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Abstract 
 
Guide RNAs offer programmability for CRISPR-Cas9 genome editing but also add challenges 
for delivery. Chemical modification, which has been key to the success of oligonucleotide 
therapeutics, can enhance the stability, distribution, cellular uptake, and safety of nucleic acids. 
Previously, we engineered heavily and fully modified SpyCas9 crRNA and tracrRNA, which 
showed enhanced stability and retained activity when delivered to cultured cells in the form of 
the ribonucleoprotein complex. In this study, we report that a short, fully stabilized 
oligonucleotide (a “protecting oligo”), which can be displaced by tracrRNA annealing, can 
significantly enhance the potency and stability of a heavily modified crRNA. Furthermore, 
protecting oligos allow various bioconjugates to be appended, thereby improving cellular uptake 
and biodistribution of crRNA in vivo. Finally, we achieved in vivo genome editing in adult mouse 
liver and central nervous system via co-delivery of unformulated, chemically modified crRNAs 
with protecting oligos and AAV vectors that express tracrRNA and either SpyCas9 or a base 
editor derivative. Our proof-of-concept establishment of AAV/crRNA co-delivery offers a route 
towards transient editing activity, target multiplexing, guide redosing, and vector inactivation. 
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Introduction 
 
Rapidly evolving CRISPR-Cas genome editing tools have revolutionized biomedical research, 
and promise new routes to therapeutics. Currently, most of the widely applied genome editing 
tools are based on a Cas9 protein from Streptococcus pyogenes (SpyCas9) (1–3). The natural 
effector complex consists of SpyCas9 bound to a CRISPR RNA (crRNA) and a trans-activating 
crRNA (tracrRNA) (4–7). The guide sequence within the crRNA can direct the effector complex 
to a desired genomic locus followed by a specific protospacer adjacent motif (PAM), and the 
Cas9 nuclease can generate a double-strand DNA (dsDNA) break. When applied to genome 
editing in eukaryotic cells, non-homologous-end-joining (NHEJ) can induce indels that result in 
gene disruption, while homology-directed repair (HDR) can generate precise edits (2). HDR-
independent precision genome editing tools have also been developed by fusing functional 
domains to Cas9 nickase (nCas9) mutants. For example, base editors consist of nucleobase 
deaminase enzymes fused to nCas9 and can generate single-base changes within the targeted 
genomic locus without requiring dsDNA breaks (8–12). More recently, prime editors were 
developed by fusing engineered reverse transcriptase (RT) to nCas9, which offers even more 
versatility and can make virtually any substitution, small insertion, and deletion within the 
genome (3, 13–15). 
 
The programmability and versatility of CRISPR genome editing tools derive from their RNA-
guided nature. However, an RNA guide also adds challenges for in vivo delivery. Unmodified 
single-stranded RNAs (ssRNA) are extremely vulnerable to nuclease degradation and are 
rapidly degraded in cells and biological fluids such as serum (16, 17). Chemical modification, 
which has been key to the success of oligonucleotide therapeutics, can enhance the stability, 
distribution, cellular uptake, and safety of nucleic acids (16–27). Indeed, most of the clinically 
advanced and FDA-approved antisense oligonucleotides (ASOs) and short interfering RNAs 
(siRNAs) are fully chemically modified and stabilized for delivery without lipid nanoparticle (LNP) 
formulation (16, 17, 28–33). Complete chemical modification enables efficient delivery and 
robust in vivo efficacy in multiple tissues including the liver as well as the central nervous 
system (CNS) (16, 18, 34, 35). Likewise, we reasoned that extensive chemical modification of 
CRISPR guide RNAs could facilitate delivery in vivo and potentially achieve self-delivery without 
LNPs. For example, self-delivering crRNAs could be administered with an effector (and a 
tracrRNA, if needed) expressed from a viral vector such as adeno-associated virus (AAV), 
which is FDA-approved and has been shown to efficiently deliver genome editing agents in a 
wide range of tissues including liver and CNS (15, 36–39). Separating guide delivery from 
effector-encoding viral vectors has the potential to limit off-target editing (because the co-
delivered guide is only transiently present rather than continuously produced), facilitate 
multiplexed targeting, increase spatiotemporal control over editing events, enable guide RNA 
redosing (if needed), and provide a route to inactivate the AAV vector once the desired editing is 
achieved (25). 
 
