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Prolonged expression of CRISPR/Cas9 raises concerns about
off-target cleavage, cytotoxicity, and immune responses. To
address these issues, we have developed a system to produce
helper-dependent adenoviruses that express CRISPR/Cas9 to
direct cleavage of the vectors’ own genome after transduction
of target cells. To prevent self-cleavage during vector produc-
tion, it was necessary to downregulate Cas9 mRNA as well as
inhibit Cas9 protein activity. Cas9 mRNA downregulation
was achieved by inserting the target sequences for the helper-
virus-encoded miRNA, mivaRNAI, and producer-cell-encoded
miRNAs, hsa-miR183-5p, and hsa-miR218-5p, into the 30 UTR
of the HDAd-encoded Cas9 expression cassette. Cas9 protein
activity was inhibited by expressing anti-CRISPR proteins
AcrIIA2 and AcrAII4 from both the producer cells and the
helper virus. After purification, these helper-dependent adeno-
viruses will perform CRISPR/Cas9-mediated self-cleavage in
the transduced target cells, thereby limiting the duration of
Cas9 expression and thus represent an important platform
for improving the safety of gene editing by CRISPR/Cas9.
INTRODUCTION
CRISPR/Cas9 has revolutionized genome editing because of its effi-
ciency and ease of use. However, the prolonged expression of Cas9
in target cells raises important safety concerns regarding off-target
cleavage, cytotoxicity, and immune responses.1–3 To maximize safety,
Cas9 expression should be transient, ceasing after the desired DNA
double-strand break has been accomplished. In this study, we have
achieved this by developing a system for producing helper-dependent
adenoviruses (HDAds) that express Streptococcus pyogenes CRISPR/
Cas9, which directs self-cleavage of the vectors’ own genome
following transduction of target cells. HDAds have no viral genes
and are excellent for many gene- and cell-therapy applications
because they can mediate high-efficiency transduction of many
different cells types from many different species in vivo and in vitro
independent of the cell cycle, they have an enormous cloning capacity
of 36 kb, they do not integrate into the host genome, and they provide
long-term transgene expression with reduced toxicity.4 Thus, this sys-
tem can be used to improve the safety of CRISPR/Cas9 gene editing,
and its utility and implications are discussed.
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RESULTS
Producing a CRISPR/Cas9-mediated self-cleaving HDAd was not our
original objective. Instead, we were originally interested in producing
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an all-in-one HDAd for homology-directed repair (HDR) by gene
targeting (Figure 1). This is because we5,6 and others7–18 have shown
that HDAds can efficiently deliver donor DNA into cells to achieve
gene targeting by spontaneous homologous recombination. We hy-
pothesized that the efficiency of gene targeting by HDAd could be
further improved by incorporating CRISPR/Cas9 to introduce a re-
combinogenic double-strand break (DSB) at the chromosomal target
(Figure 1). Thus, we constructed an all-in-one HDAd (called
HD+donor+sgRNA+Cas9) that contained the donor DNA and ex-
pressed Cas9 and single-guide RNA (sgRNA) to target the chromo-
some (Figures 1 and 2A). To avoid self-cleavage of the all-in-one
HDAd during vector production, the canonical 50 CCA 30 protospacer
adjacent motif (PAM) in the donor was mutated to 50 TCA 30 (Figures
1 and 3A). However, HD+donor+sgRNA+Cas9 could not be pro-
duced with our standard 116 producer cells19 and our standard helper
virus AdNG163;20 multiple viral bands were present after cesium
chloride (CsCl) ultracentrifugation (Figure 3C) and restriction anal-
ysis of the virion DNA (Figure 4, lane 3) revealed that it did not match
the expected pattern of the plasmid from which it was derived (Fig-
ure 4, lane 4). These results indicate that the vector had undergone
genomic rearrangement. Sequencing of the HD+donor+sgRNA+
Cas9 virion DNA revealed site-specific Cas9 cleavage (Figure 3C)
compared to the expected sequence of its parental plasmid (Fig-
ure 3B); the sequence is interpretable and as expected up to the
Cas9 cleavage site, but afterward it becomes uninterpretable, and
this can be attributed to the formation of insertions and deletions (in-
dels) due to non-homologous end joining (NHEJ) as a consequence of
site-specific Cas9 cleavage (Figure 3C). Together, these results indi-
cate that during production of HD+donor+sgRNA+Cas9, CRISPR/
Cas9-mediated site-specific self-cleavage occurred despite mutating
the PAM in the donor from 50 CCA 30 to 50 TCA 30. That CRISPR/
Cas9 can cleave at sgRNA target sites without a canonical 50 CCN
30 PAM has been observed, albeit at much reduced efficiencies.21–23

