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Adeno-associated virus (AAV)-mediated delivery of the clus-
tered regularly interspaced short palindromic repeat-
CRISPR-associated protein 9 (CRISPR-Cas9) has shown
promising results in preclinical models. However, the long-
term expression of Cas9 mediated by AAV in the post-mitotic
cells raises concerns with specificity and immunogenicity.
Thus, it would be advantageous to limit the duration of
Cas9 expression following delivery. In this study, we have en-
gineered an all-in-one self-cleavage AAV-CRISPR-Cas9 sys-
tem to restrict the expression of Cas9 nuclease, which consists
of a Cas9 nuclease from Staphylococcus aureus (SaCas9), a
chimeric single guide RNA (sgRNA) molecule targeting
PCSK9, and flanking sites targeted by this sgRNA. The self-
cleavage system generated a negative feedback loop where
Cas9 cut both the target genomic locus and the AAV vector,
thus self-limiting the expression of Cas9. We demonstrated
that this system could reduce �60% expression of SaCas9 pro-
tein and had a 20-fold reduction in off-target activity at
24 weeks post-vector administration in vivo. Moreover, the
on-target editing efficacy was not compromised and resulted
in a stable reduction in circulating PCSK9 and serum choles-
terol. The inclusion of this self-cleavage system in gene-
editing approaches could increase the safety profile of AAV-
delivered genome-editing nucleases and thereby promote its
clinical transformation.

INTRODUCTION
The clustered regularly interspaced short palindromic repeat-
CRISPR-associated protein 9 (CRISPR-Cas9) system is a powerful
technology for genome editing and gene-expression control.1 The
Cas9 nuclease could direct to a specific genomic region cleaving
the DNA target sequence with a single guide RNA (sgRNA).2,3

Especially, the presence of a protospacer adjacent motif (PAM) in
the target DNA is strictly required for sgRNA-guided DNA recog-
nition and cleavage.4,5 This system has great potential for both basic
research and clinical applications because of its simplicity, high ef-
ficiency, design flexibility, and multiplex targeting capacity.6,7 It has
been widely used in diverse fields of medical research, biotech-
nology, and agriculture. Safe and efficient delivery of CRISPR-
Cas9 in vivo remains the key challenge for its applications in disease
treatments. At present, adeno-associated virus (AAV)-mediated
delivery of the CRISPR-Cas9 system has shown high gene targeting
efficacy in vivo. AAV has low immunogenicity and serotype speci-
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ficity, which can safely deliver the CRISPR-Cas9 system to various
cell types, tissues, and organs.8–10 It has been reported that AAV-
based CRISPR-Cas9 therapeutic genome editing has been used in
numerous studies involving disease animal models and patients.11

The successful applications of AAV vectors in gene therapy pro-
moted their adoption for clinical trials. However, AAV vectors
genome can largely remain as stable episomes inside host cells.
They can mediate long-term transgene expression in post-mitotic
cells and lead to long-term therapeutic efficacy. But in many
genome editing applications, it is not necessary for permanent
expression of an active genome-editing system. It has been shown
that the long-term expression of Cas9 in target cells can pose a
safety concern such as cytotoxicity, off-target risks, and immune re-
sponses in vivo.12–14 Thus, it would be advantageous to limit the
duration of Cas9 nuclease expression following delivery for clinical
therapeutic research.

Proprotein convertase subtilisin/kexin type 9 (PCSK9) specifically
expressed and secreted from the liver and bound to low-density
lipoprotein receptor (LDLR). It has been reported that the loss-
of-function mutations in PCSK9 can significantly reduce the levels
of LDL cholesterol (LDL-C) and coronary heart disease risks.15,16

