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ABSTRACT

Realizing the full potential of genome editing re-
quires the development of efficient and broadly ap-
plicable methods for delivering programmable nu-
cleases and donor templates for homology-directed
repair (HDR). The RNA-guided Cas9 endonuclease
can be introduced into cells as a purified protein
in complex with a single guide RNA (sgRNA). Such
ribonucleoproteins (RNPs) can facilitate the high-
fidelity introduction of single-base substitutions via
HDR following co-delivery with a single-stranded
DNA oligonucleotide. However, combining RNPs with
transgene-containing donor templates for targeted
gene addition has proven challenging, which in turn
has limited the capabilities of the RNP-mediated
genome editing toolbox. Here, we demonstrate that
combining RNP delivery with naturally recombino-
genic adeno-associated virus (AAV) donor vectors
enables site-specific gene insertion by homology-
directed genome editing. Compared to conventional
plasmid-based expression vectors and donor tem-
plates, we show that combining RNP and AAV donor
delivery increases the efficiency of gene addition by
up to 12-fold, enabling the creation of lineage re-
porters that can be used to track the conversion of
striatal neurons from human fibroblasts in real time.

These results thus illustrate the potential for unifying
nuclease protein delivery with AAV donor vectors for
homology-directed genome editing.

INTRODUCTION

In recent years, the RNA-guided Cas9 endonuclease (1)
from type II clustered regularly interspaced short palin-
dromic repeats (CRISPR)-CRISPR-associated (Cas) sys-
tems has emerged as a versatile and efficient genome editing
platform (2). Cas9 can be directed to nearly any genomic
location to induce a DNA double-strand break (DSB) via
RNA-DNA complementary base pairing using a single
guide RNA (sgRNA) (3-5). DSBs induced by Cas9 or other
programmable nuclease platforms (6,7) are processed by
the cellular DNA repair machinery, typically through non-
homologous end joining (NHEJ) (8) or homology-directed
repair (HDR) (9). Whereas NHEJ is employed primarily
to disrupt gene expression through the introduction of ran-
dom base insertions and /or deletions (indels) (10,11), HDR
can be harnessed to mediate gene correction (12,13) or
targeted gene addition (14). This is achieved using a ho-
mologous single or double-stranded DNA donor template,
which is delivered alongside Cas9 and serves as a substrate
for DNA repair. However, despite its broad potential to en-
able and accelerate many basic and clinical research appli-
cations, HDR-mediated genome editing remains inefficient
and limited by several factors, including the efficiency of
Cas9 and donor DNA delivery (15), the suitability of plas-
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mid DNA as a donor template for HDR (16) and the phase
of the cell cycle in which DNA cleavage occurs in (17).

Both Cas9 and its sgRNA can be introduced into cells
as a pre-formed ribonucleoprotein (RNP) complex via nu-
cleofection (18-20) or lipid-mediated transient transfection
(21,22). Similar to cell-penetrating zinc-finger (23-25) and
transcription-activator like effector (TALE) nuclease pro-
teins (26), RNPs cleave DNA almost immediately upon cell
entry, and are degraded shortly thereafter (18). In fact, due
to their rapid action and fast turnover, RNPs yield fewer
off-target effects than methods that rely on transient ex-
pression from nucleic acids (18,19,21). Moreover, RNPs
can be complemented with recombinogenic single-stranded
DNA oligonucleotides (27), enabling the introduction of
single-base substitutions via HDR (18-21,28). Yet despite
their flexibility, efforts to combine RNPs with transgene-
containing donor templates for targeted gene addition have
thus far proven unsuccessful. Given the breadth of applica-
tions possible for nuclease-driven transgenesis, as well as the
advantages afforded by RNP delivery, this incompatibility
has emerged as a considerable gap within the RNP genome
editing toolbox.

In addition to their capacity to safely mediate gene deliv-
ery (29), adeno-associated virus (AAV) vectors are endowed
with the unique ability to stimulate gene targeting via ho-
mologous recombination (HR) (16,30,31), even in the ab-
sence of a nuclease-induced DSB. AAVs are non-pathogenic
and non-enveloped single-stranded DNA viruses capable
of transducing both dividing and non-dividing cells. The
AAV viral genome is approximately 4.7 kilobases (kb) in
length and contains two inverted terminal repeats (ITRs)
that flank two open reading frames, rep and cap. To gen-
erate recombinant AAV vectors capable of mediating gene
targeting, the AAV viral genome is replaced with a donor
cassette carrying the desired genomic modification flanked
by sequences homologous to a specific genomic site (31).
Both the rep and cap genes are then provided in trans along
with adenoviral helper genes to facilitate the production of
recombinant AAV particles harboring the designed donor
template. Given their innate ability to induce activation of
the cellular DNA repair pathway and promote gene target-
ing (32), we reasoned that AAV donor vectors would serve
as a suitable repair template for DSBs induced by RNP.

In the present study, we demonstrate that combining
RNP and AAV donor delivery enables efficient genome
editing—including targeted gene addition—via HDR. This
approach facilitated both gene correction and the knock-in
of reporter genes into the rat nestin and human DARPP-32
genes, the latter of which enabled the conversion of striatal
neurons from human fibroblasts to be tracked in real time.
Our results thus illustrate the potential for uniting RNP
and AAV donor delivery for efficient homology-directed
genome editing.

