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CRISPR-Cas9 genome editing using targeted lipid

nanoparticles for cancer therapy
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Harnessing CRISPR-Cas9 technology for cancer therapeutics has been hampered by low editing efficiency in tu-
mors and potential toxicity of existing delivery systems. Here, we describe a safe and efficient lipid nanoparticle

Copyright © 2020

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NC).

(LNP) for the delivery of Cas9 mRNA and sgRNAs that use a novel amino-ionizable lipid. A single intracerebral
injection of CRISPR-LNPs against PLK1 (sgPLK1-cLNPs) into aggressive orthotopic glioblastoma enabled up to
~70% gene editing in vivo, which caused tumor cell apoptosis, inhibited tumor growth by 50%, and improved
survival by 30%. To reach disseminated tumors, cLNPs were also engineered for antibody-targeted delivery. Intra-
peritoneal injections of EGFR-targeted sgPLK1-cLNPs caused their selective uptake into disseminated ovarian tu-
mors, enabled up to ~80% gene editing in vivo, inhibited tumor growth, and increased survival by 80%. The ability
to disrupt gene expression in vivo in tumors opens new avenues for cancer treatment and research and potential

applications for targeted gene editing of noncancerous tissues.

INTRODUCTION

In recent years, molecularly targeted inhibitors and immunotherapy
have greatly improved cancer responses with reduced toxicity and
adverse reactions. However, the high recurrence rate and the devel-
opment of drug resistance for most types of cancers highlight the
need for new therapeutic modalities. Most cancer drugs require re-
peated administration, which increases treatment-related toxicity and
treatment cost and severely reduces patient quality of life. CRISPR-
Cas9 gene editing has the potential to permanently disrupt tumor
survival genes, which could overcome the repeated dosing limita-
tions of traditional cancer therapies, improve treatment efficacy, and
require fewer treatments (I, 2). The Cas9 nuclease is directed by a
single-guide RNA (sgRNA) to modify a specific chromosomal DNA
sequence by inducing a sequence-specific double-strand break (DSB)
(3, 4). DSBs are predominantly resolved via the error-prone non-
homologous end-joining repair mechanism, which can induce in-
sertions or deletions that result in gene disruption. However, the large
size of Cas9 (160 kDa, 4300 bases) and sgRNA (~31 kDa, 130 bases)
is an obstacle for conventional viral and nonviral delivery systems.
Moreover, current delivery systems for nonliver tissues and tumors
only result in relatively low gene editing percentages (5, 6). For an
effective cancer therapy, substantially higher editing efficiencies
would be needed.
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Lipid nanoparticles (LNPs) are clinically approved nonviral nu-
cleic acid delivery systems capable of delivering potentially such large
payloads. Cationic ionizable lipids are the key component of LNPs
that enables efficient nucleic acid encapsulation, cellular delivery,
and endosomal release. However, LNP formulations that were opti-
mized for small interfering RNA (siRNA) delivery do not efficiently
deliver large nucleic acids (e.g., mRNAs and plasmids) (7, 8). Most
in vivo studies of gene editing have relied on adeno-associated virus
(AAV) to deliver CRISPR components locally to the retina or skeletal
muscle or to the liver. Nevertheless, AAV applications are limited
by its small carrying capacity, immune responses, hepatoxicity at
high doses, and the lack of cellular targeting (9, 10). Several nonviral
delivery vehicles for CRISPR components have been reported in re-
cent years (5, 11). These systems were evaluated for liver-associated
genetic diseases, demonstrated gene editing of up to 60% in mice
and rat livers, and almost a complete reduction of target protein in
the blood. However, formulations designed for other tissues were less
efficient (i.e., up to ~15% in the lung and ~3% in melanoma) (5, 6).
Therefore, the development of efficient and safe delivery systems for
nonliver tissues remains an important missing link for therapeutic
translation of CRISPR editing.

Here, we report the development of a targeted nonviral LNP de-
livery system for therapeutic genome editing and evaluate it in two
aggressive and incurable cancer models.

RESULTS

Development and characterization of LNPs encapsulating
Cas9 mRNA and sgRNA

To overcome the cargo limitation of currently available LNP for-
mulations, LNPs were designed to coencapsulate Cas9 mRNA and
sgRNA, using ionizable cationic lipids from a novel ionizable amino
lipid library (Fig. 1A) (12). This library was constructed using a
novel class of ionizable amino lipids based on hydrazine, hydroxyl-
amine, and ethanolamine linkers with a linoleic fatty acid chain and
amine head groups (12). Lipids 1, 6, 8, and 10 were the top hits of
the screen and were chosen for further evaluation for CRISPR-Cas9
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Fig. 1. Design and construction of CRISPR LNPs (cLNPs). (A) Schematic illustration of cLNP preparation. A microfluidic-based mixing of lipids to construct cLNPs encap-
sulating Cas9 mRNA and sgRNA. (B) Chemical structures of the selected ionizable amino lipids from the library screen. (C) Physicochemical characterization of cLNP by
dynamic light scattering and { sizer. Data are means + SD of five independent preparations. (D) Encapsulation efficiency as measured using a RiboGreen assay. (E) GFP
disruption assay: HEK293 cells were transfected with cLNPs at different concentrations (0.1 to 1 ug/ml, 0.7 to 7 nM total RNA), and 72 hours after transfection, the percentage
of GFP* cells were analyzed by flow cytometry. Data are means = SD of three independent experiments. (F and G) Percentage of gene editing events upon either GFP or
PLK1-cLNP transfection (F) and allelic frequencies (G) in the GFP loci as determined by NGS analysis (allelic frequencies of >2% are presented). (H) GFP disruption assay in
multiple cancer cell lines compared to mock-treated cells. Cells were transfected with L8-cLNPs, and 72 hours after transfection, the percentage of GFP* cells were ana-
lyzed by flow cytometry. Data are means + SD of three independent experiments.

gene editing (Fig. 1B). Cas9 mRNA was chosen, instead of plasmid  izable cationic lipid (MC3-cLNPs). cLNPs were uniform in size with

