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Dual Supramolecular Nanoparticle Vectors Enable
CRISPR/Cas9-Mediated Knockin of Retinoschisin

1 Gene—A Potential Nonviral Therapeutic Solution
for X-Linked Juvenile Retinoschisis

Shih-Jie Chou, Peng Yang, Qian Ban, Yi-Ping Yang, Mong-Lien Wang, Chian-Shiu Chien,
Shih-Jen Chen, Na Sun, Yazhen Zhu, Hongtao Liu, Wengiao Hui, Tai-Chi Lin, Fang Wang,
Ryan Yue Zhang, Viet Q. Nguyen, Wenfei Liu, Mengxiang Chen, Steve J. Jonas,

Paul S. Weiss,* Hsian-Rong Tseng,* and Shih-Hwa Chiou*

The homology-independent targeted integration (HITI) strategy enables effective CRISPR/Cas9-mediated knockin of ther-
apeutic genes in nondividing cells in vivo, promising general therapeutic solutions for treating genetic diseases like X-
linked juvenile retinoschisis. Herein, supramolecular nanoparticle (SMNP) vectors are used for codelivery of two DNA
plasmids—CRISPR-Cas9 genome-editing system and a therapeutic gene, Retinoschisin 1 (RS1)—enabling clustered reg-
ularly interspaced short palindromic repeats (CRISPR)-associated protein 9 (CRISPR/Cas9) knockin of the RS1 gene with
HITI. Through small-scale combinatorial screenings, two SMNP vectors, with Cas9 and single guide RNA (sgRNA)-
plasmid in one and Donor-RS1 and green fluorescent protein (GFP)-plasmid in the other, with optimal delivery perfor-
mances are identified. These SMNP vectors are then employed for CRISPR/Cas9 knockin of RS1/GFP genes into the
mouse Rosa26 safe-harbor site in vitro and in vivo. The in vivo study involves intravitreally injecting the two SMNP vec-
tors into the mouse eyes, followed by repeated ocular imaging by fundus camera and optical coherence tomography, and
pathological and molecular analyses of the harvested retina tissues. Mice ocular organs retain their anatomical integrity,
a single-copy 3.0-kb RS1/GFP gene is precisely integrated into the Rosa26 site in the retinas, and the integrated RS1/GFP

gene is expressed in the retinas, demonstrating CRISPR/Cas9 knockin of RS1/GFP gene.
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The clustered regularly interspaced short palindromic repeats,
CRISPR-associated protein 9 (CRISPR/Cas9) system is revolu-
tionizing gene therapy.l!! A CRISPR/Cas9-mediated gene editing
system is composed of two functional components, i.e., Cas9 en-
donuclease and an engineered short, single-guide RNA (sgRNA),
which form a ribonucleoprotein complex, Cas9esgRNA. Based
on a base-pairing mechanism, Cas9esgRNA complex recognizes
and cuts the targeted site, precisely inducing a double-strand
break (DSB).l!] Subsequently, endogenous DNA repair occurs
via either a nonhomologous end joining (NHE]) or a homology
directed repair (HDR) pathway. As a general therapeutic solu-
tion for treating genetic diseases,!?) the HDR pathway is often
adopted for CRISPR/Cas9-mediated knockin,®! by which a ther-
apeutic gene carried by donor DNA (dDNA) is integrated into
DSB. However, HDR-based CRISPR/Cas9-mediated knockin is
less efficient in vivo since the HDR pathway is not readily acces-
sible to nondividing cells in tissue.[*l By contrast, the NHE] path-
way is active in both nondividing and proliferating cells, and thus,
can be adopted to achieve more efficient in vivo CRISPR/Cas9-
mediated knockin. A homology-independent targeted integration
(HITI) strategy!® was developed based on the NHE] pathway to
enable robust knockin of nondividing cells in vivo. In brief, HITI
strategy introduces two predetermined CRISPR/Cas9 target sites
into dDNA. After cutting the targeted sites present in both ge-
nomic DNA and dDNA, the resulting three DSB sites under-
goes endogenous DNA repair via the NHE] pathway to achieve
gene integration.®] In animal studies, the HITI strategy enables
more efficient CRISPR/Cas9-mediated knockin, suitable for a lo-
cal gene-editing solution in organs, like eyes and brains.>*) How-
ever, the technical challenge remains to develop safe and reliable
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delivery vectors that can codeliver Cas9esgRNA and dDNA into
the target cells and/or tissues.