MATERIALS AND METHODS

Plasmid construction

Construction of the lentiviral vector encoding GFPA35
(pLV-GFPA35) and the AAV vector carrying the t37GFP
repair template (pAAV-t37GFP) was previously described
(33). Homology arms for the nestin and DARPP-32 genes
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were generated by nested polymerase chain reaction (PCR)
using genomic DNA harvested from rat C6 cells or hu-
man adult dermal fibroblasts, respectively, using the primers
described in Supplementary Table S1. To construct the
DARPP-32 donor template, the enhanced green fluorescent
protein (EGFP) and puromycin-resistance genes were PCR
amplified from pAAV-NKX2.2-EGFP using the primers
DARPP-32-Cargo-Fwd and DARPP-32-Cargo-Rev, and
fused to both the ‘left’ and ‘right’ homology arms to the
DARPP-32 locus by overlap PCR. To construct the nestin
donor template, the cytomegalovirus (CMV) promoter
was PCR amplified from pAAV-CAGGS-EGFP (Addgene
#22212) (34) and ligated into the Kpnl and Agel restric-
tion sites of the plasmid pAAV-NKX2.2-EGFP. The EGFP
and the puromycin-resistance genes were then PCR am-
plified using the primers Nestin-Cargo-Fwd and Nestin-
Cargo-Rev, and fused to both the ‘left’ and ‘right’ homology
arms to the nestin locus by overlap PCR. Primer sequences
are provided in Supplementary Table S1. The resulting PCR
products, which encoded a promoterless EGFP gene and a
puromycin-resistance gene under the control of a CMV or
phosphoglycerate kinase (PGK) promoter flanked by nestin
or DARPP-32 homology arms, respectively, were digested
and ligated into the BamHI and Xhol restriction sites of
pAAV-CAG-EGFP. The sequences of the rat nestin and hu-
man DARPP-32 targeting constructs are provided in Sup-
plementary Tables S2 and 3, respectively.

Oligonucleotides encoding sgRNAs targeting GFPA35,
as well as the nestin and DARPP-32 genes were custom
synthesized (Elim Biopharm) and phosphorylated by T4
polynucleotide kinase (New England Biolabs; NEB) for 30
min at 37°C. Oligonucleotides were annealed for 5 min
at 95°C, cooled to room temperature and ligated into the
BsmBI restriction sites of pX330-U6-Chimeric-BB-CBh-
hSpCas9 (Addgene #42230) (3). Correct construction of all
plasmids was verified by Sanger sequencing (UC Berkeley
DNA Sequencing Facility).

Cell culture

Human embryonic kidney (HEK) 293T and U20S cells
(UC Berkeley Tissue Culture Facility), C6 cells (kindly pro-
vided by S. Kumar) and human adult dermal fibroblasts
(hFbs; ScienCell) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM; Corning and Thermo-Fisher)
supplemented with 10% (vol/vol) fetal bovine serum (FBS;
Thermo-Fisher) and 1% (vol/vol) Antibiotic-Antimycotic
(Anti-Anti; Thermo-Fisher) in a humidified 5% CO, at-
mosphere at 37°C. To generate the HEK293T-GFPA35
and U20S-GFPA35 reporter cell lines, HEK293T and
U208 cells were transduced with a lentiviral vector en-
coding GFPA35 (LV-GFPA35) followed by limiting dilu-
tion in serum-containing media with 1 pg/ml of puromycin
(Sigma-Aldrich). Based on the number of cells that survived
antibiotic selection, we estimated that each cell line con-
tained a single copy of the reporter gene. To generate LV-
GFPA35, HEK293T cells were seeded onto a 15-cm dish
and transfected with 10 wg of pLV-GFPA35, 5 wg of pMDL
g/p RRE, 3.5 png of pMD2.G and 1.5 pg of pRSV-Rev us-
ing 120 wl of polyethylamine (1 pg/pl; PEI). At 48 h af-
ter transfection, cell culture medium was harvested, virions
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were concentrated by ultracentrifugation (L8-55M Ultra-
centrifuge; Beckman Coulter), resuspended in phosphate-
buffered saline (PBS) with 20% sucrose (Sigma-Aldrich)
and applied onto HEK293T and U20S cells.

Cas9 protein expression and purification

The Cas9 protein from Streptococcus pyogenes (SpCas9)
was expressed from pMJ915 (Addgene #69090) in Es-
cherichia coli Rosetta 2 cells (EMD Millipore) and purified
as previously described (1). Cas9 protein was stored at -
80°C in cryopreservation buffer (20 mM HEPES, 150 mM
KCI, 1 mM TCEP, 10% glycerol, pH 7.5).

sgRNA in vitro transcription

The DNA templates for in vitro transcription encoding the
sgRNA were assembled using synthetic oligonucleotides as
previously described (19). Additionally, in vitro transcrip-
tion and RNA purification were performed as previously
described (19).

Cas9 RNP assembly

To prepare RNP, Cas9 protein was incubated with sgRINA
(1:1.2 molar ratio) in RNP buffer (20 .M HEPES, 150 mM
KCI, 1 mM TCEP, 1 mM MgCl,, 10% glycerol, pH 7.5) for
10 min at 37°C. Following incubation, RNP was centrifuged
at 15000 x g for 1 min using a 0.22 pm Costar Spin-X Cen-
trifuge Tube Filter (Costar) according to the manufacturer’s
instructions. RNP was concentrated to ~20-40 wl using an
Ultra-0.5 ml Centrifugal Filter Unit (Amicon) at 14 000 x
g for 3 min.