DNA, to reduce long-term exposure to the nuclease to minimize off-
target gene modifications (13, 14). To enhance RNA stability and
minimize immunogenicity, Cas9 mRNA was chemically modified
with 5-methoxyuridine, and highly modified sgRNAs were used (IDT
sgRNA XT) (15, 16). CRISPR-LNP (cLNP) formulations containing
Cas9 mRNA and an sgRNA were compared to Cas9 mRNA and
sgRNAs encapsulated with the clinically approved LNP formulation,
used for siRNA therapeutics, based on DLin-MC3-DMA as the ion-
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a diameter of 71 to 80 nm, polydispersity index of 0.024 to 0.103,
and € potential of -3 to 18.6 mV as measured by dynamic light scat-
tering (Fig. 1C). The biophysical properties and transmission elec-
tron microscopy micrographs of L8-cLNPs were similar to those of
MC3-cLNPs (Fig. 1C and fig. S1A). The encapsulation efficiency of
Cas9 mRNA and sgRNA in L6, L8, L10, and MC3-LNPs was similarly
high (>90%) but lower in L1-cLNPs (~65%) (Fig. 1D). Next, we eval-
uated the in vitro gene disruption efficiency of the cLNP formulations
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encapsulating a GFP sgRNA by measuring the loss of green fluo-
rescent protein (GFP) fluorescence in human embryonic kidney (HEK)
293 cells stably expressing GFP (HEK293/GFP) (Fig. 1E) (17). L1-,
L8-,and L10-cLNPs all disrupted GFP in a concentration-dependent
manner, and L8 was the most efficient. GFP fluorescence was de-
tected in only 4% of L8-cLNP-treated cells after incubation with
cLNPs containing total RNA (1.0 ug/ml). Although Cy5.5-labeled
MC3-cLNPs were taken up more efficiently than L8-cLNPs into
HEK293/GFP cells as measured by flow cytometry (fig. S1B), MC3-
cLNPs did not reduce GFP expression at any concentration (0.1 to
1.0 ug/ml total RNA, 0.7 to 7 nM total RNA). On the basis of these
data, L8-cLNPs were chosen for further study.

The efficiency and specificity of gene disruption by L8-cLNPs
encapsulating GFP sgRNAs (sgGFP-cLNPs) in HEK293/GFP were
assessed by quantifying the percent of gene-edited GFP genomic
sequences by next-generation sequencing (NGS). Ninety-four percent
of GFP genomic DNA was modified, but <0.1% was edited at a non-
targeted locus (PLK1I) (Fig. 1, F and G). sgGFP-cLNPs did not sig-
nificantly affect cell viability at all tested concentrations (up to 1 ug/ml;
fig. S2). Next, we evaluated gene disruption using L8-cLNPs in multiple
GFP-expressing, aggressive cancer cell lines [005 murine glioblastoma
multiforme (GBM), human serous ovarian adenocarcinomas Ovcar8
(OV8) and NCI-ADR (NAR), human colon carcinoma HCT116,
and human lung adenocarcinoma A549]. After incubation with
sgGFP-cLNPs (1 ug/ml; 7 nM of total RNA), GFP fluorescence was
only detected in 3 to 18% of these cancer cells (Fig. 1H). Thus,
L8-cLNPs cause efficient and specific gene editing in vitro with low
toxicity in multiple cancer cell lines.

sgPLK1-cLNPs induce efficient therapeutic gene editing, cell

cycle arrest, and cell death in vitro

To explore the potential of therapeutic genome editing, as proof of
concept, we evaluated L8-cLNPs containing PLKI sgRNA (sgPLK1-
cLNPs) or sgGFP-cLNPs as control. PLK1 is a kinase required for
mitosis; lack of it leads to G,-M phase cell cycle arrest and cell death
in dividing cells. Treating HEK293/GFP with sgPLK1-cLNPs (0.5 ug/ml)
caused 98% PLK1 gene editing, while <0.1% was edited at the non-
targeted GFP locus by NGS (Fig. 2, A and B). PLK1 gene editing
caused potent G,-M arrest 48 hours later, while control sgGFP-cLNPs
had no effect on cell cycle profile (Fig. 2, C and D). Treatment with
sgPLK1-cLNP resulted in a fivefold decrease in cell viability com-
pared to untreated or sgGFP-cLNP-treated cultures, as analyzed by
4',6-diamidino-2-phenylindole (DAPI)/annexin V staining and by
XTT assay, 96 hours after treatment (Fig. 2, E to G). Preserved cell
viability after treatment with sgGFP-cLNPs suggests that cLNPs may
have low toxicity at therapeutically relevant doses.

sgPLK1-cLNP gene editing induces cell cycle arrest and cell
death of cancer cell lines in vitro

To explore the potential of cLNPs for therapeutic genome editing in
cancer, we evaluated cancer cell lines of two aggressive and difficult
to treat cancers—the murine GBM stem cell-like 005 cell line isolated
from gliomas that formed in Tp53*~ mice after intracerebral lenti-
viral transduction of activated H-Ras and Akt (18, 19) and human
OV3, a high-grade serous ovarian adenocarcinoma cell line that is
highly drug resistant and metastasizes to form ascites (20, 21). GBM
005 cells resemble almost uniformly fatal human GBM, in that they
are highly invasive, neovascularized, pleomorphic, and infiltrated by
immune cells (18, 19). Intraperitoneally injected OV8 form chemo-
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resistant, metastatic, high-grade ovarian cancer xenografts, like most
human ovarian cancers. In vitro incubation of GBM 005 or OV8
with sgPLK1, but not sgGFP, cLNPs efficiently disrupted the PLK1
gene, causing 84 and 91% genomic editing, respectively (Fig. 3,
A and F, and fig. $3). Disruption of PLK1 also strongly caused G,-M
cell cycle arrest 48 hours after treatment (Fig. 3, B, C, G, and H, and
fig. S4, A and C) and reduced cell viability 96 hours after treatment
by 5-fold in GBM 005 and 10-fold in OV8, respectively (Fig. 3,
D and I). Similarly, DAPI and/or annexin V staining increased after
incubation with sgPLK1, but not sgGFP-cLNPs (Fig. 3, E and J, and
fig. $4, B and D). Thus, sgPLK1-cLNPs efficiently disrupted the tar-
geted gene and caused cell cycle arrest and death of GBM 005 and
OV8 in vitro.