X-linked juvenile retinoschisis, XLRS is a condition character-
ized by impaired vision that begins in childhood in males. Ap-
proximately 200 mutations of the RS1 gene have been identi-
fied as associated with either decreases in or complete loss of
functional retinoschisin, which disrupts the maintenance and or-
ganization of cells in the retina.[®! Recently, a small number of
clinical trials’! were initiated to evaluate the safety and efficacy
of adeno-associated virus (AAV)-based gene therapy approaches,
which introduce functional retinoschisin in retina to treat XLRS.
To date, none of the AAV-based RS1 gene therapy approaches!®!
has reached a satisfactory clinical endpoint. Meanwhile, re-
searchers have been exploring CRISPR/Cas9-mediated knockin
of RS1 gene to achieve a curative therapeutic solution for XLRS.
While AAVE! is also frequently used for delivering CRISPR/Cas9
system, its limited packaging capacity (<4.7 kb)!*! and safety
concerns on viral integration and immunogenicity remain. Al-
ternative approaches harness the potential of nonviral vectors,!]
including lipids,!"?! polymers,'*! and nanoparticles!'*! for carry-
ing Cas9, guide RNA (gRNA), and donor DNA (dDNA). Although
there has been substantial progress made for CRISPR/Cas9-
mediated gene knockout,**“**) and knockdown!!®! using nonviral
vectors along the NHE] pathway, relatively limited results have
been obtained for CRISPR/Cas9-mediated knockin,[*¢17] espe-
cially for integration of a full-length gene. We envision exploit-
ing the combined use of nonviral vectors with the more effective
HITI strategy to facilitate CRISPR/Cas9-mediated knockin of a
full-length therapeutic gene as a more effective and general non-
viral therapeutic solution for many genetic diseases.

Previously, we demonstrated a convenient and flexible
self-assembled synthetic strategy for producing supramolecu-
lar nanoparticlel®®) (SMNP) vectors by mixing three molecu-
lar building blocks, i.e., f-cyclodextrin (CD)-grafted branched
polyethyleneimine (CD-PEI), adamantane (Ad)-grafted polyami-
doamine dendrimer (Ad-PAMAM), and Ad-grafted poly(ethylene
glycol) (Ad-PEG). The multivalent Ad/CD molecular recognition
allows modular control over the sizes, surface chemistry, and pay-
loads of SMNP vectors, promising a diversity of imagingl!®19]
and therapeutic applications.?’l We have shown that this self-
assembly strategy can be utilized for combinatorial formulation
and screening of SMNPs to optimize formulations with signifi-
cantly improved delivery performance.l?!]

Our past experiencel??] in utilizing SMNP vectors for deliv-
ery of DNA plasmid prompted us to exploit the combined use of
SMNP vectors with the HITI strategy for in vivo CRISPR/Cas9-
mediated knockin of RS1 gene (Scheme 1a) as a potential non-
viral therapeutic solution for XLRS. By conducting small-scale
combinatorial formulations and screenings,?!) two SMNP vec-
tors, i.e., Cas9/sgRNA-plasmidcSMNPs and Donor-RS1/GFP-
plasmidCc SMNPs with optimal delivery performance were iden-
tified. We envision that, by performing intravitreal injection
of the two SMNP vectors in a mouse model, Cas9/sgRNA-
plasmid (9.3 kb, detailed gene map see Figure S1 in the
Supporting Information) and Donor-RS1/GFP-plasmid (4.9 kb,
detailed gene map see Figure S1 in the Supporting Informa-
tion) can be introduced into the retina, initiating CRISPR/Cas9-
mediated knockin of RS1/GFP gene in two consecutive steps. In
Step 1, Cas9esgRNA specifically recognizes and cuts a sgRNA

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. a) Schematic illustration showing that two supramolecular nanoparticle (SMNP) vectors were developed for codelivery of Cas9/sgRNA-
plasmid and Donor-RS1/GFP-plasmid, enabling CRISPR/Cas9-mediated knockin of RST gene in mouse retinas. After Cas9esgRNA formation in vivo,
CRISPR/Cas9-mediated knockin of RS1 gene is carried out in two consecutive steps following the homology-independent targeted integration (HITI)
strategy. b) A self-assembled synthetic strategy adopted for preparation of Cas9/sgRNA-plasmidCSMNPs through stoichiometric mixing of Cas9/sgRNA-
plasmid and four SMNP molecular building blocks, i.e., CD-PEI, Ad-PAMAM, Ad-PEG, and Ad-PEG-TAT. c) A self-assembly strategy adopted for prepa-
ration of Donor-RS1/GFP-plasmidCSMNPs.
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(sgRNA-Rosa26)-targeted sequence in a mouse Rosa26 safe-
harbor site )] and two flanked sites adjacent to RS1/GFP genes
(within the Donor-RS1/GFP-plasmid), resulting in the formation
of three DSBs. In Step 2, DNA repair via the NHE] pathway leads
to site-specific integration of RS1/GFP genes. To prepare for the
in vitro study, the B16 mouse melanoma cell line (no RS1 gene ex-
pression) was employed as a model system for optimization. Our
self-assembly strategy!'®! enables precise control over two syn-
thetic variables—(i) Ad-PAMAM/CD-PEI ratios, and (ii) the cov-
erage of a membrane penetration ligand, TAT.[?%I Through small-
scale combinatorial screenings, optimal performances were
identified for the formulations of Cas9/sgRNA-plasmidC SMNPs
and Donor-RS1/GFP-plasmidCSMNPs according to their per-
formances for inducing CRISPR/Cas9-mediated insertion and
deletion events (indels) and GFP transfection, respectively. The
two optimized SMNP vectors were then employed to achieve
CRISPR/Cas9-mediated knockin of RS1/GFP gene in growth-
synchronized B16 cells. The resulting RS1/GFP-knockin B16
cells were further characterized by fluorescence microscopy, poly-
merase chain reaction (PCR) assay, Sanger sequencing, and
quantitative PCR assay to confirm the successful integration of
3.0-kb RS1/GFP gene. Finally, we explored the feasibility of per-
forming CRISPR/Cas9-mediated knockin of RS1/GFP gene in
mouse retina by intravitreally coinjecting the two SMNP into
mice eyes. Ocular imaging with a fundus camera and optical co-
herence tomography (OCT), as well as pathological and molec-
ular analyses of the harvested retina tissues, were employed to
test the success and efficiency CRISPR/Cas9-mediated knockin
of RS1/GFP gene in mouse retinas.