Inhibition of PCSK9 using CRISPR-Cas9 for the treatment of car-
diovascular disease has achieved a reduction of serum choles-
terol.17–20 In the present study, we developed a self-cleavage
AAV-CRISPR-Cas9 system that consists of a Cas9 nuclease from
Staphylococcus aureus (SaCas9), a chimeric sgRNA molecule tar-
geting PCSK9, and flanking sites targeted by this sgRNA. We
demonstrated that this system can effectively eliminate SaCas9
protein expression without compromising on-target efficacy and
significantly reduce the off-target effect and immune effect of
CRISPR-Cas9 in vivo. Introducing this self-cleavage strategy in
gene-editing approaches has the potential to enhance the safety
profile of AAV-delivered genome-editing nucleases and thereby
address the concerns with therapeutic applications of AAV-medi-
ated CRISPR-Cas9 system.
2021 ª 2021 The Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Construction and comparison of self-cleavage vectors in vitro

(A) Schematic illustrating self-cleavage AAV-CRISPR-Cas9 systems. (B) In vitro validation of self-cleavage plasmids in the H2.35 mouse cell line by transient transfection and

SURVEYOR nuclease assays. Arrows represent SURVEYOR nuclease cleaved fragments of the PCSK9 PCR products. (C) Western blot analysis. Cell lysates were prepared

at different time points from H2.35 mouse cell line transiently transfected with self-cleavage candidates or control vectors for detection of SaCas9 protein. (D) Quantitative

analysis of virus genome copy number at different time points after infection with Huh7 cell line by qPCR. Mean ± SEM are shown.
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RESULTS
Construction and evaluation of self-cleavage AAV-CRISPR-

Cas9 vectors in vitro

We designed and engineered 3 sgRNAs (Table S1) targeting PCSK9
exon 3 and confirmed their activities in vitro in the murine cell line
H2.35 without puromycin selection, via SURVEYOR nuclease assays.
The sgRNA2 demonstrated a higher on-target editing efficiency
(�18%) than other sgRNAs (Figure S1). The pAAV-SaCas9/Pcsk9
plasmid, which consists of a liver-specific human alpha 1-antitryp-
sin(hAAT) promoter, SaCas9, and an U6-PCSK9 sgRNA2, was con-
structed for subsequent studies as a control. To develop a self-cleavage
AAV-CRISPR platform, we designed two strategies, which add self-
cleavage sequences (PCSK9 target sequence and PAM sequence) at
different positions of the vector (Figure 1A). The self-cleavage
sequence was inserted between SaCas9 and sgRNA expression cas-
settes in the pAAV-SaCas9/Pcsk9 V1 plasmid, while the self-cleavage
sequence was placed between the SaCas9 coding sequence and the
hAAT promoter in the pAAV-SaCas9/Pcsk9 V2 plasmid.

In order to select the optimal self-cleavage vector for in vivo animal
experiments, we evaluated the genome-editing efficiency and Cas9
Molecular
protein expression of the two candidate plasmid vectors in vitro.
The plasmids were transfected into the H2.35 cell line and selected
by puromycin, in which the parental pAAV-SaCas9/Pcsk9 plasmid
vector was used as a positive control. SURVEYOR nuclease assays
showed that the genome-editing efficiency of pAAV-SaCas9/
Pcsk9, pAAV-SaCas9/Pcsk9 V1, and pAAV-SaCas9/Pcsk9 V2
groups was 43%, 41%, and 36%, respectively (Figure 1B). Next,
the cells were collected at 24 h, 48 h, 72 h, and 96 h after transfec-
tion, and the total cell protein was extracted for western blot (WB)
to detect the expression of Cas9 protein. The results showed that the
expression of Cas9 protein in both pAAV-SaCas9/Pcsk9 V1 and
pAAV-SaCas9/Pcsk9 V2 group decreased significantly with time
(Figure 1C). In addition, AAV8 virus was packaged and used to
infect the Huh7 cell, HCCLM3 cell, and SMCC-7721 cell. Then,
genomic DNA was extracted at 24 h, 72 h, and 96 h after infection,
and the genome copy number of AAV8 in cells was detected by
qPCR. The qPCR results showed that the genome copy number
of virus in both SiAAV8-SaCas9/Pcsk9 V1 and SiAAV8-SaCas9/
Pcsk9 V2 group increased slowly with time (Figure 1D; Figure S2).
The SiAAV8-SaCas9/Pcsk9 V1 had the highest on-target activity
and was selected for further testing in vivo.
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Figure 2. Editing of PCSK9 target with self-cleavage AAV-CRISPR system in vivo