cLNPs are safe and nonimmunogenic after

systemic administration

To evaluate the therapeutic potential of cLNPs for cancer, we needed
to address two major concerns about CRISPR-Cas9 therapeutics:
potential toxicity and immunogenicity. An initial study evaluated
liver toxicity, blood counts, and serum inflammatory cytokines
24 hours after intravenous injection of sgGFP-cLNPs (1 mg/kg) into
C57BL/6 mice. There were no apparent clinical signs of toxicity and
no significant difference in liver enzyme (alanine transaminase, as-
partate aminotransferase, and alkaline phosphatase) levels (fig. S5A)
or blood counts (fig. S5B). A plasma cytokine panel [interleukin-1§
(IL-1B), IL-2, tumor necrosis factor—o, (TNF-a), interferon-y (IFN-y),
and IL-10] also showed no significant differences (fig. S5C). Al-
though more extensive evaluation of potential toxicity is needed for
preclinical development, these results suggest that L8-cLNPs are not
toxic or immunogenic when administered systemically at thera-
peutically relevant doses (see below).

A single administration of sgPLK1-cLNPs potently inhibits
tumor growth and increases survival in orthotopic GBM
Next, we evaluated whether the high genome editing efficacy ob-
served in vitro could be translated to therapeutic efficacy in vivo.
GBM 005 cells expressing GFP, mCherry, and luciferase were in-
jected stereotactically into the mouse hippocampus. (Fig. 4A). Ten
days later, Cy5.5-labeled sgGFP-cLNPs or phosphate-buffered sa-
line (PBS) was injected intratumorally, and mice were euthanized
6 hours later to evaluate the tumor distribution by fluorescence mi-
croscopy. The Cy5.5-labeled cLNPs distributed throughout the tumor
(Fig. 4B). To evaluate in vivo gene editing, sgGFP-cLNPs (0.05 mg/kg)
were injected stereotactically into established tumors, mice were eu-
thanized 2 days later, and single-cell tumor suspensions were ana-
lyzed by NGS for GFP gene editing. A single intracerebral injection
facilitated ~72% of editing in the GFP locus in tumor cells (fig. S6A).
To validate whether gene editing will translate to a loss of GFP flu-
orescence, sgGFP-cLNPs (0.05 mg/kg) were injected stereotactically
into established tumors, mice were euthanized 7 days later, and
single-cell tumor suspensions were analyzed by flow cytometry for GFP
expression. GFP fluorescence in tumor cells was reduced by about
twofold, demonstrating in vivo gene disruption (fig. S6, B and C).
Next, to evaluate PLK1 gene disruption in vivo, either sgPLK1 or
sgGFP-cLNPs (0.05 mg/kg) were injected stereotactically into es-
tablished tumors, mice were euthanized 2 days later, and single-cell
tumor suspensions were analyzed by NGS for PLK1 gene editing.
sgPLK1-cLNPs facilitated ~68% editing in the PLK1 locus in tumor
cells (Fig. 4C). To evaluate in vivo apoptosis caused by PLK1 gene
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Fig. 2. Therapeutic genome editing in HEK293 cells in vitro. (A and B) Percentage of gene editing events (A) and allelic frequencies (B) in the PLK1 loci as determined
by NGS analysis (allelic frequencies of >2% are presented). (C and D) Cell cycle analysis of HEK293 cells treated with mock, sgGFP, or sgPLK1-cLNPs (0.5 ug/ml, 3.5 nM of total
RNA) for 48 hours and analyzed by flow cytometry. (C) Bar charts representing the percentage of G;-S and G,-M cell cycle phases. Data are means + SD of three indepen-
dent experiments. (D) Representative cell cycle analysis diagram. (E and F) DAPI/annexin V assay of HEK293 cells treated with mock, sgGFP, or sgPLK1-cLNPs (0.5 ug/ml,
3.5 nM total RNA) for 96 hours and analyzed by flow cytometry. (E) Bar charts representing the percentage of live cells normalized to mock-treated cells. Data are means + SD
of three independent experiments. (F) Representative DAPI/annexin assay diagram. (G) XTT cell viability assay of HEK293 cells treated with mock, sgGFP, or sgPLK1-cLNPs
(0.5 ug/ml, 3.5 nM total RNA) 96 hours after treatment. Bar charts representing the % of cell viability normalized to mock-treated cells. Data are means + SD of three inde-
pendent experiments. (E and G) One-way analysis of variance (ANOVA) with Tukey multiple comparison test was used to assess the significance. ****P < 0.0001.
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Fig. 3. Therapeutic genome editing in 005 (murine GBM) and OV8 (human ovarian carcinoma) cells in vitro. (A and F) Percentage of gene editing events in the PLK1
loci in 005 and OV8 as determined by NGS analysis. (B and G) Bright-field microscopy representative images of 005 and OV8 cells treated with mock, sgGFP, or sgPLK1-cLNPs
[005: 0.5 pg/ml (3.5 nM total RNA); OV8: 1 ug/ml (7 nM total RNA)], 72 hours after treatment. (C and H) Cell cycle analysis of 005 and OV8 cells, treated with mock, sgGFP,
or sgPLK1-cLNPs [005: 0.5 ug/ml (3.5 nM total RNA); OV8: 1 ug/ml (7 nM total RNA)] for 48 hours and analyzed by flow cytometry. Bar charts representing the % of Gy, S,
and G,-M cell cycle phases. Data are means + SD of three independent experiments. (D and 1) XTT cell viability assay of 005 and OV8 cells treated with mock, sgGFP, or
sgPLK1-cLNPs [005: 0.5 pg/ml (3.5 nM total RNA), OV8: 1 ug/ml (7 nM total RNA)] for 96 hours. Bar charts representing the % of cell viability normalized to mock-treated
cells. Data are means + SD of three independent experiments. (E and J) DAPI/annexin V apoptosis analysis of 005 or OV8 cells treated with mock, sgGFP, or sgPLK1-cLNPs
[005: 0.5 pg/ml (3.5 nM total RNA); OV8: 1 ug/ml (7 nM total RNA)] for 96 hours and analyzed by flow cytometry. Bar charts representing the percentage of live cells
normalized to mock-treated cells. Data are means + SD of three independent experiments. (C, E, and H to J) One-way ANOVA with Tukey multiple comparison test was
used to assess the significance. ***P < 0.001 and ****P < 0.0001.

