar-
geting involving knock-in of short sequences and to calculate the 
frequency of WT and INDEL alleles for gene targeting involving the 
knock-in of multikilobase sequences. Quick-extracted genomic  
DNA from mock and gene-edited samples were used as a template 
for PCR to amplify the gene-edited region using PrimeSTAR GXL 
DNA Polymerase (Takara, R050A). Following PCR, amplicons were 
detected on agarose gels and purified from the gel using a GeneJet Gel  
Extraction kit (Thermo Fisher Scientific, K0692). Purified DNA was  
Sanger sequenced through MCLAB or GENEWIZ. Sequencing chromato-
grams were analyzed through the ICE tool using the mock sample 
sequence as the reference following the manufacturer’s instructions.  
Sequences of the primers used for PCR and sequencing are listed in 
Supple mentary Table 1.

Western blotting
Cells were lysed with RIPA buffer (Thermo Fisher Scientific, PI89900) 
supplemented with Halt Protease and Phosphatase Inhibitor Cocktail 
(Thermo Fisher Scientific, PI78440) after incubation for 15 min at 
4 °C. Protein concentration was determined using a BCA assay kit 
(Thermo Fisher Scientific, PI23227) following the manufacturer’s 

instructions. Cell lysates were denatured by adding 1× Laemmli  
sample buffer (Bio-Rad, 1610747) and heating at 100 °C for 5 min. Total 
protein (20 μg) was loaded onto 4–15% Mini-PROTEAN TGX precast 
protein gels (Bio-Rad, 4561084), and electrophoresis was performed. 
Following electrophoresis, protein was transferred to a PVDF mem-
brane (Bio-Rad, 1620177). The membrane was blocked in 5% dry milk in 
Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h at room tempera-
ture and incubated with primary antibody diluted in 5% BSA in TBST 
at 4 °C overnight. The following day, membranes were washed three 
times with TBST for 5 min per wash and incubated with horseradish 
peroxidase-conjugated secondary antibody diluted in 5% dry milk for 
45 min at room temperature. After secondary antibody incubation, 
membranes were washed three times with TBST for 5 min per wash. 
For detection, membranes were incubated in SuperSignal West Femto 
Maximum Sensitivity Substrate (Thermo Fisher Scientific, 34095) for  
5 min, and blots were imaged on a ChemiDoc imager using Image Lab  
software. Primary and secondary antibodies used are listed in  
Supplementary Table 1.

CD34+ HSPC culture and genome editing
Human CD34+ HSPCs were isolated from cord blood (provided by 
the Binns Program for Cord Blood Research). HSPCs were cultured in 
either StemSpan SFEM II (STEMCELL Technologies, 09655) or SCGM 
(Cellgenix, 20802) medium supplemented with 100 ng ml–1 stem cell 
factor (PeproTech, 300-07), 100 ng ml–1 thrombopoietin (PeproTech, 
300-18), 100 ng ml–1 FLT3-ligand (PeproTech, 300-19), 100 ng ml–1 
interleukin-6 (IL-6; PeproTech, 200-06), 20 U ml–1 penicillin, 20 mg ml–1 
streptomycin (Cytiva, SV30010) and 35 nM UM171 (APExBIO, A89505). 
HSPCs were cultured at a cell density of 0.25 million–0.5 million cells 
per ml of growth medium at 37 °C, 5% O2 and 5% CO2. For gene editing 
of HSPCs, RNP complex was prepared with 6 μg of Cas9 and 3.2 μg of 
gRNA, incubated for 15 min at room temperature and diluted in 20 μl  
of P3 primary cell nucleofector solution (Lonza, V4XP-3032). Cells  
(0.5 million–1 million) were resuspended in 20 μl of the RNP nucleofec-
tion solution, and nucleofection was performed in the 4D-Nucleofector 
(Lonza) using the program DZ-100. Nucleofected HSPCs were plated at 
the cell density mentioned above with the indicated amounts of AAV6 
and AZD7648. After a 24-h incubation, cells were switched to fresh 
growth medium without AAV6 and AZD7648. Gene targeting efficiency 
was assessed at 3 d after gene editing. For ssODN donor-based gene 
targeting experiments, 200-bp-long ssODN Alt-R HDR Donor oligo-
nucleotides (IDT) were used. ssODN was delivered into the cells through 
nucleofection. ssODN was added to the nucleofection solution with 
RNP at a concentration of 2.5 or 5 μM, and HSPCs were nucleofected 
and cultured as described earlier.