(A) Time course of serum PCSK9 was measured by ELISA following tail vein injections of 4- to 6-week-old male C57/BL6 mice with the SiAAV8-SaCas9/Pcsk9 V1 or AAV8-

SaCas9/Pcsk9 (2 � 1011 GC/mouse). Untreated C57/BL6 mice (n = 5) were included as control. (B) Time course of serum total cholesterol level. (C) Indel frequency at

different time points in treated mice. Mean ± SEM are shown. *p < 0.05, ****p < 0.0001, Dunnett’s test. ns, non-significant.
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The self-cleavage AAV-CRISPR-Cas9 system could effectively

edit PCSK9 in vivo

To evaluate the genome-editing efficacy of this self-cleavage sys-
tem in vivo, we injected 2 � 1011 genome copies (GCs) of
AAV8-SaCas9/Pcsk9 and SiAAV8-SaCas9/Pcsk9 V1 into 4- to
6-week-old C57/BL6J male mice via tail vein injection, respec-
tively. We first detected the expression of PCSK9 protein and
the total cholesterol in the serum of mice. We found that serum
PCSK9 decreased by approximately 80% and total cholesterol
decreased by approximately 35% after 24 weeks of administration.
Moreover, there was no significant difference between the
SiAAV8-SaCas9/Pcsk9 V1 targeting group and the control
AAV8-SaCas9/Pcsk9 targeting group (Figures 2A and 2B). In
addition, we sacrificed mice at 1, 8, and 24 weeks post injection
and harvested liver samples to evaluate the genome-editing effi-
ciency by SURVEYOR nuclease assays. The results showed that
the cleavage frequencies of the two groups ranged from 25% to
45% (Figure 2C). These results demonstrated that the on-target ed-
iting efficacy of the self-cleavage AAV8-CRISPR-Cas9 system was
comparable to that obtained with the parental AAV-SaCas9/Pcsk9
system. Though the genome editing efficiency of the self-cleavage
AAV8-CRISPR-Cas9 targeting group slightly decreased at 24 weeks
after injection, the reduction of PCSK9 protein and total choles-
terol were not significant when compared with the parental
AAV8-SaCas9/Pcsk9 targeting group.

The self-cleavage AAV-CRISPR-Cas9 system reduced Cas9

expression and AAV8 genome copy in the liver

To further analyze the self-cleavage system, we first compared the
expression of SaCas9 protein and the genome copy number of
AAV8 in liver tissue at 1, 8, and 24 weeks post injection. Western
blot and qPCR results showed that the SiAAV8-SaCas9/Pcsk9 V1
targeting group had a significant reduction of Cas9 protein and viral
genome copy number with time (Figures 3A and 3B). The expres-
sion of Cas9 protein decreased by about 60%, and the viral genome
copy number decreased by about 70% at 24 weeks after injection
when compared with the parental AAV8-SaCas9/Pcsk9 targeting
group.
654 Molecular Therapy: Methods & Clinical Development Vol. 20 March
The self-cleavage AAV-CRISPR-Cas9 system improved the