And this is likely exacerbated during vector production because the
HDAd genome containing the Cas9 expression cassette is replicated
to 105 to 106 copies,24 which results in an enormous amount of
Cas9 in the producer cells leading to efficient site-specific cleavage
of the donor DNA, even with the 50 CCA 30 to 50 TCA 30 PAM
019 ª 2019 The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Gene Targeting with an All-in-One HDAd

The all-in-one HDAd, HD+donor+sgRNA+Cas9, bears the donor DNA, a Cas9

expression cassette, and an sgRNA expression cassette. The 50 CCA 30 PAM is

changed to 50 TCA 30 in the donor DNA of all-in-one HDAd as a strategy to prevent

self-cleavage during vector production.
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mutation. It was our desire to produce this all-in-one HDAd without
genomic rearrangement that led to the successful development of a
system to produce a CRISPR/Cas9-mediating self-cleaving HDAd
as detailed below.
Molecul
One possible strategy to overcome CRISPR/Cas9-mediated self-
cleavage is to downregulate Cas9 mRNA during vector production
by miRNA. Two such strategies have been described to downregu-
late transgene expression from the HDAd during its production.25,26

The first strategy makes use of two microRNAs (miRNAs), hsa-
miR183-5p and hsa-miR218-5p, expressed exclusively by the
HDAd producer cells.25 The second strategy makes use of a miRNA
expressed by the helper virus called mivaRNAI.26 Because these
miRNAs are only present during vector production, transgene
expression from the HDAd is unimpeded in the transduced target
cells.25,26 We utilized both strategies by inserting the target sequence
for these three miRNAs in the 30 UTR of the Cas9 expressed to
create HD-donor-sgRNA-Cas9miR (Figure 2B) and attempted to
produce this vector in 116 cells with AdNG163. Unfortunately,
multiple viral bands were observed following CsCl ultracentri-
fugation, indicating vector genome rearrangement (Figure 3D).
Figure 2. Helper-Dependent Adenoviruses, Helper

Virus, and Plasmids Used in this Study

(A and B) All-in-one HDAd for HDR. (C) Helper virus ex-

pressing AcrIIA2 and AcrIIA4. (D and E) Self-cleaving

HDAds. (F) AcrIIA2 and AcrIIA4 expressing plasmids used

to generate 116Acr3 cells. The miRNA target sites hsa-

miR183-5p and hsa-miR218-5p have been abbreviated

miR183 and miR218, respectively. See text for details.

ar Therapy: Methods & Clinical Development Vol. 13 June 2019 433

http://www.moleculartherapy.org


Figure 3. Production and Analyses of All-in-One

HDAds

(A) Sequence of the chromosome and donor showing the

sgRNA. The 50 CCA 30 PAM in the chromosome is

changed to 50 TCA 30 in the donor as a strategy to prevent

CRISPR/Cas9 self-cleavage of the donor. (B) Sequence

analyses of the plasmid of HD+donor+sgRNA+Cas9. (C)

Appearance of the viral band after CsCl ultracentrifugation

and sequence analyses of HD+donor+sgRNA+Cas9

produced in 116 cells with AdNG163. (D) Appearance of

the viral band after CsCl ultracentrifugation and sequence

analyses of HD+donor+sgRNA+Cas9miR produced in

116 cells with AdNG163. (E) Appearance of the viral band

after CsCl ultracentrifugation and sequence analyses of

HD+donor+sgRNA+Cas9miR produced in 116 cells with

AdNG163Acr.
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Encouragingly, the number of virus bands was reduced compared
to that observed for HD+donor+sgRNA+Cas9, suggesting the
miRNA strategy reduced but did not eliminate CRISPR/Cas9-medi-
ated self-cleavage. Restriction analysis of the HD+donor+sgRNA+
Cas9miR virion DNA (Figure 4, lane 5) revealed that it did not
match the expected pattern of the plasmid from which it was
derived (Figure 4, lane 6). These results indicate that the vector
had undergone genomic rearrangement. Sequence analyses of the
HD+donor+sgRNA+Cas9miR virion DNA revealed site-specific
Cas9 cleavage (Figure 3D) compared to the expected sequence of
its parental plasmid (Figure 3B); the sequence is as expected up to
the Cas9 cleavage site, after which it becomes uninterpretable
because of indel formation due to NHEJ (Figure 3D). Again, it
was encouraging that the sequence of HD+donor+sgRNA+Cas9miR
was more “interpretable” than that of HD+donor+sgRNA+Cas9
(Figure 3C), again indicating that the miRNA strategy was able to
reduce but not eliminate of CRISPR/Cas9-mediated self-cleavage
during HDAd production even with the PAM mutated from 50