CFU assay and genotyping of clones
For CFU assays, 250 to 500 HSPCs were plated in SmartDish six-well 
plates (STEMCELL Technologies, 27370) containing MethoCult 
H4434 Classic (STEMCELL Technologies, 04444). After 14 d, colonies  
were counted and scored using a STEMvision automated counter  
(STEMCELL Technologies) to determine the number of BFU-E, CFU-M, 
CFU-GM and CFU-GEMM colonies. To determine the ratio of mono-
allelic to biallelic integration, individual colonies of each type were 
picked, and genomic DNA was extracted with QE. ddPCR was used 
to determine the clones with mono- versus biallelic integration,  
as described earlier. WT and INDEL frequencies in the clones were 
determined by ICE analysis.

FACS of LT-HSC and MPP populations
Cord blood-derived human CD34+ HSPCs were gene targeted at the 
CCR5 locus for knock-in of the UBC-GFP-bGH-pA sequence with and 
without AZD7648 treatment. Two days after gene targeting, HSPCs 
were stained with a cocktail of antibodies listed in Supplementary 
Table 1 after blocking with Human TruStain FcX (BioLegend, 422301). 
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Cell viability was assessed using a LIVE/DEAD Fixable Near-IR Dead 
Cell Stain kit (Thermo Fisher Scientific, L10119). LT-HSC and MPP cells 
were isolated by FACS for CD34+CD90+Lin–CD45RA–CD38– (LT-HSCs) 
and CD34+CD90–Lin–CD45RA–CD38– (MPP cells) in a FACS Aria II sorter, 
part of the FACS Core Facility in the Stanford Institute for Stem Cell 
Biology and Regenerative Medicine. Allelic gene targeting efficiency 
in LT-HSC and MPP populations was measured by ddPCR analysis, as 
described earlier. FACS data analysis was performed using FlowJo 
(10.8.1 for Mac) software.

NGS analysis for off-target effects
For NGS analysis, we used the commercially available Amplicon-EZ NGS 
service from Azenta. Previously characterized top off-target sites for 
CCR5 (OT39), HBB (OT1) and HBA1 (OT1) gRNAs were analyzed. PCR was 
used to amplify a 350- to 450-bp region encompassing the off-target 
sites from genomic DNA of gene-targeted HSPCs. Sequences of the 
primers used for PCR and the Illumina adapters added to the primers 
are listed in Supplementary Table 1.

Following PCR, the amplicons were purified using a Genejet PCR 
purification kit (Thermo Fisher Scientific, K0701). Samples were nor-
malized to a concentration of 20 ng μl–1, and a 25-μl volume was submit-
ted to the Amplicon-EZ NGS service (Azenta). DNA library preparations, 
sequencing reactions and bioinformatics analyses were conducted at 
Azenta. DNA library preparation was performed using an NEBNext Ultra 
DNA Library Prep kit following the manufacturer’s recommendations 
(New England Biolabs). DNA amplicons were indexed and enriched by  
limited cycle PCR. DNA libraries were validated on an Agilent TapeStation  
(Agilent Technologies), quantified using a Qubit 2.0 fluorometer  
(Invitrogen) and multiplexed in equal molar mass. Pooled DNA libraries 
were loaded on an Illumina instrument according to the manufacturer’s 
instructions. Samples were sequenced using a 2 × 250-bp paired-end 
configuration. Image analysis and base calling were conducted with 
Illumina Control Software on the Illumina instrument. Raw Illumina 
reads were checked for adapters and quality via FastQC. The raw  
Illumina sequence reads were trimmed of their adapters and nucleo-
tides with poor quality using Trimmomatic v.0.36. Paired sequence 
reads were then merged to form a single sequence if the forward and 
reverse reads were able to overlap. The merged reads were aligned to 
the reference sequence, and variant detection was performed using 
the Azenta proprietary Amplicon-EZ program. INDEL frequency at the 
target site was quantified and plotted as the frequency of reads with 
insertions and deletions.