disruption, either sgPLK1 or sgGFP-cLNPs (0.05 mg/kg) were injected
stereotactically into established tumors. Mice were euthanized 3 days
later, and tumor sections were analyzed by fluorescence microscopy
for caspase-3 activation. Activated caspase-3 was only present in
sgPLK1-cLNP-treated tumors, while no apparent staining was vi-
sualized in tumors treated with sgGFP-cLNPs, demonstrating PLK1-
dependent apoptosis (Fig. 4D). Adjacent normal GFP tissue also did
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not show any evidence of caspase-3 activation. Because neurons are
terminally differentiated nondividing cells, normal brain tissue has
minimal expression of PLKI; therefore, it is not expected to under-
go apoptosis. Next, we evaluated whether sgPLK1-cLNPs can inhibit
tumor growth. GBM 005-bearing mice were injected stereotactically
once with sgPLK1 or sgGFP-cLNPs (0.05 mg/kg) (Fig. 4E). A single
intratumoral injection of sgPLK1-cLNPs significantly reduced tumor
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Fig. 4. Therapeutic genome editing in 005 GBM bearing mice. (A) Schematic illustration of intracerebral injection to mouse brain. (B) cLNP dispersion through the
tumor lesion upon intracerebral injection of Cy5.5-cLNPs to the tumor bed of 005 GBM-bearing mice. Brain sections were analyzed by confocal microscopy, 6 hours after
injection. Blue, DAPI; green, 005 GFP cells; yellow, Cy5.5 cLNPs. Scale bars, 50 um. (C) Percentage of gene editing events in the PLK1 locus as determined by NGS analysis,
48 hours after injection of PBS or 0.05 mg/kg of sgGFP-cLNPs or sgPLK1-cLNPs. (D) In vivo apoptosis induction using activated caspase 3 staining upon injection of either
PBS or 0.05 mg/kg of sgGFP-cLNPs or sgPLK1-cLNPs. Brain sections were analyzed by confocal microscopy 3 days after injection. Blue, DAPI; green, 005 GFP cells; red,
cleaved caspase 3. Scale bars, 50 um. (E) Experimental design. Ten days after tumor inoculation, sgGFP-cLNPs, sgPLK1-cLNPs, or PBS (0.05 mg/kg) was injected into the
tumor bed. Tumor growth was monitored using bioluminescence of 005-GFP-Luc cells by the IVIS in vivo imaging system. (F and G) Tumor growth inhibition by
single-dose treatment with cLNPs. (F) Representative bioluminescence imaging of 005 GBM-bearing mice. (G) 005 tumor growth curve quantification. Data are presented
in total flux (p/s) + SEM; n= 15 animals per treatment group and n =8 animals in the PBS group; ****P < 0.0001. One-way ANOVA was used to assess the significance at day 41.

(H) Survival curves of 005 GBM-bearing mice. n = 30 animals per treatment group and n = 8 animals in the PBS group. ****P < 0.0001. Log-rank (Mantel-Cox) test was used
for curve comparison.
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growth compared to control groups as quantified by live animal lu-
ciferase activity (Fig. 4, F and G) and increased median survival
from 32.5 to >48 days (Fig. 4H). Thirty percent of sgPLK1-cLNP-
treated mice survived for 60 days when the experiment was termi-
nated, while all the control mice died by 40 days. sgGFP-cLNPs had
no significant effect on tumor growth or survival. As far as we are
aware, these findings represent the highest survival improvement in
this aggressive tumor after a single treatment.

EGFR-targeted sgPLK1-cLNPs potently inhibit tumor growth
and increase overall survival in metastatic ovarian
adenocarcinoma model

Therapeutic strategies for most tumors, especially metastatic or he-
matological tumors, require systemic rather than local administra-
tion. However, most LNPs get trapped in the liver and other central
organs and are not efficiently taken up by tumor cells after systemic
injection. A strategy for cell-targeted gene editing could enhance
gene editing of tumor cells and reduce toxicity and editing of non-
transformed cells. We recently reported a flexible method for antibody-
targeted cell-specific delivery of siRNAs and mRNAs using systemically
injected LNPs (22, 23). These targeted LNPs are coated with cell-
targeting antibodies by binding to a lipid-anchored single-chain
antibody linker that recognizes the Fc region of rat immunoglobulin
G2a [IgG2A; Anchored Secondary scFv Enabling Targeting (ASSET)]
(Fig. 5A) and reduce the recognition of the targeting antibody by
Fc receptors (23). To evaluate the in vivo therapeutic potential of
targeted L8-cLNPs (T-cLNP) against human OV8 peritoneal xeno-
grafts, we used the fact that these tumors highly express the epider-
mal growth factor receptor (EGFR) (24) to target cLNPs to OV8 by
coating them with anti-EGFR. Mice bearing disseminated peritoneal
OV8-mCherry tumors were injected intraperitoneally 10 days after
tumor inoculation with Cy5.5-labeled sgGFP-cLNPs (0.75 mg/kg)
conjugated to anti-hEGFR (T) or IgG isotype control (I) antibody
(T- or I-Cy5.5-cLNPs, respectively) to explore tumor targeting
and accumulation. Four hours later, tumors were collected, and the
Cy5.5 signal in the tumors was measured by live animal fluorescent
imaging. Cy5.5 signal in the tumor was three times higher in
T-Cy5.5-cLNP-treated mice rather than in I-Cy5.5-cLNP-treated
mice, demonstrating specific targeting and accumulation in the tu-
mor of T-cLNPs (Fig. 5, B and C). Next, to evaluate in vivo PLK1
gene disruption, mice bearing metastatic OV8-mCherry tumors were
injected intraperitoneally 10 days after tumor inoculation with
sgPLK1 or sgGFP-cLNPs (0.75 mg/kg) conjugated to anti-hEGFR
(T) or IgG isotype control (I) antibody (T- or I-cLNPs). Mice were
euthanized 2 days later, tumors were collected, and single-cell tumor
suspensions were analyzed by NGS for PLK1 gene editing. T-sgPLK1-
cLNPs facilitated ~82% of editing in the PLKI locus in tumor cells,
but <1% was detected in control groups (Fig. 5D). To evaluate anti-
tumor effectiveness, mice bearing metastatic OV8-mCherry tumors
were injected intraperitoneally on days 10 and 17 after tumor inoc-
ulation with either T-sgPLK1-cLNPs, I-sgPLK1-cLNPs, T- sgGFP-
cLNPs, or I-sgGFP-cLNPs (0.75 mg/kg) (Fig. 5E). Tumor growth,
monitored using mCherry live animal fluorescent imaging, was
strongly inhibited only by T-sgPLK1-cLNPs (Fig. 5, F and G) and
increased overall survival by ~80% (Fig. 5H). No significant dif-
ference in tumor growth or survival was observed in control mice
treated with either T-sgGFP-cLNPs, I-sgGFP-cLNPs, or I-sgPLK1-
cLNPs (Fig. 5G). These findings suggest that targeted cLNPs may
be useful for targeted treatment of disseminated tumors.