safety profile of genome editing

Next, we evaluated the off-target activity in vivo. The algorithm
described in https://www.benchling.com/ identified 49 potential off-
target sites for sgRNA2. The top 10 sites that are most likely to create
double-stranded breaks (DSBs) were amplified by PCR and deep
sequenced (Table S2). The PCR amplicons were generated by nested
PCR on liver genomic DNA extracted at 24 weeks post viral injection.
The indels in the PCR amplicons were quantified via next generation
sequencing (NGS). The results showed that mice treated with
SiAAV8-SaCas9/Pcsk9 V1 had a 20-fold reduction in off-target activ-
ity compared with the AAV8-SaCas9/Pcsk9-treated group (Fig-
ure 3C). Finally, we detected neutralizing antibodies against AAV8
capsid and SaCas9 protein in mice serum by ELISA. The results
showed that both groups of mice produced neutralizing antibodies
against AAV8 capsid and SaCas9 protein at 8 and 24 weeks, respec-
tively. The SiAAV8-SaCas9/Pcsk9 V1 targeting group had lower anti-
body levels than the AAV8-SaCas9/Pcsk9 targeting group (Figures 3D
and 3E). Among them, there was a significant difference in Cas9 anti-
body, but there was no significant difference inAAVneutralizing anti-
body. Thus, the self-inactivating AAV8-CRISPR-Cas9 system can
effectively reduce Cas9 expression and significantly reduce the off-
target effect and immune effect of CRISPR-Cas9 in vivo.

Toxicity evaluation of self-cleavage system

We performed a histological examination of the mouse liver tissues. In
the hematoxylin and eosin (H&E) staining results, no signs of inflam-
mation such as aggregates of lymphocytes or macrophages were
detected (Figure 4A). In addition, we evaluated the serum level of aspar-
tate aminotransferase (AST) and alanine aminotransferase (ALT). The
results showed that compared with the untreated group, neither the
SiAAV8-SaCas9/Pcsk9 targeting group nor the AAV8-SaCas9/Pcsk9
targeting group showed a toxicity effect (Figures 4B and 4C).

Self-cleavage AAV vector integrates into the genomic loci and

generates indels in the AAV genome

Previous studies have shown that a fraction of AAV vectors are inte-
grated into pre-existing DSBs.21 Thus, we designed an experiment to
2021
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Figure 3. Evaluation of self-cleavage AAV-CRISPR system in vivo

(A) Western blot analysis. Liver lysates were prepared at 1, 8, and 24 weeks post-injection for detection of SaCas9 protein. (B) Quantitative analysis of virus genome copy

number in liver tissue at 1, 8, and 24 weeks post-injection by qPCR. (C) Deep sequencing data of off-target sites of liver DNA samples isolated from 24 weeks post-injection

mice. (D) Immune responses of treated mice were detected by ELISA for the AAV8 virus capsid. (E) Immune responses of treated mice were detected by ELISA for SaCas9

protein. Mean ± SEM are shown. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, Dunnett’s test.
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examine possible vector insertions with the self-cleavage system. We
performed PCR using primers (Table S4) at the 50 end of the PCSK9
cleavage site to check for possible vector insertions (Figure 5A). We
detected the integration of AAV at the genomic loci in all AAV-in-
jected animals. However, the amplicons of samples injected with
self-cleavage AAV vectors had full-length AAV amplification bands
and truncated AAV fragments (Figure 5B). Integration of the
truncated AAV fragments illustrates that the AAV vectors did indeed
undergo self-cleavage. Moreover, we also performed PCR on the
cleavage site of the AAV self-cleavage vectors and detected that about
30% of the indels occurred in the self-cleavage AAV vectors at 1, 8,
and 24 weeks by NGS (Figure 5C). Overall, consistent with previous
studies,22 our data indicate that AAV integration at the on-target cut
site is a major gene-editing outcome in vivo and should be carefully
evaluated in the future clinical development.

DISCUSSION
Here, we designed an all-in-one self-cleavageAAV-CRISPR-Cas9 tech-
nology to limit the long-term expression of Cas9 nuclease. We demon-
strated that the self-cleavage system could significantly reduce Cas9
protein expression without compromising on-target efficacy in vitro
and in vivo. Moreover, the results showed that the risk of off-target
Molecular
response and humoral immune response to AAV8 capsid protein
was significantly reduced.Weproved that the self-cleavage gene-editing
approaches have the potential to circumvent problems related to per-
manent Cas9 expression, achieving safe and efficient genome editing.