Previously, using SpyCas9, we have engineered heavily and fully chemically modified crRNAs 
and tracrRNAs that exhibit increased stability while retaining editing activity when delivered to 
cultured cells as a ribonucleoprotein (RNP) complex (23). In this study, we designed fully 
chemically stabilized protecting oligos (P.O.s) that significantly enhanced the stability and 
potency of a heavily modified crRNA. Furthermore, when linked with bioconjugates, the P.O.s 
can boost cellular uptake of the crRNA, acting as a delivery agent without interfering with Cas9 
activity. Moreover, we show that the chemically modified crRNAs coupled with P.O.s can 
generate editing by passive, LNP-independent uptake in cultured cells that stably express 
effector protein and tracrRNA. Finally, we show that unformulated, chemically modified crRNAs 
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co-delivered with tracrRNA- and effector-expressing AAV vectors support genome editing in 
vivo in adult mice.  
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Materials and Methods 
 
Molecular cloning. The U1a-SpyCas9-miniU6-tracrRNA lentivector used for generating the 
stable HEK293T-SpyCas9-tracrRNA-TLR-MCV1 reporter cell line shown in Figure 1a was 
cloned by Gibson assembly. The Addgene plasmid #52962 was digested with NotI and BamH1 
restriction enzymes, and the lentivector backbone was Gibson-assembled with a miniU6-
tracrRNA gene block and U1a-SpyCas9 amplified by PCR from Addgene plasmid #121507. 
Similarly, the dGFP reporter plasmid was cloned into a lentivector for generating the HEK29T-
SpyCas9-ABE-tracrRNA-dGFP reporter cell line shown in Figure 1a. First, the Addgene 
plasmid #52962 was digested with NotI and BamH1 restriction enzymes. Then, the dGFP 
reporter plasmid was digested with EcoRI and MluI restriction enzymes, followed by Gibson 
assembly with bridging double-strand DNA (dsDNA) containing homology sequences. A 
PiggyBac transposon plasmid (Addgene plasmid #159095) was used to integrate the SpyCas9-
ABE-tracrRNA expression gene in the HEK293T-SpyCas9-ABE-tracrRNA-dGFP reporter and 
Hepa1-6-SpyCas9-ABE-tracrRNA stable cell lines shown in Figure 1a. Addgene plasmid 
#159095 was digested with SalI and EcoRV, and the backbone was Gibson-assembled with the 
CMV enhancer and CbH promoter, SpyCas9-ABE8e, U6-tracrRNA, and hPGK-PuroR. The 
plasmid for packaging AAV to express tracrRNA (Figure 4, 5) was cloned by swapping the 
sgRNA with tracrRNA in Addgene Plasmid #121508 by overlapping PCR, and removing the 
EGFP-expression cassette by SpeI and XbaI restriction enzyme digestion, followed by Gibson 
assembly using a bridging dsDNA. The plasmid for packaging AAV to express SpyCas9 was 
Addgene Plasmid #121507. Plasmids for packaging AAV to express intein-split SpyCas9-
ABE8e and tracrRNA (Figure 5) were generated by swapping the sgRNA with tracrRNA 
sequence using overlapping PCR and restriction cloning. Sequences of original plasmids 
described in this paper can be found in the Supplementary note and will be deposited to 
Addgene.  
 
Stable cell lines. The SpyCas9-tracrRNA transgene in the HEK293T-SpyCas9-tracrRNA-TLR-
MCV1 reporter cell line, and the dGFP reporter transgene in the HEK293T-SpyCas9-ABE-
tracrRNA-dGFP reporter cell line, were integrated into the genome of HEK293T-TLR-MCV1 
reporter cells(40) and HEK293T cells, respectively, by lentiviral transduction. HEK293-F cells 
(ThermoFisher R79007) were transfected with the transfer plasmid and the packaging plasmids 
(Addgene plasmids #12263 and #8454) using TransIT-LT1 transfection reagent (Mirus MIR 
2304). Two days later, the media containing lentivirus was collected and filtered through a 0.45 
µm filter (Cytiva 6780-25040) to remove cell debris. HEK293T-TLR-MCV1 cells were 
transduced with lentivirus encoding SpyCas9-tracrRNA, and the HEK293T cells were 
transduced with lentivirus encoding the dGFP reporter in the presence of 8 µg/ml polybrene 
(Millipore Sigma TR-1003-G). Three days after transduction, the media was removed, and fresh 
media containing 5 µg/ml Blasticidin (Gibco R21001) was added to both cell lines. Ten days 
post-selection, cells were collected, and single-cell clones were established by serial dilution in 
96-well plates. The SpyCas9-ABE-tracRNA transgene was integrated by PiggyBac transposon 
into the HEK293T-dGFP reporter cell line to generate HEK293T-SpyCas9-tracrRNA-dGFP 
reporter cell line, or into Hepa1-6 cell line to generate Hepa1-6-SpyCas9-ABE-tracrRNA stable 
cell line. Briefly, the SpyCas9-ABE-tracrRNA PiggyBac transposon plasmid and PiggyBac 
transposase expression plasmid (System Biosciences PB210PA-1) were mixed in a 2:1 molar 
ratio and transfected into the HEK293T-dGFP reporter cell line using Lipofectamine 3000 
(ThermoFisher L3000015), or electroporated into Hepa1-6 cells using a Neon Transfection 
System 10 µl kit (ThermoFisher MPK 1096) with the following electroporation parameters: pulse 
voltage (1230 v), pulse width (20 ms), pulse number (3). Four days after transfection or 
electroporation, fresh media containing 2.5 µg/ml Puromycin (ThermoFisher A1113802) was 
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added to both cell lines. Seven days post-selection, cells were collected, and single-cell clones 
were established by serial dilution in 96-well plates. 
 
