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CRISPR/Cas9 Delivery Mediated with Hydroxyl-Rich

Nanosystems for Gene Editing in Aorta

Xiaoping Zhang, Chen Xu, Shijuan Gao, Ping Li, Yu Kong, Tiantian Li, Yulin Li,*

Fu-Jian Xu,* and Jie Du*

A CRISPR/Cas9 system has emerged as a powerful tool for gene editing to

treat genetic mutation related diseases. Due to the complete endothelial
barrier, effective delivery of the CRISPR/Cas9 system to vasculatures
remains a challenge for in vivo gene editing of genetic vascular diseases
especially in aorta. Herein, it is reported that CHO-PGEA (cholesterol
(CHO)-terminated ethanolamine-aminated poly(glycidyl methacrylate))
with rich hydroxyl groups can deliver a plasmid based pCas9-sgFbn1
system for the knockout of exon 10 in Fbn1 gene. This is the first report
of a polycation-mediated CRISPR/Cas9 system for gene editing in aorta
of adult mice. CHO-PGEA/pCas9-sgFbn1 nanosystems can effectively
contribute to the knockout of exon 10 in Fbn1 in vascular smooth
muscle cells in vitro, which leads to the change of the phosphorylation
of Smad2/3 and the increased expression of two downstream signals
of Fbn1: Mmp-2 and Ctgf. For in vivo application, the aortic enrichment
of CHO-PGEA/Cas9-sgFbn1 is achieved by administering a pressor
dose of angiotensin Il (Ang Il). The effects of the pCas9-sgFbn1 system
targeting Fbn1 demonstrate an increase in the expression of Mmp-2
and Ctgf in aorta. Thus, the combination of CHO-PGEA/pCas9-sgFbn1
nanosystems with Ang Il infusion can provide the possibility for in vivo

1. Introduction

Gene editing technology based on the
clustered regularly interspaced short
palindromic  repeat/CRISPR-associated
nuclease 9 (CRISPR/Cas9) has great poten-
tial for treatment of genetic diseases.'™
The CRISPR/Cas9 system consists of
two critical components: the single-guide
RNA (sgRNA) and Cas9 nuclease.l The
sgRNA is complexed with Cas9 protein to
target the genome to introduce breaks in
a specific DNA sequence.”® The breaks
are repaired by introducing a sequence
to induce the destruction of the sequence
or promote the replacement for a healthy
target in the presence of donor template
DNA.2% Due to its simplicity, high speci-
ficity, and efficiency, the CRISPR/Cas9
system has already been widely used to
edit genes in various cell lines.[1%11
Although CRISPR/Cas9 system has
widely used in vitro, the effective delivery
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of CRISPR/Cas9 system remains a chal-
lenge for in vivo applications. Both
viral and nonviral approaches are being
evaluated for in vivo CRISPR/Cas9
delivery." 121 Viral delivery, such as adeno-associated viral
vector, is promising for gene delivery but may suffer from lim-
ited packaging capacity.'® In comparison, nonviral nanopar-
ticles have the potential to overcome the limitations of large
packaging capacity and serve as efficient and alternative DNA
carriers due to their special structures, biocompatibility, and
good membrane permeability.'”'8] Some nonviral vectors, for
example, liposomes,[%) polycations,?l and inorganic nanopar-
ticles,I”) were proved to be capable of delivering CRISPR/Cas9
system for gene editing. In particular, nonviral vector-mediated
CRISPR/Cas9 system has made a series of advances in tumors
due to the enhanced permeability and retention effect.['82!]
Expression of genetic mutations in vascular smooth muscle
cells (VSMCs) plays an important role in vascular diseases, thus
VSMCs can be served as the key target cells for gene editing.
However, VSMCs exhibit very low transfection efficiency.[?223]
Thus, the efficient delivery of CRISPR/Cas9 system to VSMCs
and aorta tissue is a major obstacle to overcome.

Hydroxyl-rich gene vectors were appealing due to their low
cytotoxicity and high transfection efficiency.?*-2% Such hydroxyl-
rich gene vector has great potential for the treatment of heart dis-
ease and tumors.”’~2% We recently reported that the cholesterol
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(CHO)-terminated ethanolamine-aminated poly(glycidyl meth-
acrylate) (CHO-PGEA) with rich hydroxyl groups has great
stability and high transfection efficiency for gene delivery in
tumor.% Moreover, lipid-based carriers can effectively enhance
the transfection efficiency because lipids are the important com-
ponents of cell membranes.[3!321 We thus hypothesized that the
CHO-PGEA with amino and hydroxyl-rich units could complex
the “all-in-one” plasmid carrying both the Cas9 and sgRNA
expression cassettes to perform genome editing in aorta.
To demonstrate a proof of concept of CHO-PGEA mediated
CRISPR/Cas9 delivery and in vivo gene editing, we chose the
Marfan syndrome as a gene editing disease model. Marfan syn-
drome is a common autosomal dominant disorder of connec-
tive tissue and an inherited lethal disease,?*** which is mainly
caused by mutations in Fbn1 that encodes fibrillin-1.3%3¢)
Normal vascular tissue has a complete endothelial barrier
to resist invasion of exogenous substances.’”) Angiotensin 11
(Ang II) could increase vascular wall pressure and enhance
vascular permeability.?®3] We have previously shown that a
dose of Ang II could promote polycation/miRNA complex to
pass through vascular endothelium and increase transfec-
tion efficiency.’”] In this work, we build an Ang Il-assisted
CHO-PGEA/Cas9 delivery nanosystem for Fbnl editing in adult
mouse aorta (Figure 1). Polycation-mediated CRISPR/Cas9
system was first time demonstrated to achieve the efficient
gene editing in VSMCs and aorta, which would provide a novel

CHO-PGEA

Ang Il infusion Aorta
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tool for the study of casual mutation in vivo and the therapy for
genetic vascular diseases.