Based on the self-assembly strategy, we first adopted a
small-scale combinatorial screening approachl?!l in search of
a Cas9/sgRNA-plasmidcSMNPs formulation that optimized
performance for CRISPR/Cas9-mediated disruption at the
Rosa26 site (Figure 1a). After cell uptake of Cas9/sgRNA-
plasmidCSMNPs, Cas9esgRNA was produced in cytoplasm, pre-
cisely introducing DSB at the Rosa26 site. The subsequent DNA
repair via the NHE] pathway led to the indels. For optimization,
18 formulations of Cas9/sgRNA-plasmidC SMNPs were prepared
by systemically varying: (i) Ad-PAMAM/CD-PEI weight ratios =
0.5 to 3.0, and (ii) TAT ligand coverage = 1-10%, while keep-
ing the concentrations of Cas9/sgRNA-plasmid, Ad-PEG, and
CD-PEI at 0.01, 0.23, and 0.1 pg pL~!, respectively. Each for-
mulation of Cas9/sgRNA-plasmidCSMNPs (containing 1.0 pg
of Cas9/sgRNA-plasmid) was introduced to a well (in a 12-well
plate), where 1 x 10° B16 cells were starved in serum-free Dul-
becco’s modified Eagle’s medium (DMEM) overnight to syn-
chronize the cell cycles to GO/G1 phases.?*] 48 h after SMNPs
treatment, the B16 cells were subjected for genomic DNA ex-
traction, and the sgRNA-targeted surrounding region was am-
plified by PCR. T7 endonuclease I (T7E1) assay!*! (Figure 1b)
was performed to quantify the indel frequency. T7 endonucle-
ase specifically recognizes and cleaves mismatched DNA am-
plicons associated with the indels. Along with the wild-type
(WT) amplicon (574 bp), two characteristic fragments (330 and
244 Dbp) were detected and quantified by electrophoretogram
(Figure 1c), reflecting the CRISPR/Cas9-mediated disruption
performances of the 18 formulations. The optimal performance
was identified for a Cas9/sgRNA-plasmidCSMNP formulation,
where Ad-PAMAM/CD-PEI is 1.5, and TAT coverage is 6%.
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Replicated CRISPR/Cas9-mediated disruption tests were per-
formed to ensure the reproducibility of this optimal formula-
tion before knockin study (Figure S2, Supporting Information).
The control study, ie., B16 cells treated by Cas9/sgRNA-
plasmid-encapsulated Lipofectamine 3000 agent (Cas9/sgRNA-
plasmidCLF3K) was conducted in parallel. T7E1 assay revealed
that the mean indel frequencies were 23.7% for the Cas9/sgRNA-
plasmidCSMNPs and 15.8% for Cas9/sgRNA-plasmidCLF3K
(Figure S2, Supporting Information). In addition, to deter-
mine potential off-target effects of Cas9/sgRNA-plasmid, we per-
formed PCR and Sanger sequence at five of the top-ranking
predicted off-target sites of the sgRNA-Rosa26. The sequencing
results showed no datable off-target events in the top five pre-
dicted off-target sites (Figure S3, Supporting Information).

Based on a similar combinatorial screening approach,?!l we
next searched for a Donor-RS1/GFP-plasmidCSMNPs formula-
tion that optimizes GFP-transfection performance (Figure 2a).
Eighteen formulations of Donor-RS1/GFP-plasmidCSMNPs
were prepared by systemically varying (i) Ad-PAMAM/CD-PEI
weight ratios = 0.5-3.0, (ii) TAT ligand coverage = 1-10%,
while keeping the concentrations of Donor-RS1/GFP-plasmid,
Ad-PEG, and CD-PEI at 0.01, 0.23, and 0.1 pg pL~!, respec-
tively. After settling growth-synchronized B16 cells in culture
plates, each formulation of the SMNPs (containing 1.0 pg of
Donor-RS1/GFP-plasmid) was added to the cells. 48 h post
SMNP treatment, fluorescence microscopy was used to quan-
tify the GFP expression levels for individual formulations
(Figure 2b, enlarged fluorescence microscopy images see
Figure S4 in the Supporting Information). The quantitative anal-
ysis summarized in Figure 2c, revealed that the optimal GFP-
transfection performance was identified for a Donor-RS1/GFP-
plasmidcSMNPs formulation, where Ad-PAMAM/CD-PEI is
2.0, and TAT coverage is 6%. We further replicated the GFP-
transfection studies of the Donor-RS1/GFP-plasmidCSMNPs
with optimal formulation for three times (Figure S5, Sup-
porting Information). The control study, i.e., B16 cells treated
by Donor-RS1/GFP-plasmid-encapsulated Lipofectamine 3000
agent (Donor-RS1/GFP-plasmidCLF3K), was conducted in par-
allel. The flow-cytometry analysis showed the mean transfection
efficiencies were 82.9% for Donor-RS1/GFP-plasmidCSMNPs
and 82.5% for Donor-RS1/GFP-plasmidcLF3K (Figure S5, Sup-
porting Information). Viability of B16 cells after treatment with
different SMNP vectors and LF3K vectors was measured via cell
counting kit-8 (CCK-8) assay. The experimental data (Figure S6,
Supporting Information) showed B16 cells kept high viability af-
ter treatment of SMNP vectors for 24 and 48 h, while LF3K vec-
tors exhibited a remarkable cytotoxicity against B16 cells.