Rosenblum et al., Sci. Adv. 2020; 6 : eabc9450 18 November 2020

DISCUSSION

Remarkable progress has been made to improve the efficacy and safety
of CRISPR-Cas9 gene editing (4, 25-28). However, broad clinical
translation will be enhanced by safe delivery systems able to edit effi-
ciently specific diseased tissues in vivo (3, 29-31). Because of the
large size of the Cas9 nuclease, its encapsulation in both viral and
nonviral delivery systems remains a challenge. Several approaches
have been used to overcome the obstacle of delivering the large Cas9
nuclease as nucleic acid or protein for gene editing in the liver or locally
for treating genetic disorders (5, 32-35). These approaches achieved
about 60% gene editing in the liver, resulting in reduced protein or
cholesterol levels in the serum and alleviating disease symptoms
in models of hemophilia, hypercholesterolemia, or TTR (transthyretin)
amyloidosis (5, 11, 36). To date, systemic administration results in
low editing efficiencies in extrahepatic tissues, partly due to the lack
of specific targeting of current delivery vehicles. To achieve thera-
peutic effects for nonliver diseases or disseminated diseases, such as
cancer, higher tissue-specific targeting with sufficient editing effi-
ciencies is needed. Other genetic therapies, such as those based on
RNA interference (RNALI), are transient and, therefore, would require
repeated dosing, especially for rapidly dividing cancer cells. The
permanent nature of genome editing should have a therapeutic impact
even after one or a few doses, which could strongly affect toxicity,
development of adverse reactions, compliance, and cost. Further-
more, the bacterial origin of the Cas9 nuclease renders it to be rec-
ognized by the host immune system and elicits an immune response
(37, 38). Long exposure time to the Cas9 nuclease, as well as repeat-
ing dosing, might increase the risk for Cas9-related immune responses
following by immune-related adverse reactions and treatment fail-
ure. Therefore, to minimize this risk, delivery systems that could achieve
therapeutic relevant genome editing with a limited number of ad-
ministrations and short Cas9 exposure time must be developed.

In this study, we developed and tested an efficient nonviral LNP
system for CRISPR-Cas9 gene editing, which showed gene editing
of up to 98% in vitro in multiple cancer cell types and up to ~80%
gene editing in vivo. cLNPs targeting PLK1 were able to inhibit tumor
growth and improve survival in two aggressive cancer models in
mice following single or double cLNP administrations. A single dose
of sgPLK1-cLNPs to the tumor bed of a murine GBM model resulted
in ~70% gene editing of the PLKI gene, induced in vivo apoptosis as
assessed by activated caspase 3 staining, prolonged median survival
by ~50%, and improved overall survival of 005 GBM-bearing mice
by 30%. The blood-brain barrier (BBB) is a highly restrictive barrier
for most therapeutic modalities. The clinical course of this devastating
disease has not changed for over a decade, partly due to the limita-
tion presented by the low BBB permeability to standard chemo- and
immunotherapies. In recent years, multiple clinical trials have been
conducted using local intracerebral administration with or without
tumor resection to bypass the BBB; however, the success of these
clinical trials was hampered by the low diffusion of the tested drugs
and severe damages to the healthy brain parenchyma (39-41). Our
results highlight the potential of cLNPs to overcome the limitations
of current therapies in a clinically relevant tumor model.