2. Results and Discussions

2.1. Construction and Validation of CRISPR/Cas9 Plasmid
Targeting Fibrillin-1

To construct the Cas9-sgFbn1 system, we chose sgRNA targeting
the exon 10 of Fbnl gene because in this exon we identified a
premature termination codon mutation from aortic aneurysm
patients. Three sgRNAs targeting the exon 10 of Fbnl were
designed by using the MIT website (http://crispr.mit.edu/)
(Figure Sla in the Supporting Information). Then we individu-
ally cloned these three sgRNAs (sgRNA1, sgRNA2, sgRNA3)
into pX459 vector, which coexpresses one sgRNA and Cas9
nuclease (Figure 2a). These three sgRNAs exhibited targeting
efficiency =35% based on the T7 endonuclease I (T7EI) assay
(Figure S1b in the Supporting Information). Next, the MIT
website was used to search for potential off-target sequences
of these three sgRNAs. Among the three sgRNAs, the sgRNA3
showed less off-target effects with only four potential off-target
sites on open reading frame whose sequences are similar to the
target sequence but contain 3-4-base mismatches (Figure S2a
in the Supporting Information). Therefore, the plasmid which

Cas9 mRNA

sgRNA

ety ¢ Y 4 Edit
2~ — A
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Figure 1. Schematic illustration of the formation of CHO-PGEA/pCas9 nanoparticles and the angiotensin Il (Ang I1)-assisted in vivo delivery for efficient

gene editing in adult mouse aorta.
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Figure 2. a) Schematic diagram of pCas9-sgFbn1 plasmid. b) Agarose gel electrophoresis. c) Particle sizes and d) zeta potentials of polycation/
pCas9-sgFbn1 complexes at various N/P ratios. ) Morphologies of CHO-PGEA/pCas9-sgFbn1 nanoparticles at N/P = 15 measured by atomic force
microscope. f) Protein assay of polycation/pCas9-sgFbn1 complexes (at their respective N/P ratio) treated with excess BSA. g) Hemolysis ratio of
red blood cells (RBCs) treated with different polycaiton/pCas9-sgFbn1 complexes at the concentration of 0.1 and 1 mg mL™", where deionized water
and PBS were used as positive and negative controls. h) Morphologies of RBCs treated with PBS, PEl/pCas9-sgFbn1, and CHO-PGEA/pCas9-sgFbn1

(*P < 0.05; data are from three independent experiments).

coexpresses sgRNA3 and Cas9 nuclease (named pCas9-sgFbnl)
was selected for further characterization.

Then, it was examined whether pCas9-sgFbnl can cleave
target site in vitro. The DNA sequencing for polymerase chain
reaction (PCR) amplification that exceeds the boundaries of
the targeted sites showed two or more peaks at the same posi-
tion after pCas9-sgFbnl treatment, indicating that pCas9-sgFbnl
could induce gene editing near the target site (Figure Slc in the
Supporting Information). Furthermore, the short deletions at 3-5
bases upstream of the protospacer adjacent motif were observed,
confirming the specificity of this targeting process (Figure S1d
in the Supporting Information). The mutation frequency was
~28 %. Most mutations were the deleted ones (1 bp, 2 bp, etc.),
which resulted in the loss of gene function (Figure S1d in the
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Supporting Information). Meanwhile, the potential off-target sites
were amplified from the cells transfected with pCas9-sgFbn1 fol-
lowed by DNA sequencing. No off-target mutations which were
predicted using the MIT website were detected (Figure S2b in
the Supporting Information). Collectively, pCas9-sgFbn1 plasmid
constructed here can target Fbnl and induce deleted mutations
in cells with high efficiency and specificity.

2.2. Preparation and Characterization of CHO-PGEA/
pCas9-sgFbn1 Nanoparticles
Due to the large size of the CRISPR/Cas9 system (=9 kb),

its efficient in vivo delivery is the critical element to achieve

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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effective gene editing. Our recently published work indicated
that the introduction of cell membrane lipid molecules such
as cholesterol (CHO) into polycations benifited transfection
performances in vitro and in vivo.?% In this work, CHO-PGEA
was prepared based on CHO-terminated poly(glycidyl meth-
acrylate) (CHO-PGMA, M, = 9.25 x 10° g mol ™) as we reported
before.’”) Then, we evaluated the potential of CHO-PGEA for
the delivery of plasmid-based CRISPR/Cas9 system.