The studies above prompted us to explore the feasibility of co-
encapsulating both Cas9/sgRNA-plasmid and Donor-RS1/GFP-
plasmid into a single SMNP vector in order to simplify the
complicated procedures using the two vectors. Based on the
previous formulation conditions, we prepared Cas9/sgRNA-
plasmid+Donor-RS1/GFP-plasmidCSMNPs via stoichiometric
mixing of the two DNA plasmids with the SMNP building
blocks. The resulting Cas9/sgRNA-plasmid+Donor-RS1/GFP-
plasmidCSMNPs were subjected to both CRISPR/Cas9-
mediated disruption and GFP-transfection studies. The results
(Figure S7, Supporting Information) suggested that such coen-
capsulated SMNP vector exhibited significantly compromised

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) Schematic illustration of CRISPR/Cas9-mediated disruption at the Rosa26 site in B16 cells treated by Cas9/sgRNA-plasmidCSMNPs. After
cell uptake of SMNPs, Cas9esgRNA was produced to introduce DSB precisely at the Rosa26 site. Subsequent DNA repair via the NHE| pathway led to
insertion and deletion events (indels). b) T7 endonuclease | (T7E1) assay was employed to quantify the indel frequency, reflecting the CRISPR/Cas9-
mediated disruption performance. c) Electrophoretograms were used to quantify the two characteristic fragments (330 and 244 bp) associated with the
indels along with the wild-type amplicon (574 bp). An optimal formulation of Cas9/sgRNA-plasmidCSMNPs was identified (*).

performance in both CRISPR/Cas9-mediated disruption (5.1%)
and GFP transfection (20%).

Scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), and dynamic light scattering (DLS)
analyses were used to characterize the optimized Cas9/sgRNA-
plasmidcSMNPs,  Donor-RS1/GFP-plasmidcSMNPs,  and
Cas9/sgRNA-plasmid+Donor-RS1/GFP-plasmidCSMNPs. The
SEM and TEM images and size distributions are shown in
Figure 3a,b, and suggest that these two optimized formula-
tions conferred homogeneous spherical morphologies with
narrow size distributions to these two SMNP vectors. The
coencapsulated SMNPs have larger sizes and size distributions
(Figure 3a,b), which might be responsible for their reduced
performance. We note that the sizes observed by SEM and TEM
are smaller than the hydrodynamic size (Figure S8, Supporting

Adv. Sci. 2020, 7, 1903432 1903432 (5 of 11)

Information), measured by DLS, due to dehydration of SMNPs
during sample preparation for electron microscopy. According
to stoichiometric calculations (see the Supporting Informa-
tion), we estimate that ~1-2 copies of Cas9/sgRNA-plasmid
and 2-3 copies of Donor-RS1/GFP-plasmid were encapsulated
into each Cas9/sgRNA-plasmidCSMNP and Donor-RS1/GFP-
plasmidcSMNP under the optimized formulation conditions,
respectively.

Using the two optimal SMNPs formulations, growth-
synchronized B16 cells were treated by both Cas9/sgRNA-
plasmidcSMNPs and Donor-RS1/GFP-plasmidCSMNPs (each
containing 1.0 pg of plasmid) for CRISPR-Cas9-mediated
knockin of RS1/GFP gene into the Rosa26 site via the HITI
pathway (Figure 4a). To minimize the possibility of positive
GFP signals transfected from nonintegrating donor plasmid,

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Schematic illustration of green fluorescent protein (GFP) transfection in B16 cells treated by Donor-RS1/GFP-plasmidCSMNPs. b) Eigh-
teen formulations of Donor-RS1/GFP-plasmidCSMNPs were prepared for the GFP-transfection study, followed by fluorescence microscopy analysis.
¢) Quantitative analysis of the fluorescent micrographs revealed an optimal formulation (*) for Donor-RS1/GFP-plasmidCSMNPs.