AAV6 genome quantification
AAV6 genomes in cells after gene editing were quantified by ddPCR. 
Gene-targeted HSPCs were collected at days 2, 4 and 6 after gene  
editing, along with non-gene-edited controls. ddPCR analysis was 
performed as mentioned above on genomic DNA to measure the AAV 
genomes, and the values were normalized to that of the reference 
locus ZEB2. Sequences of primers/probes used for ddPCR are listed in 
Supplementary Table 1.

Quantification of CDKN1A expression levels
CDKN1A expression levels were quantified by reverse transcription- 
ddPCR analysis. Total RNA was extracted from cell pellets using an 
RNeasy Plus Micro kit following the manufacturer’s recommenda-
tions (Qiagen, 74034). cDNA was synthesized from total RNA using  
iScript RT Supermix following the manufacturer’s instructions (Bio-Rad,  
1708841). Synthesized cDNA was used to measure CDKN1A mRNA 
levels normalized to the TBP housekeeping control gene by ddPCR.  
PrimeTime predesigned quantitative PCR assays (IDT) were used  
for ddPCR amplification of CDKN1A (assay ID Hs.PT.58.40874346.g) 
and TBP (assay ID Hs.PT.58v.39858774). The following ddPCR cycling 
conditions were used: 95 °C (10 min); 45 cycles (2 °C ramp rate) of 
94 °C (30 s), 60 °C (1 min) and then 98 °C (10 min). Normalized CDKN1A 

expression levels in gene-edited cells were plotted relative to those of 
the non-gene-edited controls.

T cell culture and genome editing
Leukocyte reduction system chambers from healthy donors (Stan-
ford Blood Center) were used for the isolation of T cells. Peripheral 
blood mononuclear cells isolated on a Ficoll density gradient were 
used for obtaining T cells using a CD4+ T Cell Isolation kit (Miltenyi, 
130-096-533). For CD19-CAR targeting experiments, isolated αβ 
T cells were used. T cells were cultured in X-VIVO 15 medium (Lonza, 
04-418Q) supplemented with 5% human AB serum (Sigma, H3667) 
and 100 IU ml–1 recombinant human IL-2 (PeproTech, 200-02) at 
37 °C, ambient O2 and 5% CO2. Medium changes were performed every 
2–4 d, and cultured cells were maintained at a target density of 0.5 
million–1 million cells per ml unless otherwise indicated. T cells were 
activated with Dynabeads Human T Cell Activator (Gibco, 11161D) for 
72–96 h, and beads were removed before nucleofection. For gene 
targeting, gRNA was complexed with Cas9 at a molar ratio of 2.5:1 
(gRNA:protein) and nucleofected in P3 primary cell nucleofector solu-
tion (Lonza) into activated T cells using a 4D-Nucleofector (Lonza) 
in 16-well cuvette strips. One million activated T cells were used per 
nucleofection using the program EO-115. Cells were resuspended 
directly after nucleofection in 80 μl of complete T cell medium and 
diluted to the target density65. For gene targeting, cells were incubated 
within 15 min after electroporation with AAV6 for transduction at the 
indicated MOI with or without AZD7648. After 3–4 h, the suspension 
was diluted with complete medium to reach the target cell concen-
tration of 1 million cells per ml. After a 24-h incubation, cells were 
switched to fresh medium. Gene targeting was analyzed 3–4 d after  
gene editing.

CAR T cell cytotoxicity assay
CD19-directed CAR T cells generated in the presence or absence of 
AZD7648 were challenged with target CD19-expressing GFP+ Nalm6 
leukemia cells. Effector and target cells were cocultured at a ratio of 
1:1 in RPMI medium supplemented with 10% bovine growth serum. The 
cytotoxic effect of the CAR T cells or the depletion of target leukemia 
cells was monitored daily over 2 d by measuring the levels of GFP+ cells 
by flow cytometry using a Beckman Coulter Accuri (Accuri C6 software) 
or CytoFLEX flow cytometer.