The physicochemical properties of the CHO-PGEA/pCas9-
sgFbnl nanoparticles including complexation ability, particle
size, and zeta potential were tested and optimized for in vivo
delivery. The agarose gel retardation assay showed that CHO-
PGEA bound to the Cas9-sgFbn1 plasmid efficiently and delayed
plasmid migration at the N/P ratio of 1.5 (Figure 2b). The sizes
and zeta potentials of the CHO-PGEA/pCas9-sgFbnl nanoparti-
cles were detected by dynamic light scattering, where branched
polyethylenimine (PEI) (25 kDa) was as a golden standard at its
optimal N/P ratio of 10.3% The particle sizes of all the nanoparti-
cles ranged from 150 to 200 nm at various N/P ratios (Figure 2c)
with uniform distribution (Table S1 in the Supporting Informa-
tion). There is no significant change in particle size when N/P
ratio was more than 15. CHO-PGEA actually achieved higher
transfection performance at the optimal N/P ratio of 15 (see
below). The zeta potentials of the polycation/pCas9-sgFbn1 nano-
particles ranged from 25 to 40 mV (Figure 2d). Positive poten-
tials of nanoparticles can enhance cellular uptake. Different
particles were also visualized by atomic force microscopy (AFM)
(Figure 2e; Figure S3 in the Supporting Information). All the
generated polycation/pCas9-sgFbnl nanoparticles showed the
compact spherical morphologies.

When positively charged nanoparticles were administered in
the body, they would be rapidly interacted by negatively charged
molecules such as proteins in blood,***!! which may lead to
aggregation.[*?l Therefore, less protein adsorption on nano-
particles and biocompatibility are very important for in vivo
delivery. Bovine serum albumin (BSA), one of abundant pro-
teins in plasma,! was used to examine the ability of protein
attachment onto the nanoparticles. PEI/pCas9-sgFbnl nano-
particles at the optimal N/P ratio of 10 exhibited high protein
adsorption, resulting in less than 20% free BSA after 1 min of
treatment (Figure 2f). By contrast, CHO-PGEA/pCas9-sgFbnl
nanoparticles at the optimal N/P ratio of 15 showed that sig-
nificantly lower protein adsorption and 50% free BSA remain
even after 1 h incubation. The unique resistance characteristics
of protein adsorption are beneficial for in vivo gene delivery.

Hemolytic property was used to assess the biocompatibility of
nanoparticles.*] PEI/pCas9-sgFbn1 nanoparticles exhibited one
significantly higher hemolysis ratio (=40%) at a concentration
of 1 mg mL™}, while the hemolysis ratio of CHO-PGEA/pCas9-
sgFbnl nanoparticles was just =3% (Figure 2g). Meanwhile, the
amount of released hemoglobin also revealed that CHO-PGEA/
pCas9-sgFbnl nanoparticles had much weaker hemolysis
properties than PEI/pCas9-sgFbnl nanoparticles (Figure S4 in
the Supporting Information). The red blood cell treated with
CHO-PGEA/pCas9-sgFbnl nanoparticle did not cause signifi-
cant morphological change (Figure 2h). These excellent abilities
of CHO-PGEA were attributed to a large number of hydrophilic
hydroxyl groups, which could shield the surface against the
deleterious effects of excess positive charges.[26-28]
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2.3. Cas9 Plasmid Transfection In Vitro and Cellular Uptake

To test whether CRISPR/Cas9 plasmid delivered by CHO-PGEA
at different N/P ratios could express in VSMCs, the plasmid
carrying the green fluorescent protein (GFP)-fused pCas9 was
used to visualize Cas9 expression in VSMCs (Figure 3a). The
transfection efficiencies of CHO-PGEA at the N/P ratios of 15
and 20 by flow cytometry were =30% and 23%, which is higher
than that of PEI at its optimal N/P ratio of 10 (Figure 3a; Figure
S5 in the Supporting Information). Figure S6 in the Supporting
Information showed that the cytotoxicity was increased with the
increase of N/P ratio. However, CHO-PGEA exhibited much
lower cytotoxicity than PEI at different N/P ratios, which was
consistent with our earlier work.’) Considering both Cas9
plasmid transfection and cytotoxicity, the optimal ratio N/P of
15 was used to detect the potential of CHO-PGEA to deliver
CRISPR/Cas9 system at the following experiments.

Efficient cellular uptake is another important property for
gene transfection.?!l The cellular uptake efficiency of nanopar-
ticles was assessed by delivering YOYO-1-labeled Cas9-sgFbnl
plasmid in VSMCs. Flow cytometry analysis showed that
CHO-PGEA/pCas9-sgFbnl nanoparticles induced much higher
YOYO-1 positive cells (=90%) in comparison with PEI/pCas9-
sgFbnl (Figure 3b; Figure S7 in the Supporting Information).
The higher ability of CHO-PGEA/pCas9-sgFbnl nanoparticles
to overcome cellular membranes barriers could be explained
by the introduction of CHO, which might readily change mem-
brane fluidity and increase biocompatibility.[3!