a time-dependent study was conducted on B16 cells treated by
both plasmidCcSMNPs or Donor-RS1/GFP-plasmidCSMNPs
alone at 2, 3, 5, 7, 14, and 21 d post treatment. As shown in
Figure S9a in the Supporting Information, the cells treated by
Donor-RS1/GFP-plasmidCSMNPs alone showed the highest
GFP-transfection performance at 3 d post treatment, and the
GFP signals gradually decayed and diminished completely by
14 d. The cells treated by both plasmidCSMNPs exhibited stable
GFP signals post 21 d treatment. After 21 d, the cells were
subjected to flow cytometry analysis (Figure S9b,c, Supporting
Information) to determine the knockin efficiency (10.7%) and
obtain sorted RS1/GFP-knockin B16 cells. The sorted RS1/GFP-
knockin B16 cells were subjected to 20 rounds of culture
expansion. Over the culture expansion, these cells still presented
stable and consistent GFP signals (Figure 4b; Figure S10,
Supporting Information), supporting the integration of the
RS1/GFP gene. To test the success of CRISPR-Cas9-mediated
knockin of RS1/GFP gene into the Rosa26 site via the HITI path-
way, we extracted the genomic DNA from RS1/GFP-knockin
B16 cells, followed by PCR analysis and Sanger sequencing.
After PCR amplification, the two characteristic DNA fragments,
i.e., the R-arm junction (617 bp) and L-arm junction (748 bp)—
signifying the integration of 3.0-kb RS1/GFP into the Rosa26
site—were detected by electrophoresis (Figure 4c). In parallel,
Sanger sequencing of the genome-donor boundaries in the
R-arm and L-arm junctions confirmed the successful integration
of RS1/GFP gene via the HITI pathway (Figure 4d). Moreover, to

Adv. Sci. 2020, 7, 1903432 1903432 (6 of 11)

examine whether the RS1/GFP-knockin B16 cells were capable
of functionally expressing RS1 gene, we carried out quantitative
PCR analysis in RS1/GFP-knockin B16 cells, using untreated
B16 cells as controls. We observed a significantly high level
of RS1 expression in RS1/GFP-knockin B16 cells (Figure 4e).
RS1/GFP-knockin B16 cells were subjected to immunofluores-
cence (IF) staining to examine whether the integrated RS1 gene
in RS1/GFP-knockin B16 cells could functionally express RS1
protein. As shown in Figures 4f and Figure S11 (Supporting In-
formation), strong red fluorescence signals (marking IF-stained
RS1 protein) were observed in RS1/GFP-knockin B16 cells.
Collectively, our in vitro study suggested that the combined
use of Cas9/sgRNA-plasmidcSMNPs and Donor-RS1/GFP-
plasmidCSMNPs can successfully achieve CRISPR/Cas9-
mediated knockin of a single-copy 3.0-kb RS1/GFP gene into the
mouse Rosa26 site. These results represent the first demonstra-
tion of CRISPR/Cas9-mediated knockin of a long/intact gene
using nonviral vector-based gene-delivery approach.

Following the successful demonstration of in vitro
CRISPR/Cas9-mediated knockin, we were keen to explore
the feasibility of performing CRISPR/Cas9 knockin of RS1/GFP
gene in vivo. A 5 pL phosphate-buffered saline (PBS) solution
containing sterilized Cas9/sgRNA-plasmidcSMNPs and Donor-
RS1/GFP-plasmidCSMNPs (each 50-ng plasmid) was injected
intravitreally into the eye of a BALB/c-strain mouse (n = 6)
under brief isoflurane anesthesia. Figure 5a shows the timeline
of our in vivo study over a period of 30 d. At days 3, 10, and

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure3. a) Schematicillustrations of optimal Cas9/sgRNA-plasmidCSMNPs, Donor-RS1/GFP-plasmidCSMNPs, and the coencapsulated Cas9/sgRNA-
plasmid+Donor-RS1/GFP-plasmidCSMNPs. b) Scanning electron microscopy (SEM) and c) transmission electron microscopy (TEM) images summa-
rize the size distributions of these three SMNPs. The size distributions of SMNPs in the TEM and SEM images were measured via Nano measure 1.2

software. More than 200 SMNPs were counted in each sample.

30 postinjection, a fundus camera and OCT were used to mea-
sure the knockin GFP signals on retinal surfaces (left and middle
panels in Figure 5b and Figure S12a in the Supporting Infor-
mation) and to monitor the anatomical structures of the retinas
(right panels in Figure 5b and Figure S12a in the Supporting
Information), respectively. Bright-field fundus and OCT imaging
suggested that the mice retinas retained anatomical integrity
over the course of the study. The GFP signals associated with

Adv. Sci. 2020, 7, 1903432 1903432 (7 of 11)

CRISPR/Cas9-mediated knockin of RS1/GFP gene emerged
at day 18 and persisted until day 30. At day 30, the mice were
euthanized by cervical dislocation under deep anesthesia, and
the treated eyes were excised for pathological and molecular
analyses. After dissecting retinas from the treated eyes, the
GFP-positive areas were subjected to standard pathology H&E
staining and IHC staining for GFP (Figure 5c; Figure S12b, Sup-
porting Information). Two pathologists reviewed all the slides
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Figure 4. a) A timeline depicting CRISPR/Cas9-mediated knockin of RS1/GFP gene in growth-synchronized B16 cells using both Cas9/sgRNA-
plasmidcSMNPs and Donor-RS1/GFP-plasmidCSMNPs. b) Bright-field and fluorescence images of sorted RS1/GFP-knockin B16 cells taken after
20 rounds of culture expansion. c) Two characteristic DNA fragments, i.e., the R-arm junction (617 bp) and L-arm junction (748 bp)—signifying the
integration of RS1/GFP into the Rosa26 site—were detected by an electrophoretogram. d) Sanger sequencing was carried to test that the correct DNA
sequences of the genome-donor boundaries in the R-arm and L-arm junctions. €) RS1 gene expression levels observed by quantitative PCR. f) Repre-
sentative immunofluorescence images of RS1/GFP-knockin B16 cells.