B cell culture and genome editing
Primary human B cells were isolated from leukocyte reduction system  
chambers obtained from the Stanford Blood Center via negative selec-
tion using a human B Cell Isolation kit II (Miltenyi Biotec, 130-091-151)  
according to manufacturer’s instructions. Cells were cultured in 
Iscove’s modified Dulbecco’s medium (IMDM; Thermo Fisher Scientific, 
12440053) supplemented with 10% bovine growth serum (Hyclone, 
SH30541.03HI), 1% penicillin–streptomycin (Cytiva, SV30010), 55 μM 
2-mercaptoethanol (Sigma-Aldrich, M3148), 50 ng ml–1 IL-2 (Pepro-
tech, 200-02), 50 ng ml–1 IL-10 (Peprotech, 200-10), 10 ng ml–1 IL-15 
(Peprotech, 200-15), 100 ng ml–1 recombinant human MEGACD40L 
(Enzo Life Sciences, ALX-522-110-C010) and 1 μg ml–1 CpG oligonucleo-
tide 2006 (Invivogen, tlrl-2006-1) at a density of 1 million cells per ml  
(ref. 85). B cells were cultured at 37 °C, 5% CO2 and ambient  
oxygen levels.

For genome editing, gRNA targeting CCR5 was complexed with 
Cas9 protein at a 2.5:1 (Cas9:gRNA) molar ratio at room temperature 
for 20 min. B cells were nucleofected 4–5 d after thawing using a Lonza 
4D-Nucleofector (program EO-117) using 1 million cells per condition. 
Immediately following nucleofection, cells were incubated with AAV6 
donor vector (UBC-GFP) at an MOI of 25,000 and different concentra-
tions of AZD7648 in 100 μl of basal IMDM in a 96-well plate for 3–4 h 
(ref. 86). Cells were then replated at 1 million cells per ml in complete  
B cell activation medium. Approximately 24 h after nucleofection, cells 
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were replated in fresh medium to remove AZD7648. Gene targeting was 
assessed at 3 d after editing.

Cell culture and genome editing of HBECs
HBECs were obtained from Lonza, the Primary Airway Cell Biobank 
at McGill University, the Cystic Fibrosis Foundation Cell Bank or the 
University of North Carolina. HBECs were cultured in Pneumacult 
Ex-Plus medium (STEMCELL Technologies, 05040) at 3,000–10,000 
cells per cm2 in tissue culture flasks. Cells were cultured at 37 °C, 5% O2 
and 5% CO2. Medium was supplemented with 10 μM ROCK inhibitor 
(Santa Cruz Biotechnology, Y27632, sc-281642A).

For genome editing, HBECs were resuspended at a density of  
5 million cells per ml in OptiMEM I. Nucleofection was performed 
using Lonza 4D 16-well Nucleocuvette Strips (Lonza, V4XP-3032). 
Six micrograms of high-fidelity Cas9 and 3.2 μg of gRNA (molar ratio 
of 1:2.5) were complexed at room temperature for 10 min and mixed 
with 20 μl of cell suspension in OptiMEM I. Cells were electroporated 
using the program CA137. AAV6 was added at an MOI of 100,000, and 
AZD7648 was added at the indicated concentrations.

Statistical analysis
Microsoft Excel (v16.7 for Mac) was used for processing raw data.  
GraphPad Prism 9 software was used for all statistical analysis.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
NGS data for off-target analysis have been deposited in the National 
Center for Biotechnology Informationʼs Sequence Read Archive 
database (accession number PRJNA982854)87 and can be accessed at 
http://www.ncbi.nlm.nih.gov/bioproject/982854. Sequences of the 
gRNA, PCR primers, ddPCR primers and probes have been included in  
Supplementary Table 1. Raw data for ICE analysis and screenshots of 
Sanger sequencing chromatograms are provided in the Supplementary 
Information. Source data are provided with this paper.
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Extended Data Fig. 1 | Comparison of different DNA-PKcs inhibitors for gene 
targeting with AZD7648. a. Allelic gene targeting efficiency post gene editing at 
the CCR5 locus for introduction of two stop codons with different concentrations 
of DNA-PKcs inhibitors (AZD7648, KU57788, LTURM34 and BAY8400) in 
comparison with the untreated cells (UNT) as measured by ICE analysis at 4 days 
post-gene editing (n = 3). b. Allelic gene targeting efficiency at the CCR5 locus 
for knock-in of UBC-GFP-bGHpA sequence with two different concentrations 