Recently, several methods to control the activity of Cas9 have been
developed, such as nuclease splitting, chemically controlling protein
stability or other inducible systems.23–26 It has been reported that
doxycycline-regulated Cas9 induction can limit the duration of
Cas9 expression.27 Besides, small phage-encoded anti-CRISPR pro-
teins to inactivate Cas9 also have been reported.28 However, these ap-
proaches rely on using non-human protein moieties to control Cas9
activity, which will cause other safety risks. Therefore, it is necessary
to find a safer and more effective methods to limit the long-term
expression of Cas9 nuclease.

In this study, according to the mechanism of CRISPR-Cas9, we de-
signed two self-cleavage strategies to limit the duration of Cas9 expres-
sion by adding self-cleavage sequences (PCSK9 target sequence and
PAM sequence) at different positions of the vector (Figure 1A). We
compared the two candidate plasmid vectors in vitro and found that
the genome-editing efficiency of pAAV-SaCas9/Pcsk9 V1 is higher
Therapy: Methods & Clinical Development Vol. 20 March 2021 655
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Figure 4. Liver function tests and toxicity examination

(A) Liver histological analysis was performed with H&E staining

at 24 weeks after injection. Scale bar, 100 mm. (B and C) Liver

function tests in PCSK9-targeted (both SiAAV8-SaCas9/Pcsk9

and AAV8-SaCas9/Pcsk9, n = 5) and uninjected (n = 5)

animals. Mean ± SEM are shown. Dunnett’s test.
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and it can eliminate more than 90% of its expression of Cas9 protein
within 72 h. Although the self-cleavage effect of pAAV-SaCas9/
Pcsk9 V2 is better, it has lower genome-editing efficiency, which might
be due to a faster self-inactivating rate (Figures 1B and 1C). It is inter-
esting to note that the expression of Cas9 protein was lower after 24 h
when using pAAV-SaCas9/Pcsk9 V2. We speculate that it may be not
only due to self-cleavage mechanisms but also because the cleavage site
is placed in the 50 UTR,29 which affects the expression of Cas9. Accord-
ing to these results, we finally chose to package AAV8 virus with
pAAV-SaCas9/Pcsk9 V1 for in vivo animal study.

Similar self-inactivating systems in gene-editing approaches such as
“KamiCas9” and “Lenti-SLiCES” have been used to eliminate the
expression of Cas9 protein in vivo.30,31 However, the two systems
require multiple vectors or sgRNAs to achieve self-cleavage and the
delivery of them via lentiviral vectors has risks associated with
random integration into the host genome, which will increase the
possibility of host carcinogenesis.32 AAV has low immunogenicity,
high safety, and tissue tropism, so it is widely used for delivery of
CRISPR-Cas9 system to various tissues, such as the liver, muscle,
heart, and brain.33 A similar self-deleting AAV-CRISPR system using
a CRISPR sgRNA that cuts the Cas9 coding sequence in vivo has been
reported.33 The system relies on co-transduction with two AAV vec-
tors to achieve self-deletion. Although the Cas9 expression AAV vec-
tor was destroyed, another sgRNA expression AAV vector remained
intact to express sgRNA. Our all-in-one vector system can effectively
reduce Cas9 protein expression with time in the majority of hepato-
cytes while maintaining efficient in vivo editing of PCSK9 target.
Although the target efficiency slightly decreased at 24 weeks post in-
jection (Figure 2C), the self-cleavage system can reduce the serum
level of PCSK9 protein and total cholesterol with no significant differ-
ence from the parental system (Figures 2A and 2B). The results indi-
cated that durable therapeutic effects could be achieved as long as
most of the permanent edited hepatocytes survive or expand.
Compared with the dual AAV system, an all-in-one vector system
656 Molecular Therapy: Methods & Clinical Development Vol. 20 March 2021
would be preferred, which would ensure simulta-
neous delivery of Cas9 and self-cleavage sgRNA
into the same cells.33 In addition, an all-in-one vec-
tor system can reduce the injection dose of viral vec-
tors and humoral immune response to AAV capsid,
which has the potential for clinical application.34