the R-arm junction (617 bp) and L-arm junction (748 bp) were

independently, concluding that: (1) no histological abnormalities
observed on an electrophoretogram (Figure 5d). Sanger sequenc-

were observed, and (2) GFP positivity was identified in the

ganglion cell layers of the retinas. In parallel, genomic DNA was
extracted from the GFP-positive retina tissues to confirm that
the RS1/GFP gene was correctly integrated into the Rosa26 site.
After PCR amplification, the two characteristic fragments, i.e.,

Adv. Sci. 2020, 7, 1903432 1903432 (8 of 11)

ing of the genome-donor boundaries in the R-arm and L-arm
junctions indicated the successful integration of RS1/GFP gene.
(Figure Se). Collectively, these in vivo experimental data support
that the SMNP vectors can be utilized to deliver CRISPR/Cas9
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Figure 5. a) A timeline and graphic illustration depicting CRISPR/Cas9-mediated knockin of the RS1/GFP gene in mouse retina via intravitreal injection
of both Cas9/sgRNA-plasmidcSMNPs and Donor-RS1/GFP-plasmidCSMNPs. b) A fundus camera and optical coherence tomography (OCT) were
employed to detect the GFP signals on retinal surfaces and monitor the anatomical structures of the retinas, respectively. ) H&E staining and IHC
staining for GFP of the GFP-positive retina tissues. d) Two characteristic DNA fragments, i.e., the R-arm junction (617 bp) and L-arm junction (748 bp)
on an electrophoretogram and e) Sanger sequencing of the genome-donor boundaries in the R-arm and L-arm junctions confirmed the successful

integration of 3.0-kb RS1/GFP gene into the Rosa26 site in vivo.

gene editing system and dDNA using the HITT strategy, enabling
CRISPR/Cas9-mediated knockin of intact RS1 gene in retina as
a potential nonviral therapeutic solution for treating XLRS.

In summary, we introduced an in vivo CRISPR/Cas9-mediated
knockin approach using two SMNP vectors, i.e., Cas9/sgRNA-
plasmidCcSMNPs and Donor-RS1/GFP-plasmidCSMNPs, which
were identified by performing small-scale combinatorial screen-

Adv. Sci. 2020, 7, 1903432 1903432 (9 of 11)

ings of the different SMNP formulations prepared by a self-
assembly synthetic strategy. By intravitreally injecting the two
SMNP vectors in BALB/c-strain mice, we successfully demon-
strated CRISPR/Cas9-mediated knockin of 3.0-kb RS1/GFP gene
into the Rosa26 site in mice retinas. This proof-of-concept study
highlights the potential of the combined use of the SMNP vectors
with the HITT strategy to achieve in vivo CRISPR/Cas9-mediated
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knockin of a therapeutic gene. Since nearly 200 mutation sites in
the RS1 gene have been identified and associated with XLRS, it
is not feasible to develop CRISPR/Cas9-mediated editing accord-
ing to individual patients’ mutations. Performing CRISPR/Cas9-
mediated knockin of the RS1 gene in the retinas of XLRS pa-
tients via either intravitreal or subretinal injection of the SMNPs
would offer a revolutionary curative therapeutic solution. The
same strategy should apply for treating other genetic diseases in
which specific mutations only function in local organs (e.g., cystic
fibrosis).

Supporting Information

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

Acknowledgements

S.J.C. and P.. contributed equally to this work. The authors thank Miss
Xinyue Zhang, Fu-Ting Tsai, Yi-Ching Tsai, Yu-Ling Ko, and Mr. Ming-Long
Tsai for providing excellent assistance in this study. This work was sup-
ported by the National Institutes of Health (R21EB016270). This work was
financially supported by Taipei Veterans General Hospital (V108E-006-5,
109VACS-003, VGHUST109-V1-4-1), MOST (MOST 108-2119-M-010-001),
Ministry of Education through the SPROUT Project- Center For Intelligent
Drug Systems and Smart Bio-devices (IDS2B), and the “Cancer Progres-
sion Research Center, National Yang-Ming University” from The Featured
Areas Research Center Program within the framework of the Higher Edu-
cation Sprout Project by the Ministry of Education (MOE) in Taiwan. All
experimental procedures and protocols involving animals were approved
by the institutional animal care committee of Taipei Veterans General Hos-
pital and complied with the Guide for the Care and Use of Laboratory
Animals.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

codelivery, CRISPR/Cas9, gene therapy, retina, supramolecular nanoparti-
cles, X-linked juvenile retinoschisis

Received: November 29, 2019
Revised: March 7, 2020
Published online: April 16, 2020

[1] a) F. A. Ran, P. D. Hsu, ). Wright, V. Agarwala, D. A. Scott, F. Zhang,
Nat. Protoc. 2013, 8, 2281; b) ). A. Doudna, E. Charpentier, Science
2014, 346, 1258096; c) F. Jiang, J. A. Doudna, Ann. Rev. Biophys. 2017,
46, 505.