CCA 30 to 50 TCA 30.
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In an attempt to further reduce CRISPR/Cas9-
mediated self-cleavage during production of
HD+donor+sgRNA+Cas9miR, we inserted a
cassette to express the anti-CRISPR proteins
AcrIIA2 and AcrIIA4 into the helper virus
AdNG163 to create AdNG163Acr (Figure 2C).
AcrIIA2 and AcrIIA4 bind to and inactivate
Cas9 proteins.27 Expressing these anti-CRISPR
proteins from the helper virus genome
ensures that enormous amounts of AcrIIA4
and AcrIIA2 are produced during HDAd pro-
duction because the anti-CRISPR expression
cassette would be replicated to very high copy
number (105 to 106 copies). However, following
HDAd purification, the Cas9 protein expressed
from the HDAd will not be inhibited in trans-
duced cells due to the absence of AdNG163Acr
and thus the absence of AcrIIA2 and AcrIIA4.
Encouragingly, production of HD+donor+sgRNA+Cas9miR in 116
cells with AdNG163Acr yielded a single virus band following CsCl ul-
tracentrifugation (Figure 3E). Also encouraging was that restriction
analysis of the HD+donor+sgRNA+Cas9miR virion DNA (Figure 4,
lane 9) revealed a pattern that was indistinguishable to the plasmid
from which it was derived (Figure 4, lane 10). Finally, sequence anal-
ysis of HD+donor+sgRNA+Cas9miR virion DNA revealed the ex-
pected sequence with no evidence of indel formation at the Cas9
cleavage site (Figure 3E). Taken together, these results indicate that
the all-in-one HD+donor+sgRNA+Cas9miR could be successfully
produced without self-cleavage in 116 cells with AdNG163Acr.

Although the combination of miRNA and anti-CRISPR proteins
expressed from the helper virus permitted for the production of
HD+donor+sgRNA+Cas9miR, it should be emphasized that the
CRISPR/Cas9 target in the vector contained the 50 CCA 30 to 50

TCA 30 PAM mutation. Would this same strategy permit successful
production of CRISPR/Cas9-mediated self-cleaving HDAd with a
bona fide 50 CCN 30 PAM? The significance of producing such a



Figure 4. Restriction Analyses of Virion DNAs

DNAs in lanes 2 to 10 were digested with HincII. DNAs

in lanes 13 to 19 were digested with SmaI. See text for

details.
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vector will be addressed in the Discussion. To answer this question,
we created two new HDAds designed to self-cleave their own
reporter LacZ transgene, called HD+LacZ+sgRNA633+Cas9miR
and HD+LacZ+sgRNA86+Cas9miR (Figures 2D and 2E), and pro-
ceeded to produce them in 116 cells with AdNG163Acr. HD+LacZ+
sgRNA633+Cas9miR and HD+LacZ+sgRNA86+Cas9miR differ in
the sgRNA sequence used to self-cleave the LacZ transgene, and
both contain targets for mivaRNAI, hsa-miR183-5p, and hsa-
miR218-5p in the 30 UTR their Cas9 expression cassettes. As shown
in Figures 5A and 5D, only a single virus band was visible following
CsCl ultracentrifugation. Restriction analyses of virion DNA from
both vectors (Figure 4, lane 14 for HD+LacZ+sgRNA633+Cas9miR
and lane 17 for HD+LacZ+sgRNA86+Cas9miR) revealed a pattern
indistinguishable from their parental plasmids (Figure 4, lanes 13
and 19, respectively), but with additional faint bands consistent
with the AdNG163Acr (see Figure 4, lane 16). Sequence analyses of
the virion DNA revealed indel formation precisely at the site of
Cas9 cleavage for both vectors (Figures 5A and 5D). Therefore, the
method that successfully produced HD+donor+sgRNA+Cas9miR
(bearing 50 CCA 30 to 50 TCA 30 PAM mutation) by preventing
CRISPR/Cas9-mediated self-cleavage, did not permit production
of HD+LacZ+sgRNA633+Cas9miR and HD+LacZ+sgRNA86+-
Cas9miR, indicating that suppression of CRISPR/Cas9 by mivaRNAI,
hsa-miR183-5p, and hsa-miR218-5p, and AcrIIA4 and AcrIIA2 when
expressed from the helper virus, were not enough to prevent cleavage
in the presence of a bona fide 50 CCN 30 PAM.

