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Original Article
CRISPR-based VEGF suppression
using paired guide RNAs
for treatment of choroidal neovascularization
Sook Hyun Chung,1 Tzu-Ni Sin,1 Brian Dang,1 Taylor Ngo,1 Therlinder Lo,1 Daniella Lent-Schochet,1

Ratheesh K. Meleppat,1 Robert J. Zawadzki,1 and Glenn Yiu1

1Department of Ophthalmology and Vision Science, UC Davis Health, UC Davis Eye Center, University of California, Davis, Davis, CA 95616, USA
Clustered regularly interspaced short palindromic repeats
(CRISPR)-based genomic disruption of vascular endothelial
growth factor A (Vegfa) with a single gRNA suppresses
choroidal neovascularization (CNV) in preclinical studies, of-
fering the prospect of long-term anti-angiogenesis therapy for
neovascular age-relatedmacular degeneration (AMD). Genome
editing using CRISPR-CRISPR-associated endonucleases
(Cas9) with multiple guide RNAs (gRNAs) can enhance gene-
ablation efficacy by augmenting insertion-deletion (indel) mu-
tations with gene truncations but may also increase the risk of
off-target effects. In this study, we compare the effectiveness
of adeno-associated virus (AAV)-mediated CRISPR-Cas9 sys-
tems using single versus paired gRNAs to target two different
loci in the Vegfa gene that are conserved in human, rhesus ma-
caque, andmouse. Paired gRNAs increasedVegfa gene-ablation
rates in human cells in vitro but did not enhanceVEGF suppres-
sion inmouse eyes in vivo. Genome editing using paired gRNAs
also showed a similar degree of CNV suppression compared
with single-gRNA systems. Unbiased genome-wide analysis us-
ing genome-wide unbiased identification of double-stranded
breaks (DSBs) enabled by sequencing (GUIDE-seq) revealed
weak off-target activity arising from the second gRNA. These
findings suggest that in vivo CRISPR-Cas9 genome editing us-
ing two gRNAsmay increase gene ablation but also the potential
risk of off-target mutations, while the functional benefit of tar-
geting an additional locus in the Vegfa gene as treatment for
neovascular retinal conditions is unclear.
Received 3 November 2021; accepted 23 April 2022;
https://doi.org/10.1016/j.omtn.2022.04.015.

Correspondence: Glenn Yiu, Department of Ophthalmology & Vision Science,
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INTRODUCTION
Pathologic ocular angiogenesis in retinopathy of prematurity, prolif-
erative diabetic retinopathy, and neovascular age-related macular
degeneration (nAMD) are leading causes of vision loss among indi-
viduals across their lifetime.1 Aberrant proliferation of retinal or
choroidal vessels in these conditions results in fluid exudation, hem-
orrhage, and even retinal detachment that can compromise visual
function. Among various regulators of pathologic angiogenesis, the
most established pro-angiogenic factors in the eye belong to the
vascular endothelial growth factor (VEGF) family, among which
VEGFA is considered the most potent.2–4 VEGFA expression is upre-
Molecular T
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gulated in eyes with nAMD, andmost current therapies involve intra-
ocular delivery of humanized antibodies (bevacizumab), antibody
fragments (ranibizumab, brolucizumab), and decoy receptor proteins
(aflibercept) that are directed against secreted isoforms of VEGF.5,6

Despite their positive impact on patients’ vision, frequent intraocular
injections of these biologic agents are invasive, carry a risk of endoph-
thalmitis, and pose a heavy clinical and financial burden for patients
and the healthcare system. Among approaches to improve the
durability of these treatments, viral-based gene therapy may
enable long-term production of anti-angiogenesis agents in vivo,
with several clinical trials underway (ClinicalTrials.gov: NCT0
4645212, NCT04704921, NCT04514653, NCT04567550).7–9