AAY vector production

AAV vectors were produced as previously described (35).
Briefly, HEK293T cells were seeded onto 15-cm plates at
a density of 3 x 107 cells per plate in serum-containing
medium. At 16-24 h after seeding, cells were transfected
with 15 pg of pAAV-t37GFP, 15 ng of rAAVI and 15 pg
of pHelper using 135 pl of PEI (1 pg/wl). After 72 h, cells
were harvested using a cell scraper and centrifuged at 4000
x g for 5 min at room temperature. Medium was then re-
moved, and cell pellets were resuspended in 2 ml of AAV
lysis buffer (50 mM Tris—HCI, 150 mM NacCl, pH 8.0) per
plate. Cells were lysed by freeze-thaw using a dry-ice ethanol
and 37°C water bath. Lysate was then incubated with 10
Units (U) of Benzonase (Sigma-Aldrich) per milliliter of
lysate for 30 min at 37°C, and centrifuged at 10 000 x g for
10 min at room temperature. Lysate supernatant was col-
lected and overlaid onto an iodixanol density gradient (Op-
tiPrep Density Gradient Medium; Sigma-Aldrich), and vec-
tor was purified by ultracentrifugation, as described (35).
Extracted AAV vector was washed three times with 15 ml
of PBS with 0.001% Tween-20 (Sigma-Aldrich) using an
Ultra-15 Centrifugal Filter Unit (Amicon) at 4000 x g and
concentrated to ~200 wl. AAV was stored at 4°C. Viral ge-
nomic titer was determined by quantitative real-time PCR
using SYBR Green with the primers qPCR-EGFP-Fwd
and qPCR-EGFP-Rev (Supplementary Table S1).
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AAV-RNP delivery

HEK?293T-GFPA35, U20S-GFPA35 and C6 were seeded
onto 96-well plates at a density of 2 x 10> cells per well
in serum-containing medium with 200 ng/ml of nocoda-
zole (Sigma-Aldrich). After 30 min, the AAV donor vec-
tor (t37EGFP-AAV1 for HEK293T-GFPA35 and U20S-
GFPA35, and nestin-AAV1 for C6) was added onto cells
in the presence of 200 ng/ml of nocodazole. After 16 h,
cells were dissociated with 0.05% trypsin (Thermo-Fisher),
centrifuged at 400 x g for 3 min, washed once with PBS
and resuspended in 20 pl of Nucleofector Solution SF
(Lonza) with 10 pl of RNP. Cells were nucleofected us-
ing the Amaxa 96-well Shuttle system (Lonza) and the pro-
gram CM120. Immediately after nucleofection, 100 wl of
serum-containing medium was added to nucleofected wells,
and cells were transferred into a fresh 96-well plate until
further use. HEK293T-GFPA35 and U20S-GFPA35 were
maintained in serum-containing medium, and C6 cells were
maintained in serum-containing medium with 50 ng/ml of
FGF-2.

Flow cytometry

HEK?293T-GFPA35, U20S-GFPA35 and C6 cells were
washed once with PBS, harvested with 0.05% trypsin and
transferred into a fresh 96-well plate containing 100 pl of
serum-containing medium. Samples were evaluated using a
LSRFortessa X-20 cell analyzer with a High-Throughput
Sampler adapter (BD Biosciences; UC Berkeley Flow Cy-
tometry Core Facility). Data were collected for 20 000 live
events per sample and analyzed using FlowJo software
(FlowJo LLC).

Surveyor nuclease assay

HEK293T-GFPA35 and C6 cells were harvested 72 h after
AAV-RNP delivery or plasmid transfection, and genomic
DNA was isolated using QuickExtract DNA Extraction So-
lution (Epicentre), according to the manufacturer’s instruc-
tions. The GFPA35 and nestin genomic loci were amplified
by nested PCR using the Expand High Fidelity Taq System
(Roche). Primer sequences are provided in Supplementary
Table S1. Following PCR, the Surveyor Mutation Detection
Kit (Integrated DNA Technologies) was used according to
the manufacturer’s instructions. Cleavage products were vi-
sualized by non-denaturing TBE-PAGE, and the gene mod-
ification frequency was measured as the ratio of cleaved to
uncleaved product, as described (36). Band intensity was
quantified using ImageJ software (https://imagej.nih.gov/

ij/).
Neural differentiation

The plasmids phMYTIL-N106 (Addgene #60861),
phDLX1-N174 (Addgene #60859), phDLX2-N174 (Ad-
dgene #60860) and pmCTIP2-N174 (Addgene #60858)
express MYTIL, DLX1, DLX2 and CTIP2, respectively,
under the control of a human elongation factor-1 al-
pha (EFla) promoter. The plasmid pTight-9-124-BclxL
(Addgene #60857) expresses a synthetic cluster of miR-
9/9* and miR-124 fused to Bcl-XL under the control
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of a doxycycline-inducible promoter, and the plasmid
rtTA-N144 (Addgene #66810) expresses the reverse
tetracycline-controlled transactivator (rtTA) alongside
a hygromycin-resistance gene. Lentiviral vectors were
packaged and purified as described above. Concentrated
virus was stored as single-use aliquots at —80°C.