Therefore, we sought next to further inhibit Cas9 activity during vec-
tor production by engineering the producer cells to constitutively
express AcrIIA4 and AcrIIA2. This was accomplished by stably trans-
fecting the producer cell line 116 with the plasmid pNG191 (Fig-
ure 2F), and G418-resistant colonies were screened by their ability
Molecular Therapy: Methods &
to amplify HD+LacZ+sgRNA633+Cas9miR us-
ing the ANG163Acr. Several G418-resistant
clones were able to amplify HD+LacZ+
sgRNA633+Cas9miR, and one such cell line,
116Acr3, was chosen for large-scale production
of HD+LacZ+sgRNA633+Cas9miR and HD+
LacZ+sgRNA86+Cas9miR using AdNG163Acr.
Following CsCl ultracentrifugation, only a
single virus band was visible for of HD+LacZ+
sgRNA633+Cas9miR (Figure 5B) and HD+
LacZ+sgRNA86+Cas9miR (Figure 5E). Restric-
tion analyses of virion DNA from both vectors
(Figure 4, lane 15 for HD+LacZ+sgRNA633+
Cas9miR and lane 18 for HD+LacZ+
sgRNA86+Cas9miR) revealed a pattern indis-
tinguishable from their parental plasmids (Figure 4, lanes 13 and
19, respectively). Sequence analyses of HD+LacZ+sgRNA633+
Cas9miR and HD+LacZ+sgRNA86+Cas9miR virion DNAs revealed
the expected sequence with no evidence of indel formation at the site
of Cas9 cleavage (Figures 5B and 5E, respectively). Finally, because
HD+LacZ+sgRNA633+Cas9miR and HD+LacZ+sgRNA86+
Cas9miR contain the reporter LacZ transgene, their infectivity (the
proportion of physical viral particles that are infectious expressed
as the viral particle to blue-forming unit ratio [vp:BFU]) can be
determined by titration.20 HD+LacZ+sgRNA633+Cas9miR and
HD+LacZ+sgRNA86+Cas9miR produced in 116Acr3 cells with
AdNG163Acr without genome rearrangement (Figures 5B and 5E)
had vp:BFU ratios of 24:1 and 18:1, respectively. These ratios are
comparable to the parental HDD28E4LacZ from which they were
derived, which ranged from 12:1 to 22:1,19,20 and all of these
ratios are below the FDA recommended ratio of 30:1 for clinical-
grade adenoviruses.28 In contrast, HD+LacZ+sgRNA633+Cas9miR
and HD+LacZ+sgRNA86+Cas9miR produced in 116 cells with
AdNG163Acr that showed evidence of indel formation within the
LacZ transgene (Figure 5A and 5C) had much higher vp:BFU ratios
of 44:1 and 87:1. This higher vp:BFU was expected because a subpop-
ulation of these vectors will have had their LacZ transgene inactivated
by CRISPR/Cas9-mediated indel formation.

With a producer cell expressing AcrIIA2 and AcrIIA4 along with a
helper virus expressing AcrIIA2 and AcrIIA4, we wondered if down-
regulation of Cas9 mRNA by mivaRNAI, hsa-miR183-5p, and hsa-
miR218-5p was still required to prevent self-cleavage during vector
production. To determine this, we tried to produce HD+LacZ+
sgRNA633+Cas9 (which lacks the target sites for mivaRNAI, hsa-
miR183-5p, and hsa-miR218-5p; see Figure 2A) in 116Acr3 cells
with AdNG163Acr. The results revealed that self-cleavage had
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Figure 6. Strategy for the Production of CRISPR/

Cas9-Mediated Self-Cleaving HDAds

The self-cleaving HDAd (HD+LacZ+sgRNA663+

Cas9miR) expresses Cas9 and sgRNA that targets itself

(green lines). However, during vector production, Cas9

mRNA is downregulated by mivaRNAI expressed from the

helper virus (AdNG163Acr) and hsa-miR183-5p and hsa-

miR218-5p from the 116Acr3 producer cells due to the

presence of these miRNAs’ target sites in the 30 UTR (red

lines). Additionally, Cas9 protein activity is inhibited by

AcrIIA4 and AcrIIA2 expressed from the helper virus

AdNG163Acr and from the 116Acr3 producer cell (red

lines).
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occurred during vector production; as shown in Figure 5C, more than
one viral band was visible following CsCl ultracentrifugation,
sequence analyses of the virion DNA reveal indel formation at the
Cas9 cleavage site, and titration of the vector revealed a reduction
in infectivity with a vp:BFU ratio of 62:1. These results indicate that
downregulation of Cas9 mRNA by mivaRNAI, hsa-miR183-5p, and
hsa-miR218-5p is necessary to prevent self-cleavage during vector
production.