Clustered regularly interspaced short palindromic repeats (CRISPR)-
based strategies have the potential to permanently suppress pro-
angiogenic factors at the genome level. By employing programmable
guide RNAs (gRNAs) to direct prokaryotic CRISPR-associated endo-
nucleases (Cas9) to induce site-specific insertion-deletion (indel) and
frameshift mutations to ablate the target gene,10 CRISPR-based anti-
angiogenesis therapies could provide a permanent cure rather than
the repeated treatments that are currently in use. Genomic ablation
of VEGFA using Cas9 has been demonstrated in human retinal
pigment epithelial (RPE) cells in vitro11 and in mouse eyes using
ribonucleoprotein, adeno-associated virus (AAV),12–14 or lentiviral
vector delivery in vivo.15,16 CRISPR systems have also been used to
disrupt upstream and downstream pro-angiogenic signals such as
hypoxia inducible factor 1a (Hif-1a)14 and VEGF receptor 2
(VEGFR-2).13 Comparisons of different Cas9 orthologs suggest
that some variants such as S. pyogenes Cas9 (SpCas9) may be
more effective than S. aureus Cas9 (SaCas9) in suppressing
VEGFA protein levels, despite the larger gene size of SpCas9
requiring the use of two separate AAV vectors for delivery.12 How-
ever, the potential benefit or risk of using additional gRNAs for clin-
ical translation remains unclear.
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The use of multiple gRNAs in CRISPR-Cas9 gene editing can improve
genomic disruption by enabling gene truncations and inversions in
addition to indel mutations.17 The first human trial using CRISPR-
Cas9 gene editing in the eye employs paired gRNAs to remove the
aberrant splice donor in the CEP290 gene mutation in patients with
type 10 Leber congenital amaurosis.18 However, the additional
gRNAs may also increase the risk of off-target activity by increasing
the number of non-specific gene loci that may be inadvertently
mutated. Most current studies assess putative off-target sites using
in silico predictions that assume that off-target sites are closely related
to on-target sequences but may underestimate non-specific adverse
effects of CRISPR-based genome editing.

In this study, we compare the efficacy and safety of single versus
paired gRNAs in an AAV-mediated CRISPR-Cas9 platform to sup-
press VEGFA in a mouse model of laser-induced choroidal neovascu-
larization (CNV). We selected gRNAs to target regions of the Vegfa
gene that are conserved between mice, rhesus macaques, and humans
to enable preclinical testing in non-human primates and future trans-
lation to AMD patients. We hypothesize that paired gRNAs will
improve the efficiency of Vegfa gene disruption and CNV suppres-
sion. Importantly, we also compare potential off-target activity be-
tween single and paired gRNAs in our platform using unbiased,
genome-wide methodologies.

RESULTS
CRISPR-Cas9 disruption of human VEGFA gene using paired

gRNAs in vitro

VEGFA has a well-established role in pathologic angiogenesis in the
eye and is the principle therapeutic target for current treatments of
retinal neovascular conditions. Since VEGFA is alternatively spliced
to produce multiple isoforms, we targeted exon 1, which is common
to all major isoforms and encodes the receptor-binding domain that is
critical for VEGFA signaling, homodimerization, and receptor bind-
ing.19 We explored the �600 bp protein-coding region of exon 1 of
the Vegfa gene in mouse, rhesus macaque, and human genomes to
identify 8 gRNA target sites that are conserved across all three species
and ranked them based on their predicted on- and off-target proba-
bilities in silico (Figure 1A). Due to the limited packaging capacity
of AAVs, we deployed SpCas9 and gRNA in two separate constructs,
including an AAV vector to express SpCas9 under a cytomegalovirus
(CMV) promoter (px551-CMV-SpCas9) and another to express one
or two gRNAs under independent U6 promoters (px552), as well as
green fluorescent protein (GFP) under a CMV promoter (Figure 1B).
We first transfected human embryonic kidney 293T (HEK293T) cells
with AAV-vector plasmids expressing SpCas9 and each of the 8 single
gRNAs in a 1:1 molar ratio and found that gRNA1 and gRNA2 (Fig-
ure 1C), which had the highest predicted on- and off-target scores in
silico, demonstrated the highest degree of indel mutations based on
deep sequencing (Figure 1D). Unlike CRISPR-Cas9 platforms that
utilize a single gRNA that can only generate indel mutations, possible
outcomes of genome editing using paired gRNAs include (1) no edit-
ing, (2) indel mutations at either or both loci resulting in mostly
frameshift mutations, and (3) truncation or inversion of the region
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between the gRNA targets (Figure 1E). We then transfected
HEK293T cells with the AAV-vector plasmids expressing SpCas9
and either single (gRNA1 only), paired (gRNA1 + gRNA2), or empty
(neither) gRNA and confirmed that genome editing using paired
gRNA enables gene truncation by polymerase chain reaction (PCR)
(Figure 1F). Deep sequencing demonstrated an 87.5% mutation of
Vegfa consisting of truncations (82.3%), inversions (3.9%), and indel
mutations (0.52%) using paired gRNAs, while a single gRNA pro-
duced only a 52.9% indel mutation (Figure 1G). Enzyme-linked
immunosorbent assay (ELISA) demonstrated 25% ± 3.4% (p =
0.02) suppression of VEGFA protein using paired gRNAs compared
with 17% ± 4.1% (p = 0.09) reduction using from a single-gRNA sys-
tem (Figure 1H). These data suggest that Vegfa gene editing is more
efficient using paired gRNAs than single gRNAs in vitro but that it
does not translate linearly to VEGFA protein suppression in this
setting.