In our study, the decreased Cas9 expression is
accompanied with lower AAV genome copy per
cell. In designing this approach, we intended to inac-
tivate AAV episomes with Cas9 to facilitate their
degradation. However, the specific mechanism of the reduction of
the AAV vectors and Cas9 protein is not clear. We detected the inte-
gration of full-length and truncated AAV vectors at genomic loci
(Figures 5A and 5B) and also found that the self-inactivating virus
produces about 30% of indels in the AAV genome (Figure 5C). The
results indicated that not all AAV vectors could occur at non-homol-
ogous end joining (NHEJ) after cleavage; some might be integrated
into the vector or genomic loci and some might be degraded after
inactivation, resulting in a reduction of AAV genome copy number.
In addition, inactivated mutations introduced in the AAV genome
could effectively silence transgenic expression and reduce the expres-
sion of Cas9 protein.33

Previous studies have observed that the long-term expression medi-
ated by AAV delivery of Cas9 nuclease to post-mitotic cells raises
concerns with off-target cleavage, cytotoxicity, and immunogenicity,
which greatly limits the therapeutic applications of AAV-CRISPR-
Cas9.35 Consistent with previous self-cleavage reports,33 SaCas9
cannot be completely removed. Our self-cleavage system still has
40% expression of SaCas9 protein 24 weeks after injection in mice,
which might limit the application of this technology. However, we
analyzed the off-target effect via NGS in the predicted regions and
found that the self-cleavage AAV8-CRISPR-Cas9 system has a 20-
fold reduction in off-target activity at 24 weeks after AAV administra-
tion (Figure 3C). Besides, it has been found that humoral immune
response to AAV8 capsid protein and Cas9 protein exists in humans
and mice.36,37 ELISA results showed that the self-cleavage AAV8-
CRISPR-Cas9 system can reduce the humoral immune response (Fig-
ures 3D and 3E). Meanwhile, mice treated with AAV revealed no
abnormal liver function (Figure 4A). Detailed analysis of transami-
nase levels, which contains AST and ALT, did not show a toxicity ef-
fect (Figures 4B and 4C). These results suggested that the self-cleavage
AAV8-CRISPR-Cas9 system could greatly improve its safety in appli-
cations by reducing the risk of off-target response and humoral im-
mune response to AAV8 capsid protein and Cas9 protein.



Figure 5. Characterization of AAV integration in the

genomic loci and the indels at the AAV genome

(A) Schematic of detecting the AAV vector integration into

genomic loci (PCSK9) usingPCR. (B)All injectedAAVsamples

have full-length insertion at the PCSK9 locus at 24 weeks.

SiAAV8-SaCas9/Pcsk9 V1 samples had full-length AAV

amplification bands and truncated AAV fragments. (C) Indels

of SiAAV8-SaCas9/Pcsk9 V1 vector was detected at weeks

1, 8, and 24 via NGS. Mean ± SEM are shown.
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In summary, we have developed an all-in-one self-cleavage AAV-
CRISPR-Cas9 system to limit the duration of Cas9 expression. This
system can efficiently edit genomic loci while achieving self-targeted
cleavage of the AAV vector and significantly reduce the off-target effect
and immune effect of CRISPR-Cas9. Including the self-cleavage strat-
egy in gene-editing approaches has the potential to increase the safety
profile of AAV-delivered genome-editing nucleases and thereby pro-
mote the clinical transformation of AAV-CRISPR-Cas9 technology.

MATERIALS AND METHODS
Plasmid construction

Three sgRNA sequences located in the murine PCSK9 exons 3 were
selected. These target sequences were cloned into pX602 plasmid
(Addgene plasmid #61593). The pAAV-SaCas9/Pcks9 gene-targeting
vector was constructed by infusion cloning, which consists of a liver-
specific hAAT promoter, SaCas9, and a U6-PCSK9 sgRNA2 that
specifically targets a region in the exons 3 of murine PCSK9. The
two self-cleavage candidate plasmids were constructed as follows.
Briefly, the self-cleavage sequences were included in the primers.
The primer pairs flanked the insertion site of the pAAV-SaCas9/
Pcsk9. The insertion site was amplificated by PCR. Then, the pAAV-
SaCas9/Pcsk9 was double-digested by a restriction enzyme at the inser-
tion site, followed by T4 ligase treatment with PCR amplicon. The
sgRNAs and primers sequences of vector construction are shown in
Table S1. All plasmid constructions were verified by sequencing.