Effective endosome escape is a key characteristic for
nanoparticle-mediated gene expression. The intracellular
distribution of CHO-PGEA/pCas9-sgFbnl nanoparticles was
investigated. As shown in Figure 3¢, the nanoparticles could
bind to the cell surface after 0.5 h post transfection. The nano-
particles entered the cytosol, localized in the whole cytoplasm,
and showed the colocalization with Lyso Tracker-stained
endosomes after 2 h post transfection. A amount of Cas9-
sgFbnl plasmids effectively escaped from the lysosome and
penetrated into the nucleus after 6 h of incubation (Figure 3c).
The above results indicated the effective endosome escape
and successful release of Cas9-sgFbnl plasmids from the
nanoparticles.

2.4. CHO-PGEA Delivery of pCas9-sgFbn1 for In Vitro
Gene Disruption

Inspired by these results, the potency of gene editing mediated
by CHO-PGEA/pCas9-sgFbnl was tested. The Cas9 expression
of pCas9-sgFbnl was successfully detected by real-time PCR
(RT-PCR) for Cas9 mRNA and western blot assays for Cas9
protein (Figure 4a—c; Figure S8 in the Supporting Informa-
tion). Consistent with the above results of in vitro pCas9 trans-
fection (Figure 3a), CHO-PGEA/pCas9-sgFbnl demonstrated
much higher level of Cas9 expression in comparison with PEI/
pCas9-sgFbnl.

Upon the treatment of CHO-PGEA/pCas9-sgFbnl, the DNA
sequencing of the target sites revealed two or more peaks near
the targeted site at the same position in comparison with CHO-
PGEA/pCas9-sgnull (Figure 4d; Figure S9 in the Supporting

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Fluorescence images of GFP expression mediated by CHO-PGEA at different N/P ratios and PEI (at the optimal N/P ratio of 10) in mouse
vascular smooth muscle cells (VSMCs). b) Flow cytometry analysis for cellular uptake efficiency of VSMCs mcubated with CHO-PGEA/pCas9-sgFbnl
and PEI/pCas9-sgFbn1 at their optimal N/P ratios. c) Fluorescence images of VSMCs treated with CHO-PGEA/pCas9-sgFbn1 at 0.5, 2, and 6 h respec-
tively. Green: YOYO 1-labeled pCas9-sgFbn1; Red: Lyso Tracker Red-labeled the endosomes and lysosomes; Blue: DAPI-labeled nuclei. The scale bar
indicates 10 um. ***P < 0.001.
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Figure 4. a) Real-time PCR analysis for Cas9 mRNA expression in VSMCs treated as indicated. b,c) Western blot analysis of Cas9 protein expression
in VSMCs incubated with nanoparticles with an anti-Flag antibody. d) Sanger sequencing of PCR amplicon of the targeted Fbn1 locus in CHO-PGEA/
pCas9-sgFbn1 treated VSMCs. e) Western blot analysis of Fbn1 induced phosphorylation of Smad2/3 (p-Smad2/3) in VSMCs after treatment with
CHO-PGEA/pCas9-sgFbnl or CHO-PGEA/pCas9-sgnull. f) The mRNA levels of Fbn1 targeted genes Mmp-2 and Ctgf in VSMCs after the treatments

with CHO-PGEA/pCas9-sgFbn1 and CHO-PGEA/pCas9-sgnull. *P < 0.05,

Information). Thus, CHO-PGEA/pCas9-sgFbnl could induce
gene editing near the target Fbnl site. Then, it was investigated
whether the gene disruption would lead to the loss of function
of Fbnl. Fbnl, a large extracellular matrix glycoprotein,?>*]
functions as a negative regulator of transforming growth factor
(TGF)-B by forming a complex.*) Smad2/3 are the essential
signaling molecules of canonical TGF-f signaling pathway.
The loss of function of Fbnl leads to the release of active TGF-
B, which stimulates Smad phosphorylation and promotes the
target genes expression of Smad.*’#% Fhbnl mutations often
lead to the abnormal activation of TGF-f signaling pathways.
Therefore, the activation of Smad2/3 was first evaluated. As
expected, CHO-PGEA/pCas9-sgFbnl increased the phospho-
rylation of Smad2 and Smad3 (Figure 4e; Figures S10 and S11
in the Supporting Information). Next, the expression of Smad
target genes including Mmp-2 and Ctgf was examined. Similar
to the increased Smad2/3 activation, the expression levels of
Ctgf and Mmp-2 were significantly elevated in the CHO-PGEA/
pCas9-sgFbnl group (Figure 4f). These above results indicated
that CHO-PGEA could mediate Cas9-sgFbnl plasmid to achieve
Fbnl gene disruption.