To reach disseminated tumors, we also constructed cell-targeted
cLNPs, decorated with an antibody to an overexpressed receptor on
ovarian cancer cells. EGFR-targeted cLNPs accumulated in dissem-
inated tumors significantly more than IgG control cLNPs, demon-
strating the advantage of a cell-targeted approach for disseminated
tumors. Furthermore, a single administration of EGFR-targeted
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Fig. 5. Therapeutic genome editing in OV8-bearing mice. (A) Schematic illustration of targeted cLNP production using ASSET (23). (B and C) Tumor targeting and accu-
mulation of Cy5.5-cLNPs in OV8 tumor-bearing mice as analyzed by the IVIS in vivo imaging system, 4 hours after injection. (B) Representative fluorescence imaging of
tumors extracted from mCherry-OV8-bearing mice. Top, mCherry OV8 tumors; bottom, Cy5.5-cLNP signal accumulation. (C) Quantification of mean fluorescence intensity
of Cy5.5-cLNP accumulation in mCherry-OV8 tumors. Data are means + SD of three independent experiments. One-way ANOVA was used to assess the significance,
*P <0.05. (D) Percentage of gene editing events in the PLK1 locus as determined by NGS analysis, 48 hours after injection of I-sgGFP, T-sgGFP, I-sgPLK1, or T-sgPLK1 cLNPs
(0.75 mg/kg). (E) Experimental design. Ten and 17 days after tumor inoculation, I-sgGFP, T-sgGFP, I-sgPLK1, or T-sgPLK1 cLNPs (0.75 mg/kg) were injected intraperitoneally.
Tumor growth was monitored using mCherry fluorescence of OV8-mCherry cells by the IVIS in vivo imaging system. (F and G) Tumor growth inhibition by dual-dose
treatment with cLNPs. (F) Representative fluorescence imaging of OV8-bearing mice. (G) OV8 tumor growth curve quantification. Data are presented in total flux
(p/s) = SEM; n= 10 per group. One-way ANOVA was used to assess the significance at day 49; ****P < 0.0001. (H) Survival curves of OV8-bearing mice. n=10 animals per
treatment group. ***P < 0.0001. Log-rank (Mantel-Cox) test was used for curve comparison.
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cLNPs facilitated up to ~80% PLK1 gene editing in vivo. Two intra-
peritoneal injections of EGFR-targeted sgPLK1-cLNPs greatly reduce
tumor growth and increased overall survival by ~80% of mice with
high-grade ovarian cancer malignant ascites. The majority of ovarian
cancers are diagnosed at late stages when tumor metastasizes through-
out the peritoneal cavity (42, 43). Recent clinical studies have demon-
strated an improved pharmacokinetic profile of intraperitoneally
injected chemotherapy resulting in higher drug concentration in the
abdominal cavity and improved progression-free survival and overall
survival. Furthermore, the partial systemic restriction of intraperito-
neal administration resulted in reduced toxicity and treatment-related
complications (44-46). The targeting strategy we designed, using the
ASSET linker system (22, 23), is, to our knowledge, the first example
of targeted CRISPR-Cas9 therapeutic gene editing for treating meta-
static tumors. It provides a highly flexible and efficient strategy for
targeted gene editing that could be used by changing the antibody,
for targeting either tumor cells via tumor-specific cell surface recep-
tors (such as EpCAM or PSMA) or shared tumor and normal cell
receptors (such as CD19 on B cell lymphomas), or for targeting non-
transformed cells in diseased tissues. Targeting provides a way of
overcoming the limitations of most LNP and nanoparticle delivery
systems, whose therapeutic effect is largely limited to the liver and
other central organs, where particles get trapped. Moreover, targeted
LNPs can be administered systemically to target both localized and
disseminated (such as metastatic and/or hematopoietic) cells (22, 23).

In this study, we edited PLK1I as proof of concept, but this cancer
therapeutic strategy could be extended to edit tumor dependency
genes that are not vital for normal tissues and to edit specific tu-
mor dependency genes (such as BCR-ABL) or patient- and tumor-
specific oncogene mutations (such as RAS). The Cas9 isolated from
Streptococcus pyogenes was used for this proof-of-concept study but
could be substituted with other CRISPR-associated nucleases to fa-
vor homologous recombination (HR) events or reduce off-target
gene editing. Additional safety concern of translating CRISPR tech-
nologies to the clinic resides in off-target gene editing of bystander cells.
This risk can be mitigated by the addition of tissue- or cell-specific miR
binding sites to the mRNA sequence, which results in tissue-specific
suppression of mRNA translation (47, 48). The main off-target site
of LNP-based platforms is the liver, more specifically hepatocytes
and Kupffer cells (49, 50), and suppression of mRNAs in these cell
types can be achieved by inserting miR122 and miR142 binding sites,
respectively. Using these tissue-specific mRNA suppression approaches
is crucial for further clinical development of gene editing technologies.
For noncancer applications, we could envision using targeted cLNPs
for patient-tailored applications to correct genes associated with genetic
deficiencies. Another application would be to disrupt a nonessential
gene, whose knockout has no deleterious consequences but whose
expression contributes to disease pathogenesis. One example is CCR5,
whose knockout could potentially be used to prevent HIV transmission
and cure HIV. Thus, this therapeutic strategy opens new avenues for
using genome editing as a novel modality for treating various diseases
and bringing CRISPR-Cas9 editing technology to the clinic.

METHODS

Cell lines

HEK293 [American Type Culture Collection (ATCC) CRL-1573],
HCT116 (ATCC CCL-247), and A549 (ATCC CCL-185) cells were
purchased from ATCC, and OV8 and NCI/ADR-RES (NAR) were

Rosenblum et al., Sci. Adv. 2020; 6 : eabc9450 18 November 2020

supplied by R. Margalit and maintained in Dulbecco’s modified
Eagle’s medium (DMEM) or RPMI 1640 (Gibco, Thermo Fisher
Scientific Inc.) supplemented with 10% fetal bovine serum (Biological
Industries, Israel), 1% L-glutamine (Gibco, Thermo Fisher Scientific
Inc.), and 1% penicillin-streptomycin-nystatin (Biological Industries,
Israel). The 005 cells (supplied by D. Friedman-Morvinski) were
maintained in stem cell medium, as previously described (15). GFP-
expressing cells (HEK293 and NAR) were stably transfected with
pQCXIP-GFP/d2. All cells were routinely checked every 2 months
for mycoplasma contamination using the EZ-PCR Mycoplasma Test
Kit (Biological Industries, Israel).

LNP preparation

DLin-MC3-DMA (MC3) and Lipid 8 were synthesized according to
a previously described method (12, 23). Cholesterol, DSPC (1,2-
distearoyl-sn-glycero-3-phosphocholine), polyethylene glycol (PEG)-
DMG (1,2-dimyristoyl-rac-glycerol), and DSPE (1,2-distearoyl-sn-
glycero-3-phosphoethanolamine)-PEG were purchased from Avanti
Polar Lipids Inc. Briefly, one volume of lipid mixture (ionizable lipid,
DSPC, cholesterol, DMG-PEG, and DSPE-PEG at 50:10.5:38:1.4:0.1
molar ratio) in ethanol and three volumes of mCas9/sgRNA (mCas9:
sgRNA 3:1 weight ratio, 1:10 molar ratio RNA to ionizable lipid) in
a citrate buffer were injected into a NanoAssemblr microfluidic
mixing device (Precision Nanosystems Inc.) at a combined flow rate
of 12 ml min~". The formed LNPs were dialyzed twice against PBS
(pH 7.4) for 16 hours to remove ethanol.