AAV vector production

All AAV8 vectors were produced by triple plasmid transfection of hu-
man embryonic kidney 293 cells (ATCC). The genome titer (genome
copies mL–1) of AAV8 vectors was carried out by qPCR (Roche, Cat#
06402682001). The presence of endotoxins in AAV8 vector produc-
tion was detected with LAL Chromogenic Endotoxin Quantitation
Kit (Xiamen Bioendo Technology, China, Cat# EC32545S) according
to the manufacturer’s manual. All recombinant AAV production
plasmids were generated by using an EndoFree Plasmid Megaprep
Kit (QIAGEN, Hilden, Germany). The sequences of primers were
listed in Table S1.
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Cell culture and transfection

H2.35 cells (ATCC), Huh7 cells (ATCC),
HCCLM3 cells (ATCC), and SMCC-7721 cells
(ATCC) were maintained in DMEM medium
supplemented with 10% fetal bovine serum
(FBS) and cultured at 37�C with 5% CO2. For
in vitro target verification, the TransIT-X2 system (Mirus) transfec-
tion reagent was used to co-transfect a plasmid containing SaCas9
and sgRNA and a plasmid expressing GFP and puromycin resistance
into H2.35 cells, according to the manufacturer’s recommendations.
Transfected cells were selected by puromycin (1 mg/mL) for 3 days
to enrich transfected cells.

Genomic DNA extraction and SURVEYOR assay

Genomic DNA was extracted from transient transfected H2.35 cells
by using the QuickExtract DNA Extraction Solution (Epicenter Bio-
technologies). SURVEYOR nuclease assay (Transgenomics) was per-
formed as described previously38 to determine the genome efficiency
of individual sgRNA using the PCR primers listed in Table S1.

Viral genome copy number analysis

Genomic DNA from Huh7 cell, HCCLM3 cell, and SMCC-7721 cell
infected by AAV8 virus were extracted as described above. The viral
genome copy number was calculated by qPCR (Roche, Cat#
06402682001). The primer sequences for qPCR were described in
Table S1.

Western blot analysis

The cells and liver tissues were lysed in radioimmunoprecipitation
assay (RIPA) lysis buffer and analyzed by western blot. SaCas9 pro-
tein was detected by rabbit hemagglutinin (HA)-tag antibody (Cat#
51064-2-AP, Proteintech, 1:1,000). Rabbit anti-b-actin antibody
(Cat# AC026, ABclonal, 1:100,000) was used to detect b-actin. Goat
anti-rabbit immunoglobulin G (IgG) and horseradish peroxidase
(HRP)-linked antibody were used (Cat#7074, Cell Signaling Technol-
ogy, 1:100,000). Image analysis of blots was performed with iBright
CL1000 imaging systems (Invitrogen, Thermo Fisher Scientific).

Animal studies

All mice were acquired from the Beijing Huafukang Biotechnology
(China). AAV vectors were delivered to 4- to 6-week-old male C57/
BL6 mice (n = 36) intravenously via tail vein injection. The dosage
of AAV was adjusted to 2 � 1011 genome copies per mouse with
Clinical Development Vol. 20 March 2021 657
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sterile phosphate-buffered saline (PBS) before the injection. Un-
treated mice (n = 5) with PBS served as controls. For testing the serum
levels of PCSK9 and total cholesterol, the animals were fasted over-
night before blood collection by retro-orbital bleeding. Blood was
collected at various time points before and after tail vein delivery of
AAV vector. Then it was centrifuged to separate the serum and stored
at�80�C for subsequent analysis. At 1, 8, or 24 weeks post treatment,
a fraction of mice were euthanized and liver samples were harvested
for subsequent analysis. A portion of the liver tissue was removed and
fixed in a 4% paraformaldehyde solution for histological analysis,
while the remaining tissue was cut into small pieces and frozen for
subsequent experiments. All animal procedures were approved by
the Institutional Animal Care and Concern Committee at Sichuan
University, and animal care was in accordance with the committee’s
guidelines.