Adv. Sci. 2019, 6, 1900386 1900386 (6 of 12)

**P < 0.01, and ***P < 0.001.

2.5. CHO-PGEA Delivery of pCas9-sgFbn1 for In Vivo
Gene Disruption

Because of blood flushing, the enrichment amounts of nano-
particles on aortic tissues are relatively low. Our previous
work showed that a pressor dose of Ang II can enhance vas-
cular permeability and promote nanoparticles to transmigrate
endothelium.?”) Tt was hypothesized that Ang II infusion can
increase the enrichment of nanoparticles in aorta. To investigate
the aortic delivery situation of CHO-PGEA/pCas9-sgFbnl nano-
particles in vivo, we preinfused mice with Ang II at 1500 ng kg™!
per min for 7 days. Cas9-sgFbn1 plasmids were labeled using the
Cy5 molecular probe according to the instruction (named pCas9-
Cy5). The mice were treated with pCas9-Cy5, PEI/pCas9-Cy5,
or CHO-PGEA/pCas9-Cy5. After 1 h, the enrichment of pCas9-
Cy5 in aorta was imaged (Figure 5a). As shown in Figure 5b,
free pCas9-Cy5 hardly entered into the mouse aorta, because
free pCas9-Cy5 is easily degraded by nucleases in blood.
Although PEI could effectively condense pCas9 (Figure 2b),
the PEI/pCas9-Cy5 fluorescence signal in aorta was evidently
not detected, probably due to its poor antiprotein adsorption

© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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aorta after the accumulation of pCas9-Cy5 and polycation/pCas9-Cy5 nanoparticles determined by Xenogen IVIS imaging system. d) Fluorescence
images of Ang |l-mediated or saline-mediated mouse aortic sections at various treatments (*P < 0.05).
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Figure 6. a) Key time points of different treatments in mouse. b) Real-time PCR analysis for in vivo Cas9 levels in adult mice aortic tissues with or
without Ang Il treatment followed by intravenous injection of CHO-PGEA/pCas9-sgFbn1. c) Relative expression of Fbnl targeted genes Mmp-2 and
Ctgf mRNAs in mice aortic tissues. d,e) The aortic diameters were measured by H&E staining in the CHO-PGEA/pCas9-sgnull and CHO-PGEA/pCas9-
sgFbn1 groups. *P < 0.05, **P < 0.01, ***P < 0.001, and ns, no significant difference.

capacity in blood (Figure 2f). In comparison with PEI/pCas9-
Cy5 and free pCas9-Cy5, CHO-PGEA/pCas9-Cy5 demonstrated
much stronger fluorescent signals in the aorta (Figure 5Db).
Interestingly, there existed considerable differences in enrich-
ments of CHO-PGEA/pCas9-Cy5 nanoparticles between the
saline-infused and Ang II-infused groups (Figure 5c).
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In addition, the aortic tissue sections of different groups were
utilized to observe the cellular uptake of pCas9-Cy5 by confocal
microscope, where VSMCs were stained in green by immu-
nofluorescence staining of o-smooth muscle actin (SMA) and
nuclei were stained by 4’,6-diamidino-2-phenylindole (DAPI) in
blue (Figure 5d). No obvious fluorescence signal was observed
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Figure 7. a) H&E staining of liver and kidney after Ang Il infusion followed by CHO-PGEA/pCas9-sgnull and CHO-PGEA/pCas9-Fbn1 injection. The
scale bar indicates 50 um. b) Plasma chemistry profile analysis of alanine transaminase (ALT), aspartate transaminase (AST), total bilirubin (TBIL),

albumin (ALB), Creatinine (CREA), and urea.

in the free pCas9-Cy5 and the PEI/pCas9-Cy5 groups. Significant
fluorescence signals were observed in the CHO-PGEA/pCas9-
Cy5 group. In comparison with the saline infusion group, Ang
II infusion further enhanced the enrichment of CHO-PGEA/
pCas9-Cy5 in the aorta, which has the same trend as the result
of Figure 5b. The above results indicated that CHO-PGEA can
effectively mediate the delivery of nucleic acid molecules into
aorta. Very importantly, the delivery of CHO-PGEA/pCas9-Cy5
nanoparticles was more effective in Ang Il-infused aorta.

In order to assess the expression of pCas9-sgFbnl in aorta,
mice were preinfused with Ang II (or saline) for 7 days and
then injected with CHO-PGEA/pCas9-sgFbnl via eye canthus
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intravenous for another 7 days (Figure 6a). Of note, it was
found that Ang II infusion significantly improved Cas9 expres-
sion at the aortic tissues (Figure 6b), suggesting the enrich-
ment of nanoparticles in aorta. Inspired by above results, the
aorta dilation and expression of Smad2/3-target genes after
28-day treatments with CHO-PGEA/pCas9-sgFbnl were evalu-
ated under the Ang II infusion. The expression levels of Mmp-2
and Ctgf were significantly increased (Figure 6c¢), indicating
the successful Fbnl gene disruption induced by Cas9-sgFbnl.
Meanwhile, CHO-PGEA/pCas9-sgFbnl produced a significant
increase in aortic diameter comparing with CHO-PGEA/pCas9-
sgnull (Figure 6d,e).
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2.6. In Vivo Safety Analysis

Safe delivery of CRISPR/Cas9 system is important for its in vivo
applications. Therefore, the signs of toxicity or acute immune
response in the CHO-PGEA/pCas9-sgFbnl-treated mice were
examined. At the end of 28-day treatment (Figure 6a), liver and
kidney tissues were collected to conduct histological examina-
tion by hematoxylin and eosin (H&E) assay. There was no evi-
dence of abnormal and inflammatory cell infiltration, such as
aggregates of lymphocytes or macrophages (Figure 7a). At the
same time, blood chemistry profile analysis was also performed
to assess the safety of in vivo nanoparticle delivery. No abnormal
signals in all indicators of blood chemistry were detected
(Figure 7b), which is consistent with the low cytotoxicity of
CHO-PGEA in vitro (Figure S6 in the Supporting Information).
Together, these results indicated that CHO-PGEA had no toxic
effects on organs and had good potential for in vivo application.