CRISPR-Cas9 disruption of mouse Vegfa gene using paired

gRNAs in vivo

For in vivo studies, we packaged the constructs into AAV serotype 8
(AAV8) vectors, which effectively transduces most outer retinal cell
types in mouse eyes including RPE after subretinal injections.16,17

We subretinally injected AAV8 vectors expressing SpCas9 and
gRNAs in 1:1 ratio (5� 1011 vg/eye) then performed fundus imaging
to confirm adequate transduction efficiency (Figure S1). We then iso-
lated RPE cells for deep sequencing to measure gene ablation and
ELISA to measure VEGFA protein expression after 3 weeks (Fig-
ure 2A). Deep sequencing showed 33% gene disruption ofVegfa using
paired gRNAs in vivo, with 16% truncation, 17% indel (97% frame-
shift, 3% in frame) mutations, and no detectable inversions, while
single gRNAs produced 28% indel (90% frameshift, 10% in frame)
mutations (Figure 2B). The CRISPR system using paired gRNAs sup-
pressed VEGFA protein production by 37% ± 5.2% (p = 0.001)
compared with empty gRNA, whereas single-gRNA CRISPR
resulted in 24% ± 7.2% (p = 0.03) of suppression, with no significant
difference between single- or paired-gRNA systems (p = 0.16) in vivo
(Figure 2C).

CRISPR-mediated CNV suppression using paired gRNAs in vivo

For functional validation, we performed laser-induced CNV at
3 weeks after subretinal AAV injections and evaluated CNV size by
measuring lesion area as seen on fluorescence angiography (FA), op-
tical coherent tomography angiography (OCT-A), and flatmount
immunohistochemistry with an endothelial cell marker at 1 week af-
ter laser injury. Compared with eyes that received dual AAV8 vectors
expressing SpCas9 and empty gRNA control, those that had AAV8
expressing SpCas9 with single or paired gRNAs demonstrated a
19%–20% reduction in CNV area as measured on OCT-A, with no
significant difference between these two groups (Figures 3A and
3B). Likewise, immunohistochemistry using isolectin B4 showed
that CRISPR-Cas9 suppression of VEGFA using either single or
paired gRNAs resulted in approximately 30% smaller CNV lesion
size compared with empty gRNA controls (Figures 3C and 3D).
Thus, our findings suggest that despite greater VEGF suppression



Figure 1. Design and efficacy of a CRISPR system using paired gRNA to suppress VEGF in human cells in vitro

(A) Table listing all gRNA target sequences conserved acrossmouse, rhesusmacaque, and humanswith predicted on-target gene-editing efficiency and off-target probability

scores. (B) Schematic of AAV vectors to express hemagglutinin (HA)-tagged SpCas9 under a CMV promoter and paired gRNAs under independent U6 promotors with a

CMV-promoter-driven EGFP reporter. (C) Comparison of the two gRNAs (gRNA1 and gRNA2) with the highest predicted on-target scores targeting two loci, located 310 bp

apart, in the exon 1 protein-coding region of the VEGFA gene that are conserved across the three species. (D) Bar graph comparing indel frequency of gRNA1with the other 7

gRNAs based on deep sequencing of PCR amplicons of VEGFA gene from HEK293T cells transfected with plasmids shown in (B) (n = 3). (E) Outline of possible genome-

editing scenarios using a paired-gRNA system. (F and G) Gel electrophoresis (F) and deep sequencing (G) of PCR amplicons of VEGFA gene from HEK293T cells transfected

with plasmids shown in (B), demonstrating gene truncation using paired gRNAs (n = 3). (H) Bar graphs comparing VEGF protein levels measured from ELISA 48 h post trans-

fection (n = 5). NS, not significant. *p < 0.05, **p < 0.01, and ***p < 0.001 (Student’s t test). Error bar represents SEM.
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using paired versus single gRNAs in human cells in vitro, viral-medi-
ated delivery of this CRISPR-Cas9 system to mouse eyes in vivo did
not show a functional benefit using additional gRNAs.