hFDbs (ScienCell) were maintained in DMEM (Thermo-
Fisher) supplemented with 10% FBS (Hyclone), 0.01%
B-mercaptoethanol, 1% non-essential amino acids, 1%
sodium pyruvate, 1% GlutaMAX, 10 mM HEPES and 1%
Penicillin-Streptomycin (all from Thermo-Fisher) in a hu-
midified 5% CO, atmosphere at 37°C. For synchronization,
fibroblasts were treated with 2 wg/ml of aphidicolin for 18
h, washed once with PBS, incubated in serum-containing
medium at 37°C for 8 h and then treated with a second
dose of aphidicolin. At the same time, AAV donor vec-
tor (DARPP-32-AAV1) was added onto cells in the pres-
ence of 1 pM Scr7 (Xcessbio Biosciences). After 16 h,
cells were dissociated with 0.05% trypsin, centrifuged at
400 x g for 3 min, washed once with PBS and resus-
pended in 20 wl of Nucleofector Solution P2 (Lonza) with
10 wl of RNP. Cells were nucleofected using the Amaxa 96-
well Shuttle system and the program FP125. Immediately
after nucleofection, 100 pl of serum-containing medium
was added to nucleofected wells and cells were transferred
onto gelatin-coated wells and maintained at 37°C. After
5 days, 1 pg/ml of puromycin was added to the cell cul-
ture medium for 10 days before cells were transferred onto
gelatin-coated 12-well plates (Greiner) at a density of 2 x
10° cells per well in serum-containing medium. The follow-
ing day, cells were transduced with lentiviral vectors en-
coding miR-9/9*-124 and Bcl-XL, CTIP2, DLX1, DLX2,
MYTIL and rtTA in the presence of § pg/ml of poly-
brene. After 16 h, cells were incubated with fresh serum-
containing medium with 1 wg/ml of doxycycline (Sigma-
Aldrich) to induce miR-9/9*-124 expression and main-
tained at 37°C. After 48 h, cells were dissociated with 0.25%
trypsin (Thermo-Fisher) and re-seeded onto poly-ornithine
(0.01%; Sigma-Aldrich), laminin (5 pg/ml; Roche) and
fibronectin (2 pg/ml; Sigma-Aldrich)-coated glass cover-
slips in serum-containing medium with 1 pg/ml of doxycy-
cline. The following day, medium was changed to Neuronal
Media (ScienCell) supplemented with 1 mM of valproic
acid (Calbiochem), 400 pM of dibutyryl-cAMP (Sigma-
Aldrich), 10 ng/ml of human brain-derived neurotrophic
factor (Peprotech), 10 ng/ml of human neurotrophin-3 (Pe-
protech) and 1 uM of retinoic acid (Sigma-Aldrich, 1 pM)
with the appropriate antibiotics (37). Neuronal Media was
replenished every 4 days by replacing half of the media with
an equal volume of fresh media, and doxycycline was re-
plenished every two days for ~4 weeks. Addition of antibi-
otics was terminated after 2 weeks.

Digital droplet PCR

hFbs were harvested and genomic DNA was purified using
the DNeasy Blood & Tissue Kit (Qiagen) and quantitated
using a Nanodrop Spectrophotometer. The digital droplet
PCR (ddPCR) reaction mixture was prepared with the fol-
lowing: 1x ddPCR supermix for probes (no dUTP; Bio-
Rad), 900 nM of DARPP-32 forward primer (FAM), 900
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nM of DARPP-32 reverse primer (FAM), 900 nM of hu-
man RPP30 CNV assay reference primers (HEX; all probes
purchased from Bio-Rad; Supplementary Table S1) and
50 ng of genomic DNA. DGS8 Cartridges (Bio-Rad) were
filled with ddPCR reaction mixtures and Droplet Genera-
tion Oil for Probes (Bio-Rad). Droplets were generated us-
ing a QX200 Droplet Generator (Bio-Rad), according to
the manufacturer’s instructions and then transferred into a
96-well PCR plate for PCR using a T100 Thermal Cycler
(Bio-Rad). The following thermal cycle program was used:
step 1, 95°C for 10 min; step 2, 94°C for 30 s; step 3, 52°C
for 1 min; step 4, 72°C for 2 min; repeat steps 2—4 39 times,
step 5, 98°C for 10 min. Following PCR, droplets were an-
alyzed using a QX200 Droplet Reader (Bio-Rad) and data
was evaluated using QuantaSoft software (Bio-Rad).

Immunocytochemistry

Five weeks after lentiviral transduction, cells grown on
poly-ornithine-, laminin- and fibronectin-coated glass cov-
erslips were fixed with 4% (w/v) paraformaldehyde and
then incubated overnight with primary antibodies in block-
ing solution (2% normal goat serum [Sigma-Aldrich], 2%
bovine serum albumin and 0.1% Triton X-100). Stained
cells were washed three times with PBS and incubated
with secondary antibodies for 2 h at room temperature
followed by a 10 min incubation with DAPI. Cells were
mounted using 4% n-propyl gallate (Sigma) in 90% glyc-
erol and 10% PBS and imaged using an EVOS FL Imag-
ing System (Thermo-Fisher). The following primary anti-
bodies were used: rabbit anti-DARPP-32 (1:400, Cell Sig-
naling, 19A3) and mouse anti-MAP2-HM2 (1:5000, Sigma-
Aldrich, M9942). The following secondary antibodies were
used: goat anti-rabbit Alexa Fluor 568 (Thermo-Fisher, A-
11011) and goat anti-mouse Alexa Fluor 647 (Thermo-
Fisher, A-21235).

Statistics

Data are means and error bars were calculated as standard
deviation. Unpaired #-tests were performed using Prism 7
(GraphPad Software).