3. Conclusions

In this work, it was demonstrated that hydroxyl-rich gene car-
riers with cholesterol molecules (CHO-PGEA) were suitable
for CRISPR/Cas9 delivery to VSMCs and aorta. CHO-PGEA
could complex all-in-one CRISPR/Cas9 plasmid into stable
nanoparticles, show good abilities of cellular uptake, endo-
somal escape, nuclear translocation, and thus produce efficient
Fbnl gene disruption in VSMCs. The in vivo studies indicated
that Ang II infusion significantly increased the enrichment of
CHO-PGEA/Cas9 in aortic tissues. Furthermore, CHO-PGEA/
pCas9-sgFbnl induced loss-of-function mutations of Fbnl gene
and caused aortic diameter dilation in vivo. The delivery system
constructed here had no toxic effects on organs and showed
good potential in vivo application. Given the potency of CHO-
PGEA/pCas9-sgFbnl for aortic Cas9 delivery and gene editing
in vivo, new candidate gene which was discovered from aortic
aneurysm patients by whole exome sequencing could be edited.
With the in vivo gene compilation experiments and patholog-
ical detection, this work could present an efficient strategy for
identifying whether newly candidate genes discovered in aortic
disease patients are pathogenic or benign.

4. Experimental Section

Materials: Branched PEIl (M,, =25 kDa), angiotensin Il (Ang II), and
Cell Counting Kit-8 (CCK8) were bought from Sigma-Aldrich Chemical
Co. (St Louis, MO, USA). Dulbecco’s modified eagle medium (DMEM)
was obtained from Hyclone Co. (St. Utah, Waltham, MA, USA) and fetal
bovine serum (FBS) was purchased from Gibco Co. (Carlsbad, CA, USA).
Lipofectamine 3000 reagent, YOYO-1, Lyso Tracker red, DAPI, and TRIzol
lysis buffer were purchased from Thermo Fisher Scientific (Carlsbad,
CA, USA). SYBR Green PCR Master Mix was from Takara Bio (Takara,
Otsu, Shiga, Japan). T7 Endonuclease | was from New England Biolabs.
Anti-Flag antibody was from Sigma-Aldrich Chemical Co. (St Louis, MO,
USA) and anti-o-SMA, anti-GAPDH, anti-p-Smad2/3, and anti-Smad2/3
antibodies were obtained from Abcam (Cambridge, MA, USA).

Cell Culture: Mouse neuroblastoma cell line Neuro-2a (N2a) was
purchased from Peking Union Medical College and maintained in
DMEM supplemented with 10% FBS at 37 °C with 5% CO,. VSMCs were
isolated from C57BL/6 mouse aorta and maintained in smooth muscle
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cell culture (ScienCell Research Laboratories, USA) supplemented with
10% FBS at 37 °C with 5% CO,.

Design and Validation of Single Guide RNAs: Candidate guide RNAs
were designed using the optimized CRISPR design website: http://
crispr.mit.edu/. Three candidate sgRNAs (sgRNAT, sgRNA2, sgRNA3)
were selected. The sequences of sgRNAs are listed in Table S2
in the Supporting Information. Sense and antisense 24-nt oligos
for sgRNA cloning were annealed and ligated to the Bbsl-digested
pX459 vector (Addgene). Each guide RNA plasmid was transfected
into N2a cells using Lipofectamine 3000 reagent according to
the manufacturer’s instruction. Genomic DNA was extracted from the
transfected cells at 72 h post transfection. PCR products of the
targeted Fbnl locus, which was amplified by the corresponding
primer (Fbn1 F: 5'CAGTGTGCAGAGGCAAGGTATGAGAC3', Fbnl R:
5'CACCTGTGGCCACACTAATGACAZ'), were purified and evaluated by
T7El cleavage assays according to the manufacturer’s instructions. The
final products were run on 2.0% agarose gels and analyzed with a Gel
Doc gel imaging system (Bio-Rad). The indel efficiency was calculated
using the equation: (b+c)/(a+b+c) x 100, where a is uncut band, b and
c are cut bands. The band intensity was quantified using Image J. PCR
products were subjected to sanger sequencing and then subcloned
into T-clone vector pMD19-T (Takara, Otsu, Shiga, Japan) for DNA
sequencing. PCR products of the off-targeted sites were amplified by the
primer in Table S3 in the Supporting Information.