Off-target effects from CRISPR-Cas9 using paired gRNAs

To measure off-target editing activity in human cells, we transfected
HEK293T cells with the AAV vector plasmids expressing SpCas9 and
either single (gRNA1 or gRNA2) or paired (gRNA1 + gRNA2)
gRNAs in a 1:1 ratio and performed genome-wide unbiased identifi-
cation of double-stranded breaks (DSBs) enabled by sequencing
(GUIDE-seq) analysis, which can detect off-target activities as low
as 0.1%.20 We identified no significant off-target activity in the
gRNA1-only group (Figure 4A), a weak off-target site (3.6% detected)
located in the intron of Rap guanine nucleotide exchange factor 2
(RAPGEF2) on chromosome 4 from the gRNA2-only group (Fig-
ure 4B), and a very minor off-target (0.6% detected) site in the intron
of the microtubule-associated monooxygenase, calponin and LIM do-
mains-containing 3 (MICAL3) gene on chromosome 22 from the
Molecular Therapy: Nucleic Acids Vol. 28 June 2022 615
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Figure 2. Efficacy of a CRISPR system using paired gRNAs to suppress VEGF in mouse eyes in vivo

(A) Schematic of study design using subretinal AAV8 to deliver SpCas9 with paired gRNAs to suppress VEGF, followed by confirmation of transduction efficiency by fundus

imaging andmeasurement of gene-editing rates and protein suppression by deep sequencing and ELISA, respectively, after 3 weeks, aswell as suppression of laser-induced

CNV after 4 weeks. (B and C) Bar plots comparing gene-editing rates from deep sequencing of PCR amplicons of Vegfa frommouse RPE cells (B) (n = 7–9), and VEGF protein

levels measured from ELISA (C) (n = 10). NS, not significant. *p < 0.05 and **p < 0.01 (Student’s t test). Error bar represents SEM.

Molecular Therapy: Nucleic Acids
paired-gRNA group (Figure 4C). Although these weak off-target mu-
tations were detected at very low levels, both appear to arise from
gRNA2 activities.

DISCUSSION
Anti-VEGF pharmacotherapies have revolutionized the management
of neovascular retinal diseases, but frequent intraocular injections
remain a clinical burden for patients and physicians. Several ongoing
clinical trials are currently exploring the use of viral vectors to provide
long-term intraocular expression of soluble anti-angiogenesis agents.
Unlike these gene-therapy approaches, CRISPR-based genome edit-
ing enables permanent ablation of pro-angiogenic factors, targeting
of both intracellular and extracellular signals, and potential for cell-
specific delivery that can target more pathologically relevant cellular
sources. Viral vector-mediated CRISPR-Cas9 has been used to sup-
press VEGF as well as upstream and downstream signals such as
Hif-1a and VEGFR-2.15,21,22 However, the optimal system remains
unclear due to heterogeneity in experimental methodology, differ-
ences in functional readouts, and relative lack of comparative studies.
Our group previously compared an “all-in-one” AAV vector that
combines the smaller SaCas9 ortholog and gRNAs with a dual-
AAV system that expresses SpCas9 and gRNAs on separate vectors.
We found that the latter approach demonstrated greater levels of
genome editing and protein suppression, with up to 35% VEGF
reduction inmouse eyes in vivo. Here, we examined whether the addi-
616 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
tion of a second gRNA targeting Vegfa to this genome-editing plat-
form could enhance anti-angiogenesis activity and, importantly, if
safety would be compromised by a concomitant increase in risk of
harmful mutations.

Our study found that CRISPR-Cas9 with paired gRNAs increased
Vegfa gene ablation with a slight increase in off-target activity in hu-
man cells in vitro but that it did not appear to improve VEGF or CNV
suppression in mouse eyes in vivo. The discordance between in vitro
and in vivo findings is not surprising, as the latter may be impacted by
many additional biological variables including (1) interspecies differ-
ences, (2) viral transduction efficiency, (3) homeostatic responses,
and (4) limitations of the laser-induced CNV model. We designed
gRNAs to target conserved sequences of the Vegfa gene across
mice, rhesus macaques, and humans to enable clinical translation,
and in silico predictions of on-target and off-target activities were
similar across all three species. However, in vivo studies may also
be impacted by variability in viral transduction efficiency, surgical ar-
tifacts from the subretinal injection procedure, or method of RPE cell
isolation. The single- and paired-gRNA-expressing vectors are similar
in size (5.5 versus 5.9 kB) and appeared to exhibit consistent wide-
spread AAV transduction based on GFP reporter expression after
subretinal injection (Figure S1), consistent with measurements of
viral genome per diploid mouse genomes, as we have previously
shown.12 We also excluded eyes with surgical complications such as