RESULTS

Combining Cas9 ribonucleoprotein and AAV donor delivery
enables homology-directed genome editing via HDR

To determine whether RNP and AAV donor co-delivery
could facilitate homology-directed genome editing, we es-
tablished a GFP reporter system (38) to assess and quan-
tify gene correction via HDR. To achieve this, we modi-
fied HEK293T cells to stably express a GFP gene that was
disabled by the presence of a 35-bp insertion containing a
stop codon and frameshift mutation (hereafter referred to
as GFPA35) (Figure 1A). We then generated an sgRNA tar-
geting the 35-bp insertion in GFPA35, as well as an AAV
donor template (t37GFP) capable of mediating its correc-
tion. The donor consisted of a promoter-less GFP trans-
gene with a 37-bp deletion at the 5’ portion of its cod-
ing sequence that rendered it non-functional, and 290 and
1619 nt of homology upstream and downstream the sgRNA
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Figure 1. Combining Cas9 ribonucleoprotein (RNP) and adeno-associated virus (AAV) donor delivery facilitates gene correction in HEK293T cells.

(A) Schematic representation of the GFP reporter system. Lightning bolt indicates approximate position of the RNP cleavage site. The sgRNA target
site in GFPA35 is shown. Abbreviations are as follows: ITR, inverted terminal repeat; IRES, internal ribosome entry site; LTR, long terminal repeat;
UbC, ubiquitin C promoter; PAM, protospacer adjacent motif. (B) Cartoon illustrating RNP and AAV delivery to cells synchronized at G2/M phase.
(C) Percentage of GFP positive HEK293T reporter cells following delivery of different combinations of plasmid donor (800 ng), Cas9-sgRNA expression
vector (800 ng), AAV donor (multiplicity of infection [MOI] = 100 000) and RNP (300 pmol). (D) Percentage of GFP positive reporter cells following
treatment with RNP (300 pmol) and AAV donor (MOI = 100 000) in the presence or absence of 200 ng/ml nocodazole. (E and F) Percentage of GFP
positive reporter cells following treatment with (E) increasing amounts of RNP and AAV donor or (F) RNP (300 pmol) and AAV donor (MOI = 100 000)
in the presence or absence of 1 wM Scr7. In all cases, AAV donor was added to cells 16 h before RNP delivery. All cells were treated with 200 ng/ml of

nocodazole unless otherwise indicated. Values are means (n = 3) and error bars indicate S.D. ***P < 0.0005; unpaired z-tests.

target site in GFPA35, respectively (Figure 1A). Impor-
tantly, transfection of HEK293T reporter cells with an RNP
composed of the SpCas9 nuclease and an sgRNA target-
ing GFPA35 resulted in the introduction of indels in the
GFPA35 locus (Supplementary Figure S1), indicating the
functionality of the Cas9—sgRNA complex.

We transduced HEK293T reporter cells with the t37GFP
donor vector and then nucleofected cells with RNP con-
taining the GFPA35-targeting sgRNA. This donor tem-
plate was packaged into AAV serotype 1 (AAV1), which
transduces a range of transformed and primary cell types in
culture (39). Importantly, since transduction efficiency can
vary depending on the target cell type and the AAV serotype
being employed, it may be necessary to screen for the opti-
mal AAV variant for a specific application. Timed delivery
of RNP via cell cycle synchronization was previously shown
to enhance HDR with a single-stranded DNA oligonu-

cleotide (19). We thus also treated reporter cells with noco-
dazole, a microtubule inhibitor that arrests mitotic cells at
G2/M phase (40), prior to AAV-RNP delivery (Figure 1B).

Notably, we found that ~11% of reporter cells were GFP*
following transduction with a high dose of AAV donor
(multiplicity of infection [MOI] = 100 000) and RNP (300
pmol) (Figure 1C). Because we routinely observe ~90%
transfection efficiency in HEK293T cells using PEI or nu-
cleofection, this MOI is analogous to transfecting 1 x 10°
cells with 800 ng of the equivalent donor plasmid (which is
~6.8 kb in size). Importantly, despite its well-documented
ability to stimulate HDR in the absence of a nuclease-
induced DSB (16,30), we observed near background levels
of GFP expression in cells treated with AAV vector only.
Negligible amounts of gene correction were also observed
when RNP was combined with a plasmid-based donor tem-
plate, or when a Cas9-sgRNA expression vector was com-
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bined with an AAV donor template (Figure 1C). Specif-
ically, AAV-RNP delivery yielded ~10-fold more GFP*
cells in comparison to cells nucleofected with a plasmid
donor alongside an expression vector encoding Cas9 and
the GFPA35-targeting sgRNA (P < 0.0005) (Figure 1C),
indicating the ability of AAV-RNP to enhance homology-
directed genome editing.

Optimization of AAV-RNP delivery

To determine the optimal time point for administering AAV
donor relative to RNP, we treated HEK293T reporter cells
with t37GFP-AAV1 (MOI = 100 000) at 16, 4 and 0 h be-
fore RNP delivery. No significant difference (P > 0.5) in the
number of GFP* cells was observed between any of the con-
ditions tested (Supplementary Figure S2), suggesting an in-
trinsic flexibility to AAV-RNP delivery that could accom-
modate various experimental timelines. We also evaluated
the importance of cell synchronization on AAV-RNP deliv-
ery by withholding nocodazole from reporter cells treated
with both factors. This resulted in a ~5-fold decrease in the
number of GFP™ cells (P < 0.0005) (Figure 1D), illustrating
the importance of employing cell synchronization to maxi-
mize HDR in mitotic cells. Additionally, we found that the
frequency of genome editing via HDR was dependent on
the dose of both AAV donor and RNP (Figure 1E). This
analysis revealed that up to 2% of reporter cells underwent
gene correction when treated with our lowest dose of AAV
donor (MOI = 1000) and RNP (30 pmol) (Figure 1E), sug-
gesting a degree of tunability to AAV-RNP delivery that
could be leveraged to reduce off-target effects, particularly
since the off-target activity of a nuclease is proportional to
its concentration within a cell (23).