In summary, we were successful in producing CRISPR/Cas9-medi-
ated self-cleavage of the HDAd even when the sgRNA target
within the vector possessed a bona fide 50 CCN 30 PAM, by exploit-
ing mivaRNAI, hsa-miR183-5p, and hsa-miR218-5p to downregu-
late Cas9 mRNA and by inhibiting Cas9 protein activity through
expression of AcrIIA2 and AcrIIA4 from the producer cells and
helper virus (Figure 6). However, because mivaRNAI, hsa-
miR183-5p, and hsa-miR218-5p, AcrIIA2, and AcrIIA4 are only
present in the producer cells, CRISPR/Cas9-mediated HDAd self-
cleavage is unimpeded following transduction of the desired target
cells.

DISCUSSION
We have developed a method of producing HDAds that express
CRISPR/Cas9 to target their own genome for cleavage. Successful
production of these CRISPR/Cas9-mediated self-cleaving HDAds
relies on downregulating Cas9 mRNA and inhibiting Cas9 protein
Figure 5. Production and analyses of CRISPR/Cas9-mediated self-cleaving HDAds

(A) Appearance of the viral band after CsCl ultracentrifugation and sequence analyses of HD+LacZ+sgRNA6

(B) Appearance of the viral band after CsCl ultracentrifugation and sequence analyses of HD+LacZ+sgRNA633

(C) Appearance of the viral band after CsCl ultracentrifugation and sequence analyses of HD+LacZ+sgRNA

(D) Appearance of the viral band after CsCl ultracentrifugation and sequence analyses of HD+LacZ+sgRNA

(E) Appearance of viral band after CsCl ultracentrifugation and sequence analyses of HD+LacZ+sgRNA86+

The infectivity (vp:BFU ratio) of each HDAd is also shown.
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activity during HDAd production. Downregula-
tion of Cas9 mRNA was accomplished by
inserting target sites for the helper-virus-en-
coded mivaRNAI and target sites for the pro-
ducer-cell-specific miRNAs hsa-miR183-5p
and hsa-miR218-5p in the 30 UTR of the Cas9
expression cassette in the HDAd. Cas9 protein activity was inhibited
by expression of the anti-CRISPR proteins AcrIIA2 and AcrIIA4 by
the producer cells and the helper virus.

The ability to produce a CRISPR/Cas9-mediated self-cleaving HDAd
is significant because long-term Cas9 expression is undesirable due
to safety concerns associated with off target cleavage, cytotoxicity,
and immune responses.1–3 A CRISPR/Cas9-mediated self-cleaving
HDAd would solve these problems. For example, the desired gene ed-
iting can be performed with a CRISPR/Cas9-mediated self-cleaving
HDAd, which also limits the duration of CRISPR/Cas9 expression
(Figure 7).

Recently, Li et al.1 reported toxicity following transduction of hu-
man hematopoietic stem cells with HDAd expressing CRISPR/
Cas9. This CRISPR/Cas9-mediated toxicity was alleviated by trans-
duction with a second HDAd expressing AcrIIA2 and AcrIIA4.
However, the requirement for sequential co-transduction by two
HDAds adds cost and complexity and reduces efficiency, and
transduced cells continue to express immunogenic Cas9, AcrIIA2,
and AcrIIA4. Instead, the CRISPR/Cas9-mediated self-cleaving
HDAd described herein represents an improved approach able
to accomplish the same objective but without the drawbacks
noted. Finally, the strategies described here may be adapted to pro-
duce CRISPR/Cas9-mediated self-cleaving vectors based on other
viruses.
33+Cas9miR produced in 116 cells with AdNG163Acr.

+Cas9miR produced in 116Acr3 cells with AdNG163Acr.

86+Cas9 produced in 116Acr3 cells with AdNG163Acr.

86+Cas9miR produced in 116 cells with AdNG163Acr.

Cas9miR produced in 116Acr3 cells with AdNG163Acr.
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Figure 7. CRISPR/Cas9-Mediated Self-Cleaving

HDAd

The HDAd expresses two sgRNAs; sgRNA1 directs Cas9

cleavage at the desired chromosomal target, whereas

sgRNA2 directs Cas9 to cleave its own gene, thus ex-

tinguishing Cas9 expression. Different cleavage effi-

ciencies for the two sites may be manipulated to optimize

the desired outcome. For example, to better ensure

chromosomal target site cleavage before self-cleavage, a

stronger promoter could be used to drive sgRNA1 than

sgRNA2 and/or a more optimized structure can be used

for sgRNA1 than sgRNA2.29
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MATERIALS AND METHODS
Adenoviruses

HD+donor+sgRNA+Cas9 was derived from HD-23.8-CFTRm-
PACTk-DTA6 by replacing the LacZ expression cassette with a
Cas9 expression and by changing the PAM in the donor from 50