Figure 3. A CRISPR system using paired gRNAs to

target Vegfa suppressed laser-induced choroidal

neovascularization in mouse eyes

(A–D) Multimodal imaging using fluorescein angiography

(FA), optical coherence tomography (OCT), and OCT

angiography (OCT-A) (A), and bar plots comparing CNV

area measured from in vivo imaging (n = 20–33) (B), as

well as representative fluorescence images of flat mount

immunohistochemistry using isolectin B4 (scale bars,

100 mm) (C) and bar plots comparing CNV area measured

from these ex vivo images (n = 26–30) from mouse eyes

after AAV-mediated delivery of SpCas9 with paired

gRNAs targeting Vegfa (D). NS, not significant.

*p < 0.05 (Student’s t test). Error bar represents SEM.
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hemorrhage, infection, or cataract formation and only included eyes
with broad expression as seen on in vivo imaging. In the outer retina,
VEGF is primarily produced by RPEs, but glial and immune cells
including macrophages, activated T cells, and leukocytes can also
secrete VEGF.23–26 Although we isolated RPE cells to enrich for
VEGF-expressing cells, homeostatic responses from non-transduced
or non-edited cells, or other compensatory pro-angiogenic pathways,
may account for the lack of performance difference between single
and paired gRNAs. Future studies using single-cell transcriptomic an-
alyses could identify the specific cell types that are successfully edited
and how VEGF expression is differentially affected in various cell
types. Also, although other VEGF family members such as VEGFB,
VEGFC, and VEGFD are not considered to play as important a role
as VEGFA in pathologic angiogenesis in the eye, additional studies
to target multiple pro-angiogenic targets may be considered in the
future.

In our experiments, we found that the degree of gene ablation did not
translate linearly to protein suppression and that VEGF levels did not
scale directly with CNV reduction. In fact, CNV suppression in our
model did not exceed 31% using either single- or paired-gRNA sys-
tems, similar to prior studies where even therapeutic intravitreal
doses of the clinically proven VEGF-inhibitor aflibercept only sup-
pressed laser-induced CNV by about 40%, indicating a ceiling treat-
ment effect in this disease model.12,27 Although widely used for
testing of anti-angiogenesis agents, the laser-induced CNV rodent
model more likely reflects an injury response rather than chronic
degeneration seen in AMD.28 Thus, the potential therapeutic benefit
Molecular T
of using CRISPR-based platforms for neovascu-
lar retinal diseases remains unclear. Neverthe-
less, as CRISPR systems have the potential
advantage of simultaneously targeting several
different pro-angiogenic factors bymultiplexing
gRNAs, additional research exploring combina-
torial genome-editing approaches may be
warranted.

The potential for permanent VEGF suppression
using CRISPR-Cas9 is appealing but raises a
concern for safety. Although VEGF promotes pathologic angiogen-
esis,29 it also participates in normal vessel growth30 and trophic main-
tenance of photoreceptors.31 Thus, therapeutic benefit may only be
maximized by striking a balance between pathologic and physiologic
VEGF levels and targeting more pathologic cellular sources. For
example, targeted delivery of short hairpin RNA (shRNA) to Müller
glia to reduce VEGFA to more physiologic levels rescues oxygen-
induced retinopathy (OIR) in rats without interfering with retinal
vascular development,32 while RPE-specific deletion of Vegfa causes
choriocapillaris loss and photoreceptor dysfunction.33 In fact, chronic
anti-VEGF injections have been linked to geographic atrophy pro-
gression in AMD patients.34,35 Thus, unlike current therapies that
broadly suppress VEGF and may adversely impact non-pathologic
vascular or neural tissues, viral-mediated CRISPR-Cas9 platforms
may confer greater cell specificity to target more pathologic sources
of angiogenic factors. The stochastic nature of CRISPR-based gene
disruption also results in incomplete VEGF suppression, reducing
the likelihood of harmful over-suppression.