To further enhance genome editing via HDR, we ex-
plored the possibility of combining AAV-RNP delivery with
Scr7, a small molecule inhibitor of DNA ligase IV (41), a
key component of the NHEJ repair pathway. Inhibition of
DNA ligase IV by Scr7 was previously reported to enhance
the efficiency of HDR following Cas9-induced DNA cleav-
age in several mammalian cell lines (42,43). We found that
up to 16% of reporter cells were GFP* following treatment
with our highest dose of AAV (MOI = 100 000) and RNP
(300 pmol) in the presence of Scr7, increasing the percent-
age of GFP* cells by ~5% in comparison to cells not treated
with Scr7 (Figure 1E). These results underscore the poten-
tial for unifying different methods that enhance HDR as
means to improve the efficiency of genome editing.

We also evaluated the generality of AAV-RNP delivery
by adapting the GFP reporter system described above to
U20S cells, a human bone osteosarcoma epithelial cell line
routinely used to evaluate genome editing outcomes. We
found that ~18% of U20S reporter cells were GFP* follow-
ing t37GFP-AAV1 (MOI = 100 000) and RNP (300 pmol)
delivery, and that the extent of gene correction was depen-
dent on the dose of AAV vector administered to cells (Fig-
ure 2A). Moreover, similar to observations in HEK293T
cells, we found that Scr7 further increased the frequency of
gene editing via HDR in U20S reporter cells, yielding up
to 22% GFP* cells following treatment with AAV (MOI =
100 000) and RNP (300 pmol) (Figure 2B).
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Figure 2. Gene correction in U20S following RNP and AAV donor de-
livery. (A and B) Percentage of GFP positive reporter cells following treat-
ment with (A) RNP (300 pmol) and increasing amounts of AAV donor or
(B) RNP (300 pmol) and AAV donor (MOI = 100 000) in the presence or
absence of 1 wM Scr7. AAV donor was added to cells 16 h before RNP
delivery. All cells were treated with 200 ng/ml of nocodazole. Values are
means (n = 3) and error bars indicate S.D.

Knock-in of EGFP into the nestin locus via AAV-RNP deliv-
ery

We next determined whether AAV-RNP delivery could be
harnessed to facilitate knock-in of a transgene into an en-
dogenous genomic locus. Based on our interest in neurogen-
esis and its role in learning and memory (44), we targeted the
rat nestin gene, which encodes an intermediate filament pro-
tein routinely used as a neural stem/progenitor cell marker.
We designed a sgRNA targeting the 3’ end of the last exon of
the nestin gene, and constructed a donor template contain-
ing a promoter-less EGFP gene that would be expressed as
an in-frame fusion with nestin (Figure 3A). This donor also
contained a puromycin-resistance gene under the control of
a CMYV promoter, and ~1000 and ~1100 nt of homology to
the nestin locus upstream and downstream the sgRNA tar-
get site, respectively (Figure 3A). Critically, since the EGFP
gene in the donor lacks a promoter to drive its expression,
only those cells correctly targeted by AAV would produce
EGFP, since its expression would be controlled by the nestin
promoter.

We transduced rat C6 glioma cells with a nestin-AAV1
donor (MOI = 100 000) and RNP (300 pmol) complexed
with our most efficient nestin-targeting sgRNA (Supple-
mentary Figure S3). To quantify the knock-in frequency, we
cultured C6 cells with fibroblast growth factor-2 (FGF-2),
which upregulates nestin expression (45), immediately after
AAV-RNP delivery. The percentage of EGFP™ cells, which
was expected to correlate with the HDR frequency, was then
measured by flow cytometry 72 h after AAV-RNP delivery.
Notably, compared to nucleofection of a plasmid donor and
a Cas9-sgRNA expression vector, we observed a ~12-fold
increase in the number of GFP™ cells using AAV-RNP (P <
0.0005) (Figure 3B). Up to 4% of C6 cells treated by AAV-
RNP in conjunction with Scr7 were EGFP* (Figure 3B).
Critically, no difference in indel formation was observed be-



PAGE 7 OF 11

AAV-Nestin-EGFP-CMV-Puro
1 kb 1.1 kb

AAV donor

Nucleic Acids Research, 2017, Vol. 45, No. 11 e98

template

Rat nestin
locus
Exon1 2 3 4

Guide sequence PAM

57 - GGCTCTGAGGATGTA CTGG TGGG -3’
(AR

5
451

S
25+
G 04T

0.2 1

EGFP positive cells (%)

Plasmiddonor: + + + - — -

Modified
locus

SpCas9 jon vector :  — - - -
37 - C CGAGAC TCCTACAT GACCACCC -57 PLASS expression vesior o

AAVdonor: - - - + + +

BNP: — — — — + +

Scr7. - - + - - 4+

Figure 3. EGFP knock-in into the rat nestin locus via RNP and AAV donor delivery. (A) Schematic representation of the strategy used to tag the rat nestin
gene with EGFP. Lightning bolt indicates approximate position of the RNP cleavage site. The sgRNA target site in the nestin gene is shown. Abbreviations
are as follows: ITR, inverted terminal repeat; HA, homology arm; CMV, cytomegalovirus promoter; PAM, protospacer adjacent motif. (B) Percentage of
GFP positive rat C6 cells measured by flow cytometry following delivery of different combinations of plasmid donor (800 ng), Cas9—sgRNA expression
vector (800 ng), AAV donor (MOI = 100 000) and RNP (300 pmol) in the presence or absence of 1 wuM Scr7. AAV donor was added to cells 16 h prior to
RNP delivery. All cells were treated with 200 ng/ml of nocodazole. Values are means (7 = 3) and error bars indicate S.D. ***P < 0.0005; unpaired z-tests.

tween C6 cells nucleofected with Cas9—sgRNA expression
vector or RNP (Supplementary Figure S4), indicating the
extent to which HDR was improved could be attributed to
a potential synergy between the RNP and AAV donor vec-
tor. Sanger sequencing confirmed EGFP integration into
the nestin locus (Supplementary Figure S5), further estab-
lishing the utility of AAV-RNP delivery to mediate knock-
in of a reporter gene into an endogenous genomic locus via
HDR.