[2] a)G.Schwank, B.K. Koo, V. Sasselli, J. F. Dekkers, I. Heo, T. Demircan,
N. Sasaki, S. Boymans, E. Cuppen, C. K. van der Ent, E. E. Nieuwen-
huis, ). M. Beekman, H. Clevers, Cell Stem Cell 2013, 13, 653; b) Y.
Wu, D. Liang, Y. Wang, M. Bai, W. Tang, S. Bao, Z. Yan, D. Li, ). Li, Cell
Stem Cell 2013, 13, 659.

[3] a) V. T. Chu, T. Weber, B. Wefers, W. Wurst, S. Sander, K. Rajewsky, R.
Kiihn, Nat. Biotechnol. 2015, 33, 543; b) K. Schumann, S. Lin, E. Boyer,

Adv. Sci. 2020, 7, 1903432 1903432 (10 of 11)

4

(3]

[6

(7]

[8

9

(10]
(1]

(12]

[13]

[14]

[15]

[16]

[17]

www.advancedscience.com

D. R. Simeonov, M. Subramaniam, R. E. Gate, G. E. Haliburton, J. Y.
Chun, J. A. Bluestone, . A. Doudna, Proc. Natl. Acad. Sci. 2015, 112,
10437; c) D. Paquet, D. Kwart, A. Chen, A. Sproul, S. Jacob, S. Teo, K.
M. Olsen, A. Gregg, S. Noggle, M. Tessier-Lavigne, Nature 2016, 533,
125; d) ). Eyquem, J. Mansilla-Soto, T. Giavridis, S. J. van der Stegen,
M. Hamieh, K. M. Cunanan, A. Odak, M. Génen, M. Sadelain, Nature
2017, 543, 113.

A. Orthwein, S. M. Noordermeer, M. D. Wilson, S. Landry, R. I.
Enchev, A. Sherker, M. Munro, . Pinder, ). Salsman, G. Dellaire, B.
Xia, M. Peter, D. Durocher, Nature 2015, 528, 422.

a) K. Suzuki, Y. Tsunekawa, R. Hernandez-Benitez, J. Wu, J. Zhu, E.
J. Kim, F. Hatanaka, M. Yamamoto, T. Araoka, Z. Li, M. Kurita, T.
Hishida, M. Li, E. Aizawa, S. Guo, S. Chen, A. Goebl, R. D. Soligalla,
J. Qu, T. Jiang, X. Fu, M. Jafari, C. R. Esteban, W. T. Berggren, . Lajara,
E. Nunez-Delicado, P. Guillen, J. M. Campistol, F. Matsuzaki, G. H.
Liu, P. Magistretti, K. Zhang, E. M. Callaway, K. Zhang, ]. C. Belmonte,
Nature 2016, 540, 144; b) X. He, C. Tan, F. Wang, Y. Wang, R. Zhou,
D. Cui, W. You, H. Zhao, ). Ren, B. Feng, Nucleic Acids Res. 2016, 44,
e85.

A. Tantri, T. R. Vrabec, A. Cu-Unjieng, A. Frost, W. H. Annesley Jr., L.
A. Donoso, Surv. Ophthalmol. 2004, 49, 214.

G. A. Rodrigues, E. Shalaev, T. K. Karami, J. Cunningham, N. K. H.
Slater, H. M. Rivers, Pharm. Res. 2019, 36, 29.

C. Cukras, H. E. Wiley, B. G. Jeffrey, H. N. Sen, A. Turriff, Y. Zeng, C.
Vijayasarathy, D. Marangoni, L. Ziccardi, S. Kjellstrom, T. K. Park, S.
Hiriyanna, J. F. Wright, P. Colosi, Z. Wu, R. A. Bush, L. L. Wei, P. A.
Sieving, Mol. Ther. 2018, 26, 2282.

L. Swiech, M. Heidenreich, A. Banerjee, N. Habib, Y. Li, J. Trombetta,
M. Sur, F. Zhang, Nat. Biotechnol. 2015, 33, 102.

Z.Wu, H. Yang, P. Colosi, Mol. Ther. 2010, 18, 80.

a) H.-X. Wang, M. Li, C. M. Lee, S. Chakraborty, H.-W. Kim, G. Bao,
K. W. Leong, Chem. Rev. 2017, 117, 9874; b) L. Li, S. Hu, X. Chen,
Biomaterials 2018, 171, 207.

a) ). A. Zuris, D. B. Thompson, Y. Shu, J. P. Guilinger, . L. Bessen, J. H.
Hu, M. L. Maeder, |. K. Joung, Z.-Y. Chen, D. R. Liu, Nat. Biotechnol.
2015, 33, 73; b) M. Wang, ). A. Zuris, F. Meng, H. Rees, S. Sun, P.
Deng, Y. Han, X. Gao, D. Pouli, Q. Wu, Proc. Natl. Acad. Sci. 2016,
113, 2868.