Despite these potential advantages, the risk of deleterious off-target
mutations with long-term Cas9 expression introduces another safety
concern. In our study, the addition of a second gRNA appeared to
generate a small but detectable amount of off-target activity in human
cells, despite enhancing CRISPR-mediated ablation of theVegfa gene.
Unlike many studies that assess predicted off-target sites based on
their resemblance to on-target sequences, we employed an unbiased
genome-wide GUIDE-seq assay that has a sensitivity threshold of
0.1%. Although intravitreal delivery of AAV-CjCas9 targeting Vegfa
herapy: Nucleic Acids Vol. 28 June 2022 617
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Figure 4. Comparison of off-target mutations between CRISPR systems

using single and paired gRNAs to target VEGFA

(A–C) Results of GUIDE-seq analysis showing potential off-target rates using single

(A and B) or paired gRNAs (C). HEK293T cells were transfected with plasmids to

express SpCas9 and either single (gRNA1 or gRNA2) or paired (gRNA1 and gRNA2)

gRNA, with MiSeq performed reading both + and - strands from double-stranded

oligodeoxynucleotides (dsODN) representing CRISPR-editing sites. One weak off-

target site (10 reads) was identified from gRNA2 (B, red box), and a minor off-target

site (2 reads) was identified from paired gRNA1 + gRNA2 analyses (C, red box).
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and Hif-1a in mouse retina also did not demonstrate any off-target
activity after 14 months,36 continued Cas9 expression over years
could still pose a cumulative risk of harmful mutations. Additionally,
genome editing can occasionally cause chromosomal translocations
with reported rates exceeding 1%, as detected by methods such as
linear amplification-mediated high-throughput genome-wide
sequencing (LAM-HTGTS) or unidirectional targeted sequencing
(UDiTaS).37–40While in vivo studies of genome editing for Duchenne
muscular dystrophy using an AAV8 vector did not show any translo-
cation using transposon-mediated target enrichment and sequencing,
which has an estimated limit of detection of 0.01%,41 future studies
are needed to elucidate the risk of chromosomal translocations and
other potentially harmful genetic events. Some strategies to reduce
the duration of Cas9 exposure include ribonucleoprotein (RNP) de-
livery using lentiviral or lipid nanoparticles, optogenetic “on-off”
switching of Cas9, and a self-targeting kamikaze CRISPR sys-
tem.16,42–47 Use of truncated gRNAs or engineered high-fidelity
Cas9 orthologs also show promise in reducing off-target risks.

Finally, the host immune consequences of expressing a prokaryotic
protein in the eye remain unknown. Although the subretinal space
is an immune-privileged compartment, AAV-mediated expression
of other foreign genes such as GFP triggers intraocular inflammation
that may be associated with the amount of viral-vector egress from the
618 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
eye.48 Longer-term studies in larger preclinical animal models such as
non-human primates will provide important data on long-term safety
and host immune responses with sustained CRISPR-Cas9 expression.

MATERIALS AND METHODS
gRNA design and AAV constructs

gRNA design was performed in silico using Benchling software (San
Francisco, CA, USA), which identified 8 gRNA target sites in exon
1 of Vegfa that are conserved across mouse, rhesus macaque, and hu-
man. gRNAs were cloned into a modified px552 plasmid (Addgene,
Watertown, MA, USA, 60958), where we replaced the human synap-
sin (hSyn) promotor with a ubiquitous CMV promotor to drive GFP
expression. We selected the two gRNAs (gRNA1 and gRNA2) with
the highest on-target score that predicts gene-cleavage efficiency
and the lowest off-target probability in silico, which corresponded
to the highest indel frequency in vivo. We subcloned gRNA1 or
gRNA2 upstream of the U6-driven gRNA scaffold using the SapI re-
striction site (px552-CMV-gRNA1 or px552-CMV-gRNA2). The
DNA region containing the U6 promotor, gRNA1, and gRNA scaf-
fold were amplified by PCR with PspOMI overhangs and subcloned
into the px552-CMV-gRNA2 plasmid to generate a construct con-
taining both gRNA1 and gRNA2 under two independent U6 promo-
tors (px552-CMV-gRNA1/2). For the AAV vector expressing
SpCas9, we modified the px551 plasmid (Addgene, 60957) by replac-
ing the truncated methyl-CpG-binding protein 2 (pMecp2) promoter
with a CMV promoter for in vitro studies and, later, with px551-
CMV-SpCas9 (Addgene 107024) for in vivo studies.

Cell culture and transfection

HEK293T cells were maintained in Dulbecco’s modified Eagle’s me-
dium (DMEM) containing 10% fetal calf serum and 1% penicillin and
streptomycin. Cells were seeded in 24-well plates (1 � 105 cells/well)
and transfected with 500 ng/well DNA using lipofectamine (Invitro-
gen, Waltham, MA, USA, 116680027) according to the manufac-
turer’s protocol. Cells were collected for genomic DNA extraction
48 h after transfection using Qiagen DNeasy Blood and Tissue kit
(Qiagen, Germantown, MD, USA, 69504).