Using AAV-RNP delivery to generate a DARPP-32-EGFP
lineage reporter to monitor the generation of striatal neurons
from fibroblasts

The establishment of patient-derived neurons from induced
pluripotent stem cells or adult fibroblasts holds promise
for disease modeling and regenerative medicine (37,46-48).
However, the generation of specialized neuronal subtypes
can remain challenging (49). Reporter systems that link the
expression of an endogenous gene to an indicator protein al-
low for gene expression to be monitored in real time, thereby
providing a means to optimize or develop procedures to en-
rich for a neural subtype. We thus asked whether AAV-RNP
delivery could be leveraged to genetically tag the human
dopamine- and cAMP-regulated neuronal phosphoprotein
(DARPP-32) gene with a fluorescent reporter to enable the
identification of neuron-like cells from human fibroblasts.
DARPP-32 is part of the dopamine signaling pathway (50),
as well as a marker for striatal neurons, a neuronal subtype
affected in Huntington’s disease.

We designed an sgRNA targeting the last exon of the
DARPP-32 gene and constructed a donor template identi-
cal to the one described for the nestin gene, but with ~1000
nucleotides of identity to the DARPP-32 locus in each ho-
mology arm and a PGK promoter to drive expression of
the puromycin-resistance gene (Figure 4A). Correct target-
ing of the donor vector would thus produce a DARPP-32-

EGFP fusion gene that would be expressed only in stri-
atal neurons. We delivered into primary fibroblasts a high
dose of DARPP-32-AAV1 donor template (MOI = 500
000) and RNP (300 pmol) complexed with a DARPP-32-
targeting sgRNA. Notably, these cells were treated with
aphidicolin (40), an S-phase blocker that we previously
showed could enhance HDR in primary fibroblasts (19). Fi-
broblasts were then transduced with multiple lentiviral vec-
tors to express miR-9/9*-124, Bcl-XL and the transcrip-
tion factors CTIP2, DLX1, DLX2 and MYTIL (referred
to as CDM) (Figure 4B), which together can guide the con-
version of adult fibroblasts into a population of neurons
functionally equivalent to striatal medium spiny neurons
(MSNs) (37,51). Analysis of the DARPP-32 locus by dig-
ital droplet PCR, a method capable of quantifying the fre-
quency of transgene insertion at a targeted locus (52,53),
revealed that ~0.5% of DARPP-32 alleles from fibroblasts
treated by AAV-RNP were modified to contain EGFP be-
fore puromycin selection (Figure 4C). This corresponded
to ~5-fold increase over fibroblasts nucleofected with a
plasmid donor and Cas9-sgRNA expression vector (Figure
4C). Importantly, this analysis may underestimate the fre-
quency of HDR-mediated genome editing in the DARPP-
32 gene given the difficulty of amplifying DNA fragments
>1 kb in length by digital droplet PCR.

Following puromycin selection and completion of the dif-
ferentiation protocol, we quantified neuronal conversion by
immunostaining cells for microtubule-associated protein 2
(MAP2), a neuron-specific cytoskeletal protein, as well as
DARPP-32, which is selectively expressed in MSNs. Consis-
tent with past reports (37), we found that ~80% of DAPI*
cells were MAP2* (n = 100) and that ~60% of MAP2+
cells were DARPP-32" (n = 70) by day 35 of the repro-
gramming (Figure 4D). Impressively, we found that ~95%
of DARPP-32% cells were also EGFP* (n = 50) (Figure
4D), indicating the ability of the EGFP reporter to accu-
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fibroblasts. AAV donor was added to cells immediately after RNP nucleofection. Abbreviations are as follows: Aph, aphidicolin; dox, doxycycline; ICC,
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rately track DARPP-32 expression. Importantly, no EGFP
expression was observed in control puromycin-enriched fi-
broblasts treated with AAV-RNP, but not miR-9/9*-124,
Bcl-XL and CDM (Supplementary Figure S6). Together,
these results illustrate the potential of AAV-RNP to knock-
in reporter genes to track neuronal differentiation.

DISCUSSION

In the present study, we demonstrate that combining
RNP and AAV donor template delivery enables efficient
homology-directed genome editing in mammalian cells.
This method relies on two components: (i) a pre-assembled
RNP complex to induce a DSB that stimulates the cellu-
lar DNA repair pathway and (ii) an AAV vector to mediate
delivery of a donor template for HDR. AAV-RNP deliv-
ery thus capitalizes on the strengths of each individual plat-
form and offers several distinct advantages over plasmid-
based methods for realizing HDR-mediated genome edit-
ing, including targeted gene addition. First, compared to
strategies that express both the Cas9 and its sgRNA from
nucleic acids, direct delivery of a purified and pre-formed
RNP complex has previously been shown to reduce the fre-
quency of off-target effects induced by Cas9 (18-21,54), and
potentially even lessens its immunogenic impact (55). This
is because the RNP is quickly degraded once internalized by
cells, which reduces the amount of time Cas9 has to cleave
off-target sites. Second, there is no risk for insertional mu-
tagenesis of a Cas9 expression vector with RNP delivery.