(0.5 and 0.25 μM) of various DNA-PKcs inhibitors (AZD7648, M3814, VX984 and 
BAY8400) as measured by ddPCR analysis at 3 days post-gene editing (n = 3).  
c. MTT cell viability assay on gene targeted PSCs (b) at 24 h, 48 h and 72 h  
post-gene editing represented as percent cell viability normalized to the mock 
cells (n = 3). All data in a, b and c are shown as mean ± SEM. Data in a, b and c were 
compared with one-way ANOVA and Tukey’s multiple comparisons test, *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001 and ns denotes not significant.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Biochemical validation of DNA-PKcs inhibition and 
CCR5 gene targeting with AZD7648 in PSC. a. Western blot analysis for phospho 
DNA-PKcs (pSer2056), DNA-PKcs and phospho AKT (pSer473) in PSCs treated 
with bleomycin ± AZD for 2 h or gene targeted with and without AZD treatment at 
2 h post gene editing. ACTB is used as a loading control. Control denotes sample 
not treated with bleomycin. Mock denotes control sample nucleofected without 
RNP. UNT denotes sample either treated with bleomycin or RNP-AAV6 gene 
editing and AZD denotes AZD7648 treated sample with either bleomycin or  
RNP-AAV6 gene editing treatment as indicated. b. Allelic gene targeting 
efficiency of PSCs gene targeted at the CCR5 locus for knock-in of  

UBC-GFP-bGHpA sequence (a) with and without AZD treatment at 72 h post 
gene editing as measured by ddPCR (n = 1). c. Percentage of gene targeted cells 
at the CCR5 locus for knock-in of UBC-GFP-bGHpA sequence with two different 
concentrations of AZD7648 (0.5 and 0.25 μM) in comparison with the untreated 
cells (UNT) as measured by flow cytometry for GFP at 5-days post-gene editing 
(n = 3). Mock and RNP only cells were used as negative controls. d. Allelic 
distribution of WT, INDEL, HDR frequencies in CCR5 gene edited PSCs (c) (n = 3). 
HDR frequency was measured by ddPCR analysis, WT and INDEL frequencies 
were measured using ICE analysis. Mean HDR to INDEL ratio is represented above 
the bars. All data in c and d are shown as mean ± SEM.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Pluripotency, trilineage differentiation and single cell 
cloning analysis of CCR5 gene targeted PSCs. a. Percentage of cells positive for 
various markers of pluripotency (SSEA4, OCT3/4, SOX2 and NANOG) in the CCR5 
gene edited PSCs (n = 3). SSEA4 expression was measured by flow cytometry 
analysis. OCT3/4, SOX2 and NANOG expression was assessed by quantification of 
immunofluorescence staining images for corresponding markers in fixed PSCs 
and normalized to the total cell count measured through DAPI staining (n = 3). All 
data are shown as mean ± SEM. b. CCR5 gene edited PSCs were differentiated into 
the three germ layers. Mean frequency of differentiated cells as assessed by flow 
cytometry for the expression of corresponding markers for ectoderm (PAX6 and 
NES), mesoderm (CD56 and T) and endoderm (CXCR4 and SOX17) (n = 2). c. PSCs 
were gene targeted at the CCR5 locus with and without different concentrations 

of AZD7648 (0.5, 0.25 and 0.1 μM) for single cell cloning analysis. Allelic gene 
targeting efficiency was measured using ddPCR analysis (n = 1). d. Gene targeted 
PSCs (c) were subjected to single cell cloning and the frequency of clones with 
mono-, bi-allelic and no gene targeting was measured using ddPCR and PCR 
analysis. For each condition, 9-10 clones were picked and analyzed (n = 1). e. Mean 
allelic gene targeting efficiency in PSC at the CCR5 locus for the knock-in of UBC-
GFP-bGHpA sequence with pre-treatment only (preAZD-UNT), post-treatment 
(AZD) only and pre+post treatment (pre+post AZD) with AZD7648 (0.5 μM) 
(n = 2). For pre-treatment, cells were treated with AZD7648 for 24 hours before 
gene targeting and for post-treatment, cells were treated with AZD7648 for 
24 hours post gene editing.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | AZD7648 treatment improves gene targeting at HBB, 
CFTR and HBA1 loci in PSC. a. Schematic for gene targeting at the HBB locus to 
edit SCD (E6V) mutation in exon 1 using RNP/AAV6 gene editing (upper panel). 
Allelic distribution of WT, INDEL and HDR frequencies following gene editing 
at the HBB locus with and without AZD7648 treatment as measured by ICE 
analysis (lower panel) (n = 3). Mean HDR to INDEL ratio is represented above 
the bars. b. Schematic for gene targeting at the CFTR locus to edit CF disease 
mutation (ΔF508) in exon 11 using RNP/AAV6 gene editing (upper panel). Allelic 
distribution of WT, INDEL and HDR frequencies following gene editing with 
and without AZD7648 treatment at the CFTR locus as measured by ICE analysis 
(lower panel) (n = 3). Mean HDR to INDEL ratio is represented above the bars. c. 
Schematic for gene targeting at the HBB locus for knock-in of UBC-GFP-bGHpA 