Deep sequencing

After genomic DNA extraction, a NanoDrop 2000c device (Thermo
Fisher Scientific, Waltham, MA, USA) was used to verify the quality
and quantity of the DNA then was amplified through PCR using for-
ward and reverse primers for 35 cycles of 98�C for 10 s, 60�C for 30 s,
and 72�C for 15 s. The primer sets included 50-GCGGCGTCGCACT-
GAAACTTT-30 (forward) and 50-AGCAGGGCACGACCGCTTA-30

(reverse) for HEK293T cells (primers are approximately 100 bp from
the gRNA sites, and the total amplicon size is 500 bp) and
50-TTCGTCCAACTTCTGGGCTCTTCTC-30 (forward) and 50-CA
CGACCGCTTACCTTGGCA- 30 (reverse) for mouse RPE tissues
(primers are approximately 100 bp from the gRNA sites, and the total
PCR amplicon size is 450 bp). The PCR products were purified with
the QIAquick PCR purification kit (Qiagen, 28104), and deep
sequencing was conducted at the DNA sequencing core facility at
Massachusetts General Hospital (Boston, MA, USA).
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AAV-virus production

AAV constructs were packaged into AAV8 capsids and purified by
the UC Davis Center for Vision Sciences Molecular Construct and
Packaging core facility. Viral titers were determined by Taqman
quantitative PCR ,and purity was assessed by SDS-polyacrylamide
gel electrophoresis.
Animals and subretinal injections

All animal experiments were conducted under the guidelines of the
Institutional Animal Care and Use Committee (IACUC) at UC Da-
vis. C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME, USA)
were kept in standard 12 h light/dark cycle. For subretinal injec-
tions, animals were anesthetized with 2% isoflurane, and eyes
were dilated with 1% tropicamide and 2.5% phenylephrine. After
creating a small conjunctival peritomy and a paralimbal sclerotomy
using a 30G needle, 2 uL of the AAV8-vector mixture was injected
using a 31G Hamilton syringe into the subretinal space (5 � 1011

vg/eye), with AAVs expressing SpCas9 and gRNA mixed at a 1:1 ra-
tio prior to injection.
RPE isolation

RPEs were isolated using an established protocol with minor modifi-
cation.49 Briefly, after enucleation, the anterior chamber, lens, and
retina were removed, and the posterior eye cup was incubated with
0.05% trypsin-EDTA for 45 min at 37�C. After gentle shaking of
the eye cup to isolate the RPEs, cell pellets were collected for genomic
DNA extraction using DNeasy Blood & Tissue kit (Qiagen, 69504).
For protein extraction, posterior eye cups containing RPE and
choroidal tissues were mechanically homogenized with radioim-
munoprecipitation assay (RIPA) buffer, and protein quantification
performed using a Pierce BCA protein assay kit (Thermo Fisher Sci-
entific, 23225).
ELISA

We used a human VEGF ELISA kit (Invitrogen, KHG0111) for
HEK293T cell extracts, and a mouse VEGF ELISA kit (R&D Systems,
Minneapolis, MN, USA, MMV00) for mouse RPE protein samples,
following the manufacturer’s protocol. In short, samples were pre-
pared in a 1:50 dilution and incubated on a precoated plate for 2 h,
followed by conjugate and substrate solutions. The optical density
was measured using a microplate reader at 450 nm, and VEGFA
quantification was calculated against the linear portion of the stan-
dard curve. Each sample was run in triplicates.
Laser-induced CNV and fluorescein angiography

Animals were anesthetized with isoflurane inhalation, and pupils
were dilated with 1% tropicamide and 5% phenylephrine. Mice
were imaged using the Micron IV system (Phoenix, Pleasanton,
CA, USA) with topical artificial tear gel (Genteal) to prevent corneal
damage. Image-guided laser photocoagulation was performed with a
532 nmwavelength laser at 250mW for 70 ms. CNVwas evaluated by
FA, OCT, and OCT-A 1 week after laser photocoagulation. Eyes with
severe hemorrhage were excluded from analyses.
OCT and OCT-A imaging