CCA 30 to 50 TCA 30. HD+donor+sgRNA+Cas9miR was derived
from HD+donor+sgRNA+Cas9 by inserting the target sequences
for mivaRNAI, hsa-miR183-5p, and hsa-miR218-5p (shown in Fig-
ure 2) into the NotI site present in the 30 UTR of Cas9 expression
cassette in HD+donor+sgRNA+Cas9. The helper virus AdNG163Acr
was derived from AdNG16320 by inserting the AcrIIA4 and AcrIIA2
expression cassette into the ClaI sites of the stuffer sequence in the
adenoviral E3 region. HD+LacZ+sgRNA663+Cas9miR was con-
structed by inserting the 5,896-bp AscI fragment containing the
Cas9 expression cassette from HD+donor+sgRNA+Cas9miR into
the unique AscI site of HDD28E4LacZ19 followed by inserting the
sgRNA633 expression cassette into the unique SrfI site. HD+LacZ+
sgRNA86+Cas9miR was constructed the same way, except the
sgRNA86 expression cassette was inserted into the unique SrfI site.
Further details regarding the cloning can be provided upon request.
All HDAds were produced, purified, and characterized as previously
described19 with one exception: for the HDAds shown in Figures 3E
and 5, 10 mg of a plasmid containing an AcrIIA4 and AcrIIA2 expres-
sion cassette was co-transfected along with the HDAd plasmids at se-
rial passage 0 to ensure the presence of AcrIIA4 and AcrIIA2 during
the 4 to 6 h before infection with AdNG163Acr.
HDAd Producer Cell

The plasmid pNG191 (Figure 2F) contains the expression AcrIIA4
and AcrIIA2 from AdNG163Acr but with a synthetic DNA sequence
bearing the neomycin-resistance coding region inserted between
AcrIIA2 and the polyadenylation signal. The 116Acr3 producer cell
line was generated as follows: plasmid pNG191 was digested with
ApaLI, and 2 mg was transfected into 60-mm dishes of 116 cells19

cultured in 100 mg/mL hygromycin (Sigma, St. Louis, MO, USA).
Forty-eight hours later, G418 (InvivoGen, San Diego, CA, USA)
438 Molecular Therapy: Methods & Clinical Development Vol. 13 June 2
was added to the culture media at a concentration of 400 mg/mL.
Well-isolated drug-resistant colonies were picked and expanded to
assess their ability to amplify HD+LacZ+sgRNA663+Cas9miR as
described previously.19

AUTHOR CONTRIBUTIONS
D.J.P, D.L.T., and P.N. conducted the experiments. P.N. designed the
experiments and wrote the paper.

ACKNOWLEDGMENTS
This work was supported by internal Baylor College of Medicine
funds.

REFERENCES
1. Li, C., Psatha, N., Gil, S., Wang, H., Papayannopoulou, T., and Lieber, A. (2018).

HDAd5/35++ Adenovirus Vector Expressing Anti-CRISPR Peptides Decreases
CRISPR/Cas9 Toxicity in Human Hematopoietic Stem Cells. Mol. Ther. Methods
Clin. Dev. 9, 390–401.

2. Ihry, R.J., Worringer, K.A., Salick, M.R., Frias, E., Ho, D., Theriault, K., Kommineni,
S., Chen, J., Sondey, M., Ye, C., et al. (2018). p53 inhibits CRISPR-Cas9 engineering in
human pluripotent stem cells. Nat. Med. 24, 939–946.

3. Kosicki, M., Tomberg, K., and Bradley, A. (2018). Repair of double-strand breaks
induced by CRISPR-Cas9 leads to large deletions and complex rearrangements.
Nat. Biotechnol. 36, 765–771.

4. Brunetti-Pierri, N., and Ng, P. (2015). Helper-dependent adenoviral vectors for gene
therapy. In Gene and Cell Therapy: Therapeutic Mechanisms and Strategies, Fourth
Edition, N.S. Templeton, ed. (CRC Press), pp. 47–84.

5. Palmer, D.J., Grove, N.C., Ing, J., Crane, A.M., Venken, K., Davis, B.R., and Ng, P.
(2016). Homology Requirements for Efficient, Footprintless Gene Editing at the
CFTR Locus in Human iPSCs with Helper-dependent Adenoviral Vectors. Mol.
Ther. Nucleic Acids 5, e372.

6. Palmer, D.J., Grove, N.C., Turner, D.L., and Ng, P. (2017). Gene editing with helper-
dependent adenovirus can efficiently introduce multiple changes simultaneously over
a large genomic region. Mol. Ther. Nucleic Acids. 15, 101–110.