sequence using RNP/AAV6 gene editing (upper panel). Allelic distribution of WT, 
INDEL and HDR frequencies following gene editing at the HBB locus with and 
without AZD7648 and M3814 (2 and 0.5 μM) treatment (lower panel) (n = 3). HDR 
efficiency was measured through ddPCR analysis. WT and INDEL frequencies 
were measured by ICE analysis. Mean HDR to INDEL ratio is represented above 
the bars. d. Schematic for gene replacement at the HBA1 locus for knock-in of 
transgene-2A-YFP sequence using RNP/AAV6 gene editing (upper panel). Allelic 
distribution of WT, INDEL and HDR frequencies following gene editing at the 
HBA1 locus with and without AZD7648 and M3814 (2 and 0.5 μM) treatment 
(lower panel) (n = 3). HDR efficiency was measured through ddPCR analysis. WT 
and INDEL frequencies were measured by ICE analysis. Mean HDR to INDEL ratio 
is represented above the bars. All data in a, b, c and d are shown as mean ± SEM.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Gene targeting in HSPCs at CCR5 and HBA1 loci with 
AZD7648 treatment. a. Comparison of different DNA-PKcs inhibitors for 
gene targeting at the CCR5 locus for knock-in of UBC-GFP-bGHpA sequence at 
two different concentrations (2 and 0.5 μM) in HSPCs. Allelic gene targeting 
efficiency was measured by ddPCR analysis and cell viability was assessed by 
measuring live cell count and normalizing the number to the Mock sample (n = 3). 
All data are shown as mean ± SEM. b. Allelic distribution of WT, INDEL and HDR 
frequencies following gene editing at the CCR5 locus for knock-in of UBC-GFP-
bGHpA sequence with different concentrations of AZD7648 as indicated (n = 1). 
HDR frequency was measured using ddPCR, WT and INDEL frequencies were 
measured using ICE analysis. c. CFU assay was performed on Mock, RNP, AAV6 
and RNP + AAV6 treated HSPCs following gene editing at the CCR5 locus with or 
without AZD7648 (0.5 μM) treatment. Plot shows the distribution of the mean 
percentages of CFU-GEMM (multi-potent granulocyte, erythroid, macrophage, 

megakaryocyte progenitor cells), CFU-GM (colony forming unit-granulocytes 
and monocytes) and BFU-E (erythroid burst forming units) colonies (n = 2). d. 
Schematic for gene replacement at the HBA1 locus to replace HBA1 with HBB 
sequence using RNP/AAV6 gene editing. e. Allelic distribution of WT, INDEL 
and HDR frequencies following gene editing at the HBA1 locus with or without 
AZD7648 treatment (0.5 μM) (n = 3). HDR efficiency was measured through 
ddPCR analysis. WT and INDEL frequencies were measured by ICE analysis. 
Mean HDR to INDEL ratio is represented above the bars. All data are shown as 
mean ± SEM. f. Mean percentage of viable cell count of HSPCs at 3 days post-gene 
targeting (GT) at CCR5 (n = 4), HBB (n = 2) and HBA1 (n = 2) loci in untreated (UNT) 
and AZD7648 (AZD, 0.5 μM) treated cells. Mock, AAV only and RNP only treated 
cells were included as controls. Viable cell counts were measured at 72 h post-
gene editing and plotted as percentage relative to the mock cell count. For CCR5 
gene targeting, cell viability is shown as mean ± SEM.
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Extended Data Fig. 6 | Off-target analysis, gene targeting at CCR5 and HBB 
loci in HSPCs. a. HSPCs gene targeted at HBB, CCR5 and HBA1 loci with and 
without AZD7648 treatment (0.5 μM) were assessed for off-target activity at 
the top off-target sites (OT1 for HBB, OT39 for CCR5 and OT1 for HBA1) through 
next generation sequencing (NGS). Mean frequency of reads with insertion and 
deletion INDELs is shown following SNP/INDEL detection analysis of the NGS 
data (n = 2). b. HSPCs were gene edited with Cas9 RNP at the CCR5 locus with and 
without AZD7648 treatment in the presence or absence of AAV6 donor template 
(for knock-in of two stop codons). Allelic distribution of mean frequencies of WT, 