On-target and off-target mutagenesis analyses

The genomic DNA were extracted from mouse liver tissues 1, 8, and
24 weeks following vector administration to measure genome-editing
efficiency in vivo. After nest PCR amplification with primers flanking
the on- and off-target loci, PCR products were used for an NGS assay.
On-target and off-target mutagenesis analyses were performed as pre-
viously described.39 The oligonucleotide primer sequences used to
amplify relevant sequences by nested PCR are described in Tables
S2 and S3.

ELISA

Levels of PCSK9 in serum are detected by the mouse proprotein con-
vertase 9/PCSK9 Quantikine ELISA kit (MPC-900, R&D Systems) ac-
cording to the manufacturer’s instructions. The serum samples were
diluted with the Calibrator diluent at a ratio of 1:200 and then added
to the microplate wells coated with capture antibody in advance and
bound for 2 h onto microplate wells. The wells were washed 3 times
with the washing buffer for 5 min each. The samples were then
sequentially incubated with the PCSK9 conjugate followed by the
PCSK9 substrate solution, with the washing process repeated 3 times
between each step. Finally, the content of Pcsk9 in serum was evalu-
ated using a microplate reader.

AAV8 and SaCas9 ELISAs were performed as follows.37 AAV8 virus
and SaCas9 protein were diluted with coating buffer, respectively. Mi-
crowell plates then were coated with 1 � 109 GC/100 mL AAV8 virus
and 0.5 mg/100 mL SaCas9 protein per well and incubated at 4�C over-
night. The plates were washed 3 times for 5 min with 300 mL of
washing buffer and subsequently blocked with 300 mL of BSA block-
ing solution (Bethyl) at room temperature for 2 h. The washing was
repeated again. Serum samples were added at 1:40 dilution and the
plates were incubated at 37�C for 4 h. The wells were washed 3 times
for 5 min each and 100 mL of HRP-labeled goat anti-mouse IgG1,
which was diluted with BSA blocking solution at a ratio of
1:100,000, was added to each well. After 1 h incubation at room tem-
perature, the wells were washed 4 times for 5 min each and then
100 mL of 3,30,5,50-tetramethylbenzidine (TMB) substrate was added
to each well and incubated for 15 min at room temperature in the
658 Molecular Therapy: Methods & Clinical Development Vol. 20 March
dark. The optical density (OD450) at 450 nm was measured using a
microplate reader after adding 100 mL of stop solution to each well.

Histopathology

The paraffin-embedded liver samples were cut into 6 mm sections and
then tissue sections were processed and H&E stained according to
standard procedures. The sections were analyzed for any abnormal-
ities compared to the livers of untreated animals.

AAV vector integration and indels analysis

In vivo possible vector integration with the self-inactivating system
was measured using genomic DNA extracted frommouse liver tissues
at 24 weeks following vector administration. After PCR amplification
with primers flanking the genomic loci (PCSK9) and AAV vector,
PCR products were separated with electrophoresis on Tris-borate-
EDTA (TBE) gels (Invitrogen, Cat#19050647). To detect the indels
of self-inactivating AAV vectors, we designed primers on both sides
of the self-cleavage site of AAV vector to amplify the target region
for nest PCR. Purified PCR fragments were subjected to NGS. The
sequences of primers were listed in Table S4.

Statistics

The values represent themean ± SEM. Dunnett’s test was used for sta-
tistical analysis, as shown in the figure legends. In all tests, p <0.05 was
considered significant. All statistical tests were performed using
GraphPad Prism8.
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