And third, AAV vectors, which exhibit low pathogenicity
(56,57), can promote HR at efficiencies ~10°~10* higher
than traditional plasmid donors or other viral vector sys-
tems (16). This natural ‘recombinogenicity’ has been sug-
gested to arise from the single-stranded AAV vector genome
(58) or the ITRs (59).

Despite similar levels of indel formation between cells nu-
cleofected with RNP or the Cas9—sgRNA expression vec-
tor, we observed a >10-fold increase in HDR by AAV-RNP
delivery compared to plasmid nucleofection. These results
indicate a possible synergy between the RNP and AAV
donor vector that may be explained by a well-timed and
opportunistic interaction between the HDR repair machin-
ery (which is activated by the RNP shortly after its internal-
ization) and newly unpackaged single-stranded donor tem-
plate. Cellular DNA repair factors, including Rad52 (which
plays an important role in HR) can associate with the single-
stranded AAV genome (60,61) and may also contribute to
AAV-RNP-mediated HDR. Intriguingly, we observed neg-
ligible amounts of HDR when the Cas9—sgRNA expression
vector was combined with the AAV donor vector. Though
the exact reason for this remains unknown, it is possible
that an inhibitory effect exists between the Cas9 expression
vector and the AAV viral genome. Additionally, because of
its ability to enhance HDR and the challenges associated
with generating homology arms, AAV-RNP may prove use-
ful for future efforts to drive HDR with donor templates
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containing homology arms that are limited in size (<100
bp) (62,63).

Of note, there are reports of co-delivering an AAV donor
vector with a synthetic mRNA encoding zinc-finger (64—-67)
and TALE nucleases (67), as well as megaTALs (68)—a hy-
brid nuclease consisting of an engineered homing endonu-
clease cleavage domain fused to a designer TALE DNA-
binding domain (69). While these methods enabled gene ad-
dition, they nonetheless require engineering new protein do-
mains for genome editing. RNPs, in contrast, can be repro-
grammed by replacing the specificity-determining sequence
within the sgRNA, which offers a greater ease of use com-
pared to other genome-modifying technologies.

Consistent with our earlier studies that focused on em-
ploying RNPs in combination with recombinogenic single-
stranded DNA oligonucleotides (19), we found that arrest-
ing cells at G2/M phase using the microtubule inhibitor
nocodazole increased recombination efficiency. Since HR
is nearly absent in the G1 phase of the cell cycle, but up-
regulated during late S phase to G2 phase (70), these re-
sults underscore the importance of cell synchronization
for maximizing homology-directed genome editing in mi-
totic cells. Fusing the Cas9 protein to post-translational
regulatory domains, such as the N-terminal region of hu-
man Geminin (71,72)—a substrate for ubiquitin ligase com-
plexes activated during the late M1 and G1 phases of the cell
cycle—could further improve genome editing specificity by
providing a strategy for quickly degrading Cas9 protein in
non-synchronized cells.

We also illustrate the ability of AAV-RNP delivery to fa-
cilitate the creation of lineage reporters that can provide real
time monitoring of cellular reprogramming. This was evi-
denced by our employing AAV-RNP delivery to genetically
tag the endogenous DARRP-32 gene in primary human fi-
broblasts with the EGFP gene. Following their conversion
to striatal neurons using an established approach (37,51),
we visualized DARPP-32 expression via native EGFP fluo-
rescence. Importantly, we observed a high degree of overlap
between induced neurons expressing both DARPP-32 and
EGFP. Although no DARPP-32 or EGFP expression was
observed in control non-differentiated fibroblasts treated
with AAV-RNP, we identified several cells that did not ex-
press DARPP-32 but were positive for both MAP2, which
is a neuron-specific cytoskeletal protein, and EGFP. This
could be due to either off-target integration of the donor
construct or insufficient levels of DARPP-32 protein within
correctly targeted cells for efficient detection using our anti-
DARPP-32 antibody. This latter possibility indicates that
lineage reporters may provide earlier detection compared
to immunofluorescent staining.

Finally, AAV-RNP delivery has the potential to offer
new opportunities for therapeutic genome editing (73). For
example, nuclease-encoding mRNA and AAV donor tem-
plates were previously employed to facilitate correction of
hereditary surfactant protein B (SP-B) deficiency in a mouse
model of the disease (67). By further improving on the sta-
bility of the RNP complex and perhaps incorporating tar-
geting modules that could promote delivery to certain tis-
sues and cell types in vivo, therapeutic gene integration or
correction by AAV-RNP delivery could become a reality.
Similarly, RNP and AAV donor template co-delivery re-
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cently enabled ex vivo correction of a single-base muta-
tion in the B-globin gene (74), which could be used to treat
the B-haemoglobinopathies, including B-thalassaemia and
sickle cell disecase. AAV-RNP delivery could also be em-
ployed to treat neurological disorders. For example, we re-
cently demonstrated the ability of Cas9 RNP complexes to
mediate genome editing in the mouse brain following local
delivery (75). This approach could be coupled with emerg-
ing methods for facilitating targeted gene addition in non-
dividing cells, including homology-independent targeted in-
tegration (HITT) (76), to enable therapeutic DNA knock-in.

In conclusion, we demonstrate that combining Cas9
RNP and AAV donor delivery enables homology-directed
genome editing in mammalian cells. This work thus expands
on the capabilities of the RNP genome editing toolbox.
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Supplementary Data are available at NAR Online.
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