insertions, deletions and HDR were determined by ICE analysis (n = 2). c. HSPCs 
were gene edited with Cas9 RNP at the HBB locus with and without AZD7648 
treatment in the presence or absence of AAV6 donor template (for SCD mutation 
editing). Allelic distribution of frequencies of WT, insertions, deletions and HDR 
were determined by using ICE analysis (n = 3). All data are shown as mean ± SEM. 
d. Allelic distribution of mean WT, INDEL and HDR frequencies following gene 
editing at the HBB locus for editing SCD mutation using RNP and ssODN donor 
with and without AZD7648 treatment (0.5 μM) (n = 2). ssODN donor was tested at 
two different concentrations as indicated (2.5 and 5 μM).
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Gene targeting at the CCR5 and STING1 loci in HSPCs 
using seemingly low activity gRNAs. a. HSPCs were gene targeted at the CCR5 
locus for knock-in of UBC-GFP-bGH-pA sequence using high activity (sg11) 
and low activity gRNAs (sg1 and 4). Allelic distribution of WT, INDEL and HDR 
frequencies following gene editing at the CCR5 locus with and without AZD7648 
treatment (n = 3). HDR frequency was determined by ddPCR analysis. WT and 
INDEL frequencies were determined by ICE analysis. Mean HDR to INDEL ratio 
is represented above the bars. All data are shown as mean ± SEM. b. Schematic 
for gene targeting at the IL2RG locus for knock-in of codon-optimized cDNA and 
bGHpA in exon 1 using RNP/AAV6 gene editing with a high activity gRNA (sg1) 
and a low activity gRNA (sg6). c. Schematic for gene targeting at the IL2RG locus 
for knock-in of codon-optimized cDNA and bGHpA in exon 1 using RNP/AAV6 

gene editing with a high activity gRNA (sg1) and two low activity gRNAs (sg5, 7). 
d. Allelic distribution of WT, INDEL and HDR frequencies in HSPCs gene targeted 
at the IL2RG locus with or without AZD7648 treatment (0.5 μM) using sg1 and 
6 gRNAs (n = 3) (b). HDR efficiency was measured through ddPCR analysis. WT 
and INDEL frequencies were measured by ICE analysis. Mean HDR to INDEL 
ratio is represented above the bars. All data are shown as mean ± SEM. e. Allelic 
distribution of mean WT, INDEL and HDR frequencies in HSPCs gene targeted 
at the IL2RG locus with or without AZD7648 treatment (0.5 μM) using sg1, 5 and 
7 (n = 2) (c). HDR frequency was measured through ddPCR analysis. WT and 
INDEL frequencies were measured by ICE analysis. Mean HDR to INDEL ratio is 
represented above the bars.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | AZD7648 improves gene targeting with lower 
amounts of RNP/AAV6 in PSC and HSPC. a. Frequency of gene targeted cells 
measured by flow cytometry for GFP following gene editing at the CCR5 locus 
for knock-in of UBC-GFP-bGH-pA sequence with or without AZD7648 treatment 
(0.25 μM) using varying amounts of Cas9-RNP as indicated and fixed amount 
of AAV6 donor (MOI:2500) in PSCs (n = 3). RNP-1X denotes 250 μg/ml of Cas9 
protein complexed with 100 μg/ml of gRNA. b. Frequency of gene targeted cells 
measured by flow cytometry for GFP following gene editing at the CCR5 locus 
for knock-in of UBC-GFP-bGH-pA sequence in PSCs with or without AZD7648 
treatment (0.25 μM) using a fixed amount of RNP and varying amounts of AAV6 
donor (n = 3). c. Frequency of gene targeted cells measured by flow cytometry for 
GFP following gene editing at the CCR5 locus for knock-in of UBC-GFP-bGH-pA 
sequence in HSPCs with or without AZD7648 treatment (0.5 μM) using a fixed 
amount of RNP and varying amounts of AAV6 donor (n = 3). d. Frequency of 