Size distribution

cLNP size distribution and { potential were determined by dynamic
light scattering using a Malvern Nano ZS { sizer (Malvern Instruments).
For size measurements, cLNPs were diluted 1:20 in PBS. All used
samples showed a PDI (polydispersity index) lower than 0.2. For
€ potential measurements, cLNPs were diluted 1:200 in double-
distilled water.

Transmission electron microscopy

A drop of an aqueous solution containing LNPs was placed on a
carbon-coated copper grid and dried and analyzed using a JEOL
1200 EX transmission electron microscope.

ASSET LNP incorporation and targeted c-LNP assembly

To incorporate ASSET into LNPs, ASSET was incubated with LNPs
for 48 hours at 4°C (1:36, ASSET:RNA weight ratio), as previously
described (2I). Anti-human EGFR antibody (Bio-Rad Laboratories
Inc., clone ICR10) or rat IgG2a isotype control (Bio X Cell, NH, USA,
clone 2A3) were used.

LNP quantification and encapsulation

To quantify the RNA in LNPs and to determine the RNA encapsu-
lation efficiency, the Quant-iT RiboGreen RNA assay (Life Technol-
ogies) was used as previously described (21, 22). Briefly, 2 ul of LNPs
or dilutions of ribosomal RNA at known concentrations were diluted
in a final volume of 100 ul of TE buffer (10 mM tris-HCl and 20 mM
EDTA) in the presence or absence of 0.5% Triton X-100 (Sigma-
Aldrich) in a 96-well fluorescent plate (Costar, Corning). The plate
was incubated for 10 min at 40°C to allow particles to become per-
meabilized before adding 99 ul of TE buffer and 1 ul of RiboGreen
reagent to each well. Plates were shaken at room temperature for 5 min,
and fluorescence (excitation wavelength of 485 nm and emission
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wavelength of 528 nm) was measured using a plate reader (BioTek
Industries) according to the manufacturer’s protocol.

LNP transfection

Cells were counted using trypan blue (Biological Industries), and
0.1 x 10° cells were placed in tissue culture 12-well plates (Greiner
Bio-One, Germany) with 1 ml of growing medium. MC3 or c-LNPs
were added to the wells at RNA amounts of 0.1 to 2 pg. Cells were
incubated with the treatments in standard culture conditions for 24
to 120 hours. Then, cells were washed three times, incubated in a fresh
culture medium, and collected for flow cytometry (72 to 96 hours)
or cell cycle assays (24 to 48 hours), as described below. For 005 cells,
cLNPs were preincubated with ApoE3 (0.001 mg/ml; PeproTech,
USA) before the addition to the cells.

RNA sequences

sgRNAs were designed and synthesized by Integrated DNA Tech-
nologies: GFP, GACCAGGAUGGGCACCACCC/sgRNA core;
MmPLK1, CTAGCACACCAACACGTCGT/sgRNA core; HsPLKI,
AATTACATAGCTCCCGAGGT/sgRNA core. CleanCap Cas9 mRNA
(modified) was purchased from TriLink BioTechnologies Inc.

GFP disruption assay

Seventy-two hours after transfection, cells were collected and the
percentage of GFP™ cells was evaluated using CytoFLEX and ana-
lyzed using the CytExpert software (Beckman Coulter, USA).

In vitro uptake experiments

For in vitro uptake experiments, 20% of the total RNA content of
cLNPs was replaced with an equal amount of short Cy5.5-labeled
DNA oligo (Cy5.5: AGCTCTGTTTACGTCCCAGC). Binding of the
labeled cLNPs was assessed by flow cytometry (CytoFLEX and the
CytExpert software, Beckman Coulter, USA). Analyses were done
with FlowJo software (FlowJo LLC, USA). To determine the uptake
of MC3-cLNPs or L8-cLNPs, 0.5 x 10° cells were incubated with cLNPs
(0.1 to 1 pg/ml) at 37°C for 2 hours. Cells were collected for flow
cytometry analysis after three rounds of PBS wash.

NGS analysis of gene editing

Percentage of gene editing was evaluated in cell lines or sorted tu-
mor cells extracted from tumors (GFP* 005 cells or mCherry”
OV8 cells) as described below (single-cell suspension sections).
Genomic DNA was extracted with QuickExtract DNA Extraction Solu-
tion (Lucigen Inc.) using the manufacturer’s protocol, and amplifica-
tion was performed using locus-specific primers containing universal
tails to add sample-unique P5 and P7 indexes for Illumina sequencing
in two rounds of polymerase chain reaction (PCR). Following PCR, a
1x SPRI (Solid Phase Reversible Immobilization) bead cleanup and
library quantification by quantitative PCR (IDT) were performed be-
fore sequencing. PCR amplicons were sequenced on an Illumina MiSeq
instrument [v2 chemistry; 150-base pair (bp) paired-end reads; Illu-
mina, San Diego, CA, USA]. Data were analyzed using a custom-built
pipeline. Data were demultiplexed (Picard tools v2.9; https://github.
com/broadinstitute/picard); forward and reverse reads were merged
into extended amplicons (flash v1.2.11); reads were aligned against
the GRCh38 genomic reference (bwa mem v0.7.15), assigned to targets
(bedtools tags v2.25). Reads, with more than 30% of bases with quality
scores less than 15, were filtered out. At each target, custom python
code identified INDELSs based on gapped alignments between reads
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and targets, and editing was calculated as the percentage of total reads
containing an INDEL within an 8-bp window of the cut site.