7. Ohbayashi, F., Balamotis, M.A., Kishimoto, A., Aizawa, E., Diaz, A., Hasty, P.,
Graham, F.L., Caskey, C.T., and Mitani, K. (2005). Correction of chromosomal mu-
tation and random integration in embryonic stem cells with helper-dependent adeno-
viral vectors. Proc. Natl. Acad. Sci. USA 102, 13628–13633.

8. Suzuki, K., Mitsui, K., Aizawa, E., Hasegawa, K., Kawase, E., Yamagishi, T., Shimizu,
Y., Suemori, H., Nakatsuji, N., and Mitani, K. (2008). Highly efficient transient gene
019

http://refhub.elsevier.com/S2329-0501(19)30036-1/sref1
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref1
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref1
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref1
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref1
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref2
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref2
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref2
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref3
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref3
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref3
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref4
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref4
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref4
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref5
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref5
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref5
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref5
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref6
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref6
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref6
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref7
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref7
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref7
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref7
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref8
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref8


www.moleculartherapy.org
expression and gene targeting in primate embryonic stem cells with helper-depen-
dent adenoviral vectors. Proc. Natl. Acad. Sci. USA 105, 13781–13786.

9. Li, M., Suzuki, K., Qu, J., Saini, P., Dubova, I., Yi, F., Lee, J., Sancho-Martinez, I., Liu,
G.H., and Izpisua Belmonte, J.C. (2011). Efficient correction of hemoglobinopathy-
causing mutations by homologous recombination in integration-free patient iPSCs.
Cell Res. 21, 1740–1744.

10. Liu, G.H., Suzuki, K., Qu, J., Sancho-Martinez, I., Yi, F., Li, M., Kumar, S., Nivet, E.,
Kim, J., Soligalla, R.D., et al. (2011). Targeted gene correction of laminopathy-asso-
ciated LMNA mutations in patient-specific iPSCs. Cell Stem Cell 8, 688–694.

11. Liu, G.H., Qu, J., Suzuki, K., Nivet, E., Li, M., Montserrat, N., Yi, F., Xu, X., Ruiz, S.,
Zhang, W., et al. (2012). Progressive degeneration of human neural stem cells caused
by pathogenic LRRK2. Nature 491, 603–607.

12. Liu, G.H., Suzuki, K., Li, M., Qu, J., Montserrat, N., Tarantino, C., Gu, Y., Yi, F., Xu,
X., Zhang,W., et al. (2014). Modelling Fanconi anemia pathogenesis and therapeutics
using integration-free patient-derived iPSCs. Nat. Commun. 5, 4330.

13. Aizawa, E., Hirabayashi, Y., Iwanaga, Y., Suzuki, K., Sakurai, K., Shimoji, M., Aiba, K.,
Wada, T., Tooi, N., Kawase, E., et al. (2012). Efficient and accurate homologous
recombination in hESCs and hiPSCs using helper-dependent adenoviral vectors.
Mol. Ther. 20, 424–431.

14. Umeda, K., Suzuki, K., Yamazoe, T., Shiraki, N., Higuchi, Y., Tokieda, K., Kume, K.,
Mitani, K., and Kume, S. (2013). Albumin gene targeting in human embryonic stem
cells and induced pluripotent stem cells with helper-dependent adenoviral vector to
monitor hepatic differentiation. Stem Cell Res. (Amst.) 10, 179–194.

15. Suzuki, K., Yu, C., Qu, J., Li, M., Yao, X., Yuan, T., Goebl, A., Tang, S., Ren, R., Aizawa,
E., et al. (2014). Targeted gene correction minimally impacts whole-genome muta-
tional load in human-disease-specific induced pluripotent stem cell clones. Cell
Stem Cell 15, 31–36.

16. Yoshida, T., Ozawa, Y., Suzuki, K., Yuki, K., Ohyama, M., Akamatsu, W., Matsuzaki,
Y., Shimmura, S., Mitani, K., Tsubota, K., and Okano, H. (2014). The use of induced
pluripotent stem cells to reveal pathogenic gene mutations and explore treatments for
retinitis pigmentosa. Mol. Brain 7, 45.

17. Zhang, W., Li, J., Suzuki, K., Qu, J., Wang, P., Zhou, J., Liu, X., Ren, R., Xu, X.,
Ocampo, A., et al. (2015). Aging stem cells. A Werner syndrome stem cell model un-
veils heterochromatin alterations as a driver of human aging. Science 348, 1160–1163.