Preparation and Characterization of CHO-PGEA/pCas9-sgFbn1: CHO-
PGEA was synthesized based on CHO-PGMA (Mn = 9.25 x 10 g mol™
with polydispersity index of 1.3) as we reported before.’% Polycation to
pDNA ratios are expressed as molar ratios of nitrogen (N) in polymer
to phosphate (P) in pDNA (or as N/P ratios). At different N/P ratios,
equal volumes of polycation and pDNA solutions were mixed, and
incubated for 30 min at room temperature to produce polycation/pDNA
nanoparticles. The particle sizes and zeta-potentials of the nanoparticles
were investigated via dynamic light scattering (Malvern Nano-ZS90).
The morphology was imaged using an AFM with a Nanoscope llla
controller (Veeco, Santa Barbara, CA, USA) at a setting of 512 pixels
per line. Protein absorption and hemolysis assays of polycations were
conducted according to our previous work.*l

Cas9 Plasmid Transfection In Vitro: To evaluate the transfection
efficiency of CHO-PGEA/pCas9 nanoparticles, the plasmid pSpCas9(BB)-
2A-GFP (pX458) carrying the 2A-GFP fused to Cas9 expression cassette
was used to allow the observation of Cas9 expression in transfected
cells. VSMCs were seeded in 24-well plates (5 x 10* cells per well) and
incubated for 24 h. Then CHO-PGEA/pCas9-GFP nanoparticles (1 pg per
well of DNA in 20 puL H,O) at different N/P were added into the well.
After 4 h incubation, the transfection medium was replaced with culture
medium containing 10% FBS. After 24 h incubation, the cells were
observed and measured using a confocal microscope (Zeiss LSM700)
and flow cytometry analysis.

In Vitro Cytotoxicity Assay: The cytotoxicities of polycation/pDNA
complexes were analyzed by CCK8 assays in VSMCs. Briefly, 1 x 10*
cells were seeded in 96-well plates and incubated for 24 h. Then, the
culture medium was replaced with the fresh medium which contained
polycation/pDNA complexes under different N/P ratio, respectively.
The culture medium in every well contained 0.25 ug of pDNA. After 4 h
incubation, the transfection medium was replaced with fresh culture
medium. After another 20 h incubation, 10 uL of CCK8 was added into
each well. The final absorbance was recorded at a wavelength of 450 nm.
The cell viability was expressed as the percentage relative to that of
control.

Cellular Uptake: To analyze the cellular uptake of CHO-PGEA/pCas9-
sgFbn1, pCas9-sgFbnl plasmids were labeled with YOYO-1 according
to the manufacturer’s instruction followed by adding to CHO-PGEA.
VSMCs were seeded in a 24-well plate (5 x 10* cells per well) and
cultured for 24 h before use. The cells were then treated with CHO-
PGEA/pCas9-sgFbn1-YOYO-1 nanoparticles at their optional N/P ratios.
After 4 h incubation, the cells were collected for flow cytometry analysis.

Endosomal Escape: To detect the intracellular distribution of
CHO-PGEA/Cas9-sgFbnl, the plasmid was labeled with YOYO-1.
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VSMCs were seeded on coverslips and incubated for 24 h and then
treated with CHO-PGEA nanoparticles loaded with 2 ug of Cas9-
sgFbn1 plasmid. The Lyso Tracker Red was used to label lysosomes
and endosomes according to the manufacturer's instruction. At
determined time intervals, the cells were washed with PBS, fixed in
4% paraformaldehyde, counterstained with DAPI, and observed by a
confocal microscope (Zeiss LSM700).

In Vitro Cas9 Expression: VSMCs were seeded in a 6-well plate and
cultured for 24 h. Then Cas9-sgFbn1 plasmid was transfected into the
cells using CHO-PGEA or PEI. For the detection of Cas9 mRNA levels,
the transfected cells were collected at 24 h post-transfection by using
the TRIzol reagent to extract total RNAs. Then cDNA was synthesized
using GoScriptTM Reverse Transcription System according to the
manufacturer’s protocol (Promega, Madison, WI, USA). The RT-PCR was
amplified with SYBR Green PCR Master Mix and run on a Bio-Rad C1000
Touch Thermal Cycler (CFX384 Real-time System). All experiments were
measured in triplicate. Primers used here was shown in Table S4 in the
Supporting Information.

For the detection of Cas9 expression at protein levels, the transfected
cells were collected at 36 h post-transfection and total proteins were
extracted with cell lysis buffer for western blot analysis. Briefly, total
proteins were separated by sodium dodecyl sulfate polyacrylamide
gel eletrophoresis (SDS-PAGE) and transferred to nitrocellulose
membranes. After blocking with 5% milk, the membrane was incubated
with the anti-Flag (1:500) and anti-GAPDH (1:500) antibodies at 4 °C
overnight. After washing, the membranes were incubated with infrared
dye-conjugated secondary antibodies (1:10 000) for 1 h at room
temperature. Antibody binding was detected using the Odyssey infrared
imaging system (LI-COR Biosciences, Lincoln, NE). The individual band
intensity was quantified using Image | (NIH).

In Vitro Fbn1 Gene Disruption: VSMCs were transfected with
Cas9-sgFbn1 plasmid with CHO-PGEA reagent for 36 h. Total DNA
was extracted for PCR amplification. The PCR products of pCas9-
sgFbn1 targeted genomic locus were purified and evaluated by sanger
sequencing assay individually to detect genomic mutations.