Cell cycle and cell viability studies

For cell cycle analysis, 5 x 10° cells were collected 48 hours after
LNP transfection. The cells were washed with ice-cold PBS and fixed
with 70% ethanol for 1 hour. Then, the cells were washed twice with
cold PBS and incubated for 10 min at 37°C in 300 pl of PBS with
2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI;
15 pg/ml; Merck KGaA, Darmstadt, Germany). Fluorescence was
measured by flow cytometry. Cell viability was evaluated by flow
cytometry using APC Annexin V (BioLegend Inc., 640941) and DAPI
as reccommended by the manufacturer. Data from at least 2 x 10* cells
were acquired using CytoFLEX and the CytExpert software (Beckman
Coulter, USA). Analyses were done with FlowJo software. For cell cycle
analysis, the Dean-Jett-Fox model was applied to at least 10,000 gated
cells. Cell viability evaluation was done using the XTT Cell Proliferation
Kit (Biological Industries, Israel) according to the manufacturer’s
recommendation.

005 GBM-bearing mice

Eight-week-old female C57BL/6]OlaHsd mice (Envigo, Rehovot, Israel)
were anesthetized, positioned in the Kopf Stereotaxic Alignment Sys-
tem, and inoculated with 3 x 10° 005 cells in a 1.5-ul volume using auto-
matic syringe pump in a rate of 0.3 ul/min. Injections were made to the
right frontal lobe, ~1.5 mm lateral, 2 mm caudal from bregma, and
at a depth of 2.3 mm. Bioluminescence imaging (IVIS SpectrumCT,
PerkinElmer Inc.) was performed every 5 days after tumor cell implanta-
tion to monitor tumor growth. XenoLight p-luciferin (122799, PerkinElmer
Inc.) was injected at 15 mg/kg subcutaneously. Bioluminescence analy-
sis was conducted using the Living Image software (PerkinElmer Inc.).

cLNP intracerebral injection

Ten days after tumor inoculation, 005 GBM-bearing mice were anes-
thetized, positioned in the Kopf Stereotaxic Alignment System, and
injected with either sgGFP-cLNPs, sgPLK1-cLNPs, or PBS (0.05 mg/kg)
in a 1.5-ul volume using automatic syringe pump in a rate of 0.3 pl/min.
Injections were made to the right frontal lobe, ~1.5 mm lateral,
2 mm caudal from bregma, and at a depth of 2.3 mm.

Brain single-cell suspensions

Tumor-bearing brains were processed to single-cell suspensions
using the Neural Tissue Dissociation Kit (P) (Miltenyi Biotec, USA)
and gentleMACS Dissociator according to the manufacturer’s pro-
tocol. For NGS analysis, GFP* 005 tumor cells were sorted using
a BD FACSAria III sorter and further processed as described above.

In vivo tumor distribution

Twenty percent of the total RNA content of the sgGFP-cLNPs was
replaced with an equal amount of short Cy5.5-labeled DNA oligo
(Cy5.5: AGCTCTGTTTACGTCCCAGC). Four hours after injection,
mice were euthanized and brains were harvested. For fluorescent
staining, coronal brain sections (40 um) were cut on a microtome,
and images were obtained using a confocal laser-scanning microscope.

OV8-bearing mice

Eight-week-old female Hsd: Athymic Nude-Foxnlnu mice (Envigo,
Rehovot, Israel) were injected with 3 x 10° OV8-mCherry cells intra-
peritoneally. Fluorescence imaging (IVIS SpectrumCT, PerkinElmer
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Inc.) was performed weekly after tumor cell implantation to moni-
tor tumor growth. Fluorescence analysis was conducted using the
Living Image software (PerkinElmer Inc.).

OV8 tumor single-cell suspensions

Tumor-bearing mice were processed to single-cell suspensions us-
ing Tumor Dissociation Kit, mouse (Miltenyi Biotec, USA) and
gentleMACS Dissociator, according to the manufacturer’s protocol.
For NGS analysis, mCherry” tumor cells were sorted using a BD
FACSAria III sorter and further processed as described above.

cLNP intraperitoneal injection

OV8-bearing mice were injected intraperitoneally with either anti-
EGFR-sgGFP-cLNPs, isotype control-sgGFP-cLNPs, anti-EGFR-
sgPLK1-cLNPs, or isotype control-sgPLK1-cLNPs (0.75 mg/kg). For
tumor-targeting experiments, OV8-bearing mice were injected intra-
peritoneally with either anti-EGFR Cy5.5-sgGFP-cLNPs or isotype
control Cy5.5-sgGFP-cLNPs (0.75 mg/kg). Fluorescence imaging
(IVIS SpectrumCT, PerkinElmer Inc.) was performed 4 hours after
LNP injection to evaluate tumor targeting and accumulation. Fluo-
rescence analysis was conducted using the Living Image software
(PerkinElmer Inc.).

In vivo toxicity and immunogenicity

Ten-week-old female C57BL/6 mice (Envigo Laboratories) were in-
jected with sgGFP-cLNPs (1 mg/kg) intravenously. Twenty-four hours
after injection, blood was collected for biochemistry using Cobas-6000
instrument and complete blood count via Sysmex and ADVIA 120
(A.M.L,, Israel). The serum was separated and stored at —80°C be-
fore cytokine analysis. Cytokine analysis was done by Pharmaseed
Pre-clinical CRO, Israel.

Animal experiments

All animal protocols were approved by the Tel Aviv University In-
stitutional Animal Care and Usage Committee and in accordance
with current regulations and standards of the Israel Ministry of Health.
All animal experiments were conducted in a double-blinded fashion;
the researchers were blinded to group allocation and administered
treatments. Mice were randomly divided in a blinded fashion at the
beginning of each experiment.

Statistical analysis

Statistical analysis for comparing two experimental groups was per-
formed using two-sided Student’s ¢ tests. In experiments with mul-
tiple groups, one- or two-way analysis of variance (ANOVA) with a
Tukey correction was used to calculate differences among multiple
populations. Kaplan-Meier curves were used to analyze survival. A
value of P < 0.05 was considered statistically significant. Analyses
were performed with Prism 7 (GraphPad Software). Differences are
labeled n.s. for not significant, * for P < 0.05, ** for P < 0.01, *** for
P < 0.001, and **** for P < 0.0001. Preestablished criteria for the
removal of animals from the experiment were based on animal health,
behavior, and well-being as required by ethical guidelines.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/47/eabc9450/DC1

View/request a protocol for this paper from Bio-protocol.
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