a) L. Li, L. Song, X. Liu, X. Yang, X. Li, T. He, N. Wang, S. Yang, C.
Yu, T. Yin, ACS Nano 2017, 11, 95; b) W. Sun, W. Ji, J. M. Hall, Q. Hu,
C. Wang, C. L. Beisel, Z. Gu, Angew. Chem., Int. Ed. 2015, 54, 12029;
) Q. Liu, K. Zhao, C. Wang, Z. Zhang, C. Zheng, Y. Zhao, Y. Zheng,
C. Liu, Y. An, L. Shi, Adv. Sci. 2019, 6, 1801423.

a) W. Zhou, H. Cui, L. Ying, X. F. Yu, Angew. Chem. 2018, 130, 10425;
b) P. Wang, L. Zhang, W. Zheng, L. Cong, Z. Guo, Y. Xie, L. Wang,
R. Tang, Q. Feng, Y. Hamada, Angew. Chem., Int. Ed. 2018, 57, 1491;
c) B. Lee, K. Lee, S. Panda, R. Gonzales-Rojas, A. Chong, V. Bugay, H.
M. Park, R. Brenner, N. Murthy, H. Y. Lee, Nat. Biomed. Eng. 2018,
2, 497; d) K. Lee, M. Conboy, H. M. Park, F. Jiang, H. J. Kim, M. A.
Dewitt, V. A. Mackley, K. Chang, A. Rao, C. Skinner, Nat. Biomed. Eng.
2017, 1, 889.

a) X. Gao, Y. Tao, V. Lamas, M. Huang, W.-H. Yeh, B. Pan, Y.-J. Hu, J. H.
Hu, D. B. Thompson, Y. Shu, Nature 2018, 553, 217; b) S. K. Alsaiari,
S. Patil, M. Alyami, K. O. Alamoudi, F. A. Aleisa, J. S. Merzaban, M.
Li, N. M. Khashab, J. Am. Chem. Soc. 2018, 140, 143.

P. Mora-Raimundo, D. Lozano, M. Manzano, M. Vallet-Regi, ACS
Nano 2019, 13, 5451

a) H.-X. Wang, Z. Song, Y.-H. Lao, X. Xu, ). Gong, D. Cheng, S.
Chakraborty, J. S. Park, M. Li, D. Huang, Proc. Natl. Acad. Sci. 2018,
115, 4903; b) H. Yin, C.-Q. Song, J. R. Dorkin, L. J. Zhu, Y. Li, Q.
Wu, A. Park, |. Yang, S. Suresh, A. Bizhanova, Nat. Biotechnol. 2016,
34, 328; c) J. Carlson-Stevermer, A. A. Abdeen, L. Kohlenberg, M.
Goedland, K. Molugu, M. Lou, K. Saha, Nat. Commun. 2017, 8,
1711,

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[18] H.Wang, S. Wang, H. Su, K. J. Chen, A. L. Armijo, W. Y. Lin, Y. Wang,
J. Sun, K. i. Kamei, J. Czernin, Angew. Chem., Int. Ed. 2009, 48, 4344.

[19] K.-J. Chen, S. M. Wolahan, H. Wang, C.-H. Hsu, H.-W. Chang, A.
Durazo, L.-P. Hwang, M. A. Garcia, Z. K. Jiang, L. Wu, Biomaterials
2011, 32, 2160.

[20] a) J.-S. Choi, Y. Zhu, H. Li, P. Peyda, T. T. Nguyen, M. Y. Shen, Y. M.
Yang, J. Zhu, M. Liu, M. M. Lee, ACS Nano 2017, 11, 153; b) J. H. Lee,
K. J. Chen, S. H. Noh, M. A. Garcia, H. Wang, W. Y. Lin, H. Jeong, B.
J. Kong, D. B. Stout, ). Cheon, Angew. Chem., Int. Ed. 2013, 52, 4384,
) S. Wang, K. J. Chen, T. H. Wu, H. Wang, W. Y. Lin, M. Ohashi, P. Y.
Chiou, H. R. Tseng, Angew. Chem., Int. Ed. 2010, 49, 3777.

Adv. Sci. 2020, 7, 1903432 1903432 (11 of 11)

www.advancedscience.com

[21] a) H. Wang, K. Liu, K. J. Chen, Y. Lu, S. Wang, W. Y. Lin, F. Guo, K.
Kamei, Y. C. Chen, M. Ohashi, M. Wang, M. A. Garcia, X. Z. Zhao,
C. K. Shen, H. R. Tseng, ACS Nano 2010, 4, 6235; b) H. Wang, K. ).
Chen, S. Wang, M. Ohashi, K. Kamei, J. Sun, J. H. Ha, K. Liu, H. R.
Tseng, Chem. Commun. 2010, 46, 1851.

[22] Y.Liu,).Du,].s.Choi, K. . Chen, S. Hou, M. Yan, W. Y. Lin, K. S. Chen,
T. Ro, G. S. Lipshutz, Angew. Chem., Int. Ed. 2016, 55, 169.

[23] E. P. Papapetrou, A. Schambach, Mol. Ther. 2016, 24, 678.

[24] S. E. Golding, E. Rosenberg, A. Khalil, A. McEwen, M. Holmes, S.
Neill, L. F. Povirk, K. Valerie, J. Biol. Chem. 2004, 279, 15402.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