To further analyze whether the genome editing leads to Fbn1 loss-of-
function, VSMCs were treated with CHO-PGEA/pCas9-sgFbn1 for 72 h.
Total RNAs were extracted for the analysis of expression levels of Fbnl
targeted genes Mmp-2 and Ctgf by real-time PCR assay with the primers
listed in Table S4 (Supporting Information). Additionally, total proteins
were prepared for evaluation of the effects of Fbnl loss-of-function
mutation on TGF-f3 signaling pathway by using the western blot analysis
for phosphorylation of Smad2/3.

Nanoparticle Distribution and Cas9 Expression in Aorta: 8-week-old
male wild-type C57BL/6) mice were received from Chinese Academy
of Medical Sciences (Beijing, China). The mice were maintained in a
pathogen-free environment and at a controlled temperature. All animals’
experiments were conducted in accordance with the Guide for Care
and Use of Laboratory Animals, approved by the Animal Care and Use
Committee of Capital Medical University. (Beijing, China). For in vivo
imaging, Cas9-sgFbn1 plasmids were labeled by nucleic acid labeling
kits-Cy5 (Mirus Bio LLC) for living imaging (named pCas9-Cy5). A total
of 15 mice were divided into 5 groups as follows: 1) pCas9-Cy5; 2) saline
+ PEI/pCas9-Cy5; 3) Ang Il + PEl/pCas9-Cy5; 4) saline + CHO-PGEA/
pCas9-Cy5; 5) Ang Il + CHO-PGEA/pCas9-Cy5. Mice were first infused
with saline or Ang Il at 1500 ng kg™ per min or infused with saline for
7 days and then treated with PEl/pCas9-Cy5 (N/P ratio was 10) or CHO-
PGEA/pCas9-Cy5 (N/P ratio was 15) nanoparticles via intravenous (i.v.)
injection of eye canthus vein. Each injection dose of the complex solution
containing 20 pg pCas9-Cy5 was 100 pL. In control group, mice were
treated with the solution containing 20 pg pCas9-Cy5. After 1 h, all the
mice were sacrificed and aortas were captured and analyzed by Xenogen
IVIS spectrum (Caliper Life Science, America) with living image 2.11
software. Aorta sections were observed to detect the entry of polycation/
pCas9-Cy5 nanoparticles into mouse thoracic aortas. Briefly, the aorta
section underwent immunofluorescence staining with the anti-a-SMA
(1:100) at 4 °C overnight, then with secondary antibodies at 37 °C for
2 h. The images were captured by a confocal microscope (Zeiss LSM700).
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For Cas9 expression in vivo, a total of 24 mice were divided into four
groups as follows: 1) PBS; 2) CHO-PGEA/pCas9-sgFbn1; 3) Ang Il +
PBS; 4) Ang Il + CHO-PGEA/pCas9-sgFbnl. Mice were first infused
with Ang Il at 1500 ng kg™ per min or infused with saline for 7 days
and then treated with CHO-PGEA/pCas9-sgFbn1 at the N/P ratio of
15 via intravenous (i.v.) injection of eye canthus vein for another 7 days.
RT-PCR were used to analyse the levels of Cas9 with the primers listed in
Table S4 in the Supporting Information.

Fbn1 Disruption In Vivo: A total of 24 mice were divided into two
groups as follows: 1) CHO-PGEA/pCas9-sgnull (control); 2) CHO-
PGEA/pCas9-sgFbn1. The mice were first infused with Ang Il followed by
IV injection of CHO-PGEA/pCas9-sgnull or CHO-PGEA/pCas9-sgFbn1 at
the N/P ratio of 15 containing 40 pg of plasmid DNA. At 28 days after
the nanoparticle injection, six mice randomly selected from each group
were euthanized, and aortic arteries were collected. The total RNAs
were extracted from aortic artery, and RT-PCR analysis was preformed
to detect the expression of Fbnl targeted genes Mmp-2 and Cigf.
Meanwhile another six mice were euthanized, and aortic arteries were
collected. H&E staining was used to measure the diameter of thoracic
aorta according to the manufacturer’s instruction.

For safety evaluation, the mice were infused with Ang Il followed by
i.v. injection of nanoparticles. After 28 days, the liver and kidney tissues
were collected, embedded in paraffin, sectioned (5 um), and stained
with H&E to detect the liver and kidney toxicity induced by CHO-
PGEA/plasmid nanoparticles. Plasma was collected for biochemical
measurement of alanine transaminase (ALT), aspartate transaminase
(AST), albumin (ALB), total bilirubin (TBIL), UREA, and creatinine
(CREA) using an autoanalyzer (RA 1000; Technicon Instruments, NY).

Statistical Analysis: All data are presented as means * standard
deviations and are representative of at least three individual
experiments. Statistical analyses were conducted using SPSS 24 software
with a Student’s t-test for two-sample analyses and one-way ANOVA
for multiple sample analyses. In all tests, significant differences were
indicated by *P < 0.05, **P < 0.01, and ***P < 0.001.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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