18. Yamamoto, H., Ishimura, M., Ochiai, M., Takada, H., Kusuhara, K., Nakatsu, Y.,
Tsuzuki, T., Mitani, K., and Hara, T. (2016). BTK gene targeting by homologous
Molecul
recombination using a helper-dependent adenovirus/adeno-associated virus hybrid
vector. Gene Ther. 23, 205–213.

19. Palmer, D., and Ng, P. (2003). Improved system for helper-dependent adenoviral vec-
tor production. Mol. Ther. 8, 846–852.

20. Palmer, D.J., and Ng, P. (2004). Physical and infectious titers of helper-dependent
adenoviral vectors: a method of direct comparison to the adenovirus reference mate-
rial. Mol. Ther. 10, 792–798.

21. Ran, F.A., Cong, L., Yan, W.X., Scott, D.A., Gootenberg, J.S., Kriz, A.J., Zetsche, B.,
Shalem, O., Wu, X., Makarova, K.S., et al. (2015). In vivo genome editing using
Staphylococcus aureus Cas9. Nature 520, 186–191.

22. Kleinstiver, B.P., Pattanayak, V., Prew, M.S., Tsai, S.Q., Nguyen, N.T., Zheng, Z., and
Joung, J.K. (2016). High-fidelity CRISPR-Cas9 nucleases with no detectable genome-
wide off-target effects. Nature 529, 490–495.

23. Kleinstiver, B.P., Prew, M.S., Tsai, S.Q., Topkar, V.V., Nguyen, N.T., Zheng, Z.,
Gonzales, A.P., Li, Z., Peterson, R.T., Yeh, J.R., et al. (2015). Engineered CRISPR-
Cas9 nucleases with altered PAM specificities. Nature 523, 481–485.

24. Kelly, T.J., Jr. (1984). Adenovirus DNA replication. In The Adenovirus, H.S.
Ginsberg, ed. (Plenum Press), pp. 271–308.

25. Saydaminova, K., Ye, X., Wang, H., Richter, M., Ho, M., Chen, H., Xu, N., Kim, J.S.,
Papapetrou, E., Holmes, M.C., et al. (2015). Efficient genome editing in hematopoietic
stem cells with helper-dependent Ad5/35 vectors expressing site-specific endonucle-
ases under microRNA regulation. Mol. Ther. Methods Clin. Dev. 1, 14057.

26. Palmer, D.J., Grove, N.C., and Ng, P. (2016). Helper virus-mediated downregulation
of transgene expression permits production of recalcitrant helper-dependent adeno-
viral vector. Mol. Ther. Methods Clin. Dev. 3, 16039.

27. Rauch, B.J., Silvis, M.R., Hultquist, J.F., Waters, C.S., McGregor, M.J., Krogan, N.J.,
and Bondy-Denomy, J. (2017). Inhibition of CRISPR-Cas9 with Bacteriophage
Proteins. Cell 168, 150–158.e10.

28. Simek, S., Byrnes, A., and Bauer, S. (2002). FDA perspective on the use of the adeno-
virus reference material. Bioprocessing 1, 40–42.

29. Dang, Y., Jia, G., Choi, J., Ma, H., Anaya, E., Ye, C., Shankar, P., and Wu, H. (2015).
Optimizing sgRNA structure to improve CRISPR-Cas9 knockout efficiency. Genome
Biol. 16, 280.
ar Therapy: Methods & Clinical Development Vol. 13 June 2019 439

http://refhub.elsevier.com/S2329-0501(19)30036-1/sref8
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref8
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref9
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref9
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref9
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref9
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref10
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref10
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref10
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref11
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref11
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref11
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref12
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref12
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref12
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref13
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref13
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref13
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref13
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref14
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref14
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref14
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref14
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref15
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref15
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref15
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref15
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref16
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref16
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref16
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref16
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref17
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref17
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref17
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref18
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref18
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref18
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref18
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref19
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref19
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref20
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref20
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref20
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref21
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref21
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref21
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref22
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref22
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref22
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref23
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref23
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref23
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref24
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref24
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref25
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref25
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref25
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref25
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref26
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref26
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref26
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref27
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref27
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref27
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref28
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref28
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref29
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref29
http://refhub.elsevier.com/S2329-0501(19)30036-1/sref29
http://www.moleculartherapy.org

	Production of CRISPR/Cas9-Mediated Self-Cleaving Helper-Dependent Adenoviruses
	Introduction
	Results
	Discussion
	Materials and Methods
	Adenoviruses
	HDAd Producer Cell

	Author Contributions
	Acknowledgments
	References