OCT and OCT-A imaging were performed using a custom multi-
modal OCT + scanning laser ophthalmoscopy (SLO) imaging system
at the UCDavis small animal ocular imaging facility (EyePod), as pre-
viously reported.50 SLO and phase-variance OCT-A images were ac-
quired simultaneously with a SLO excitation laser (ORBIS 488LX,
Coherent, Salem, NH, USA) running at 488 nm with 100 mW at
the mouse pupil and OCT with a superluminescent diode light source
(Broadlighter 860, Superlum Diodes, Cork, Ireland) operating at
860 nm with full width at half maximum (FWHM) of 132 nm and
600 uW at the mouse pupil, respectively. For SLO, reflected and fluo-
rescent light was captured by two photomultiplier tubes (H7422–20
and H7422-40, Hamamatsu Photonics, Shizuoka, Japan), and 50
consecutive images were averaged. For OCT-A, 1080 horizontal B
scans acquired with a series of three scans per single location (span-
ning 540 � 360 pixels) corresponding to the SLO images
were captured with a custom spectrometer with a high-speed line
complementary metal-oxide semiconductor (CMOS) camera (Sprint
spL4096-140km, Basler, Ahrensburg, Germany) and used for
3-dimestional cross-sectional visualization and co-registration.

OCT segmentation, OCT-A imaging, and CNV quantification

A custom, semi-automated CNV segmentation program written in
MATLAB (MathWorks, Natick, MA, USA) was used to segment
and visualize the CNV between the external limiting membrane
(ELM) and RPE layer from the OCT images. Briefly, 10–15 B scans
were selected from the OCT volume, then 10–15 pixel points were
manually annotated along the OPL and RPE layers, allowing
interpolation (spline) across all 360 OCT B scans per volume. The
segmentation data from the OCT B scans were then applied to the
phase-variance OCT-A data to generate en-face images of the
OCTA volume between the OPL and RPE layers to isolate the CNV
from retinal vessels. The size of the CNV was quantified by manually
tracing the neovascular lesion on these en-face OCT-A images using
FIJI image processing software.45

Flatmount immunohistochemistry

Eye cups were fixed with 4% paraformaldehyde (PFA) for 1 h and
washed with PBS. The retinae were carefully removed, and the re-
maining RPE-choroid and scleral tissues were radially cut and
labelled with Alexa Fluor 488-conjugated isolectin B4 (Invitrogen,
I21411) overnight at 4�C. Fluorescence images were captured with
confocal microscopy (Olympus FV1000), and CNV sizes were
measured by manually tracing the isolectin B4-stained lesions using
FIJI software.45

GUIDE-seq off-target assessment

Genome-wide unbiased off-target assessment was performed using
GUIDE-seq based on a previously published protocol.20 One million
HEK293T cells were electroporated with SpCas9 and gRNA vectors
and a 500 pmol dsODN template using the Gene Pulser Xcell Electro-
poration System (BioRad, Hercules, CA, USA, 1652660). Cells were
collected 48 h after electroporation, and genomic DNA was extracted
for library preparation according to published methods.20 MiSeq and
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bioinformatics analyses were conducted at the DNATechnology Core
Facilities at UC Davis Genome Center.

Sequence data were analyzed using the open-source guideseq software
suite (v.1.02, https://github.com/tsailabSJ/guideseq).51 The analysis
steps included (1) demultiplexing pooled samples based on sample-
specific dual-indexed barcodes; (2) consolidation of PCR duplicates
whereby reads sharing the same unique molecular identifier (UMI)
and the first 6 bases of genomic sequence are collapsed into a
consensus to improve quantification of aligned read counts; (3) align-
ment of the demultiplexed consolidate reads to the reference genome
(GRCh38) utilizing BWA-MEM (v.0.7.17-r1188)52 with default pa-
rameters; (4) tabulation of aligned reads with respect to mapping po-
sitions on a genome-wide basis whereby the start of genome mapping
positions are consolidated using a 10 bp sliding window, with win-
dows having reads mapping to both + and - strands or to the same
strand but amplified with both forward and reverse tag-specific
primers, flagged as sites of potential DSBs with 25 bp of flanking
reference sequence retrieved on either side of the most frequent
start-mapping position in each flagged window using BEDTools
(v.2.20.1–22-g9b17893)53 and locally aligned to the intended target
sequence using Smith-Waterman alignment; (5) off-target cleavage
sites with >6mismatches to the intended target and/or >2mismatches
to the protospacer-adjacent motif (PAM) sequence or sites that are
present in the control sample were removed; and (6) identification
of valid target and off-target sites passing the above filters with read
counts expected to scale approximately linearly with cleavage rates.
The default PAMused was NGG, with the analysis also repeated using
the less-frequent NAG PAM.54 No off-target sites were identified with
the latter PAM.
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