gene targeted alleles measured by ICE analysis following gene editing at the HBB 
locus for editing the SCD mutation in HSPCs with or without AZD7648 treatment 
(0.5 μM) using a fixed amount of RNP and varying amounts of AAV6 donor (n = 3). 
e. Fold change in live cell count at D2, 4 and 6 post gene editing relative to D0 
of HSPCs gene targeted at the HBB locus (d) (n = 3). f. p21 (CDKN1A) expression 
levels in gene targeted HSPCs (d) at D2, 4 and 6 post gene editing represented as 
values relative to non-gene edited control cells (n = 3). p21 expression levels were 
measured by RT-ddPCR and normalized to the levels of the house keeping gene, 
TBP. g. Number of AAV genomes in gene targeted HSPCs (d) at D2, 4 and 6 post 
gene editing represented as viral genomes (vg) per cell (n = 3). AAV genomes were 
quantified using ddPCR amplifying the AAV ITR and the values were normalized 
to a reference locus, ZEB2. Mean values are represented above the bars. All data 
are shown as mean ± SEM.

http://www.nature.com/naturebiotechnology


Nature Biotechnology

Article https://doi.org/10.1038/s41587-023-01888-4

Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | AZD7648 improves gene targeting in T cells.  
a. Comparison of different DNA-PKcs inhibitors for gene targeting at the CCR5 
locus for knock-in of UBC-GFP-bGHpA sequence at two different concentrations 
(2 and 0.5 μM) in T cells. Allelic gene targeting efficiency was measured by 
ddPCR analysis and cell viability was assessed by measuring live cell counts 
and normalizing the number to the Mock sample (n = 3). b. Frequency of gene 
targeted cells as measured by flow cytometry for GFP expression following 
UBC-GFP-bGH-pA sequence knock-in at the CCR5 locus in T cells with varying 
concentrations of AZD7648 using RNP/AAV6 gene editing (n = 3). c. Percentage 
of viable cell count for the CCR5 gene targeted T cells (b) at 72 h post gene editing 
(n = 3) relative to the mock cells. d. Frequency of gene targeted cells as measured 

by flow cytometry for GFP following UBC-GFP-bGH-pA sequence knock-in at the 
CCR5 locus in T cells with or without AZD7648 (0.5 μM) treatment using a fixed 
amount of RNP and varying amounts of AAV6 donor (n = 3). e. Percentage of 
viable cell count for the CCR5 gene targeted T cells (d) at 72 h post gene editing 
(n = 3) relative to the mock cells. f. T cells were gene targeted at the TRAC locus for 
knock-in of CD19-CAR with and without AZD treatment (n = 3). Engineered  
CD19 CAR T cells were challenged with GFP+ Nalm6 leukemia target cells in  
co-culture at an effector to target ratio of 1:1 for 72 hours. Potency of the CAR T 
cell cytotoxicity activity was monitored by the residual percentage of GFP+ target 
cells by flow cytometry at 24 h and 48 h post challenge. All data are shown as 
mean ± SEM.

http://www.nature.com/naturebiotechnology


Nature Biotechnology

Article https://doi.org/10.1038/s41587-023-01888-4

Extended Data Fig. 10 | AZD7648 improves gene targeting in B cells and 
HBECs. a. Allelic distribution of mean WT, INDEL and HDR frequencies following 
gene editing at the CCR5 locus for knock-in of UBC-GFP-bGH-pA sequence in 
B cells with varying concentrations of AZD7648 using RNP/AAV6 gene editing 
(n = 2). HDR frequency was measured by ddPCR. WT and INDEL frequencies were 
measured through ICE analysis. Mean HDR to INDEL ratio is represented above 
the bars. b. Schematic for gene targeting at exon 1 of the CFTR gene for knock-in 

of SFFV-Citrine-pA sequence using RNP/AAV6 gene editing. c. Frequency of gene 
targeted cells as measured by flow cytometry for Citrine expression following 
CFTR-exon 1 gene editing (b) with or without AZD7648 treatment (0.5 μM) in 
HBECs (n = 4). d. Fold change in the frequency of CFTR gene targeted HBECs (c) 
with AZD7648 (0.5 μM) treatment relative to the untreated cells (n = 4). All data in 
c and d are shown as mean ± SEM.
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