Cell culture. HEK293T reporter cell lines and the Hepa1-6 stable cell line were cultured in 
Dulbecco’s Modified Eagle Media (DMEM, Genesee Scientific 25-500) supplemented with 10% 
Fetal Bovine Serum (FBS, Gibco 26140079). All cells were incubated in a 37 °C incubator with 
5% CO2.  
 
Oligonucleotide Synthesis. Oligonucleotides were synthesized by phosphoramidite solid-
phase synthesis on a Dr. Oligo 48 (Biolytic, Fremont, CA). All phosphoramidites with standard 
protecting groups were purchased from ChemGenes (Wilmington, MA). Phosphoramidites were 
prepared at 0.1 M in anhydrous acetonitrile (ACN), except for 2'-O-methyl-uridine dissolved in 
anhydrous ACN containing 15% dimethylformamide. 5-(Benzylthio)-1H-tetrazole (BTT) was 
used as the activator at 0.25 M, and the coupling time for all phosphoramidites was 4 minutes. 
Detritylations were performed using 3% trichloroacetic acid in dichloromethane. Capping 
reagents used were CAP A (20% n-methylimidazole in ACN) and CAP B (20% acetic anhydride 
and 30% 2,6-lutidine in ACN). Reagents for capping and detritylation were purchased from 
American International Chemical LLC (AIC), Westborough, MA. Phosphite oxidation to convert 
to phosphate was performed with 0.05 M iodine in pyridine-H2O (9:1, v/v) (AIC) or 
phosphorothioate with a solution of 0.1 M of 3 [(dimethylaminomethylene)amino]-3H-1,2,4-
dithiazole-5-thione (DDTT) in pyridine (ChemGenes) for 4 minutes. Unconjugated 
oligonucleotides were synthesized on 500 Å long-chain alkyl amine (LCAA) controlled pore 
glass (CPG) functionalized with Unylinker terminus (ChemGenes). Cholesterol-conjugated 
oligonucleotides were synthesized on a 500Å LCAA-CPG support, where the cholesterol moiety 
is bound through a tetra-ethyleneglycol (TEG) linker (Chemgenes, Wilmington, MA). GalNAc 
conjugated oligonucleotides were grown on a 500Å LCAA-CPG where the trivalent GalNAc 
cluster was linked to the oligonucleotide through an aminopropanediol linker. TEG was used as 
the proximal spacers for each of the GalNac units. DHA-conjugated oligonucleotides were 
synthesized on a 500Å LCAA-CPG where the DHA is bound to the oligonucleotide via a C7-
linker. Both GalNAc and DHA CPGs were purchased from Hongene Biotech, Union City, CA.    
 
Deprotection and Purification of Oligonucleotides. Synthesis columns containing 
oligonucleotides were treated previously with 10% diethylamine (Fisher) in ACN on the 
synthesizer. Oligonucleotides were cleaved and base-protecting groups were removed with a 
solution of 1:1 40% methylamine in water/30% ammonium hydroxide for 2 hours at room 
temperature. Cleaved and deprotected oligos were fully dried under a vacuum. Oligonucleotides 
containing 2’TBDMS protecting groups were dissolved in 115 µL DMSO (Sigma-Aldrich) at 
65 °C. Triethylamine 60 µL (Sigma-Aldrich) followed by triethylamine-trihydrofluoride 75 µL 
(Sigma-Aldrich) was added, and the whole solution was incubated for 2.5 hours at 65°C. 
Deprotected oligonucleotides were cooled and precipitated in a solution of 0.1 M sodium acetate 
in isopropanol (Sigma Aldrich). After centrifugation, the supernatants were discarded, and the 
pellets were dried under a vacuum. Dried oligonucleotides were dissolved in 400 µL RNase-free 
water and desalted using Amicon Ultra 0.5 mL 3K filter tubes (Millipore, Billerica, MA USA), 
followed by three RNase-free water wash rounds for 15 min at 14000 x g. Finally, desalted 
oligonucleotides were extracted and diluted in RNase-free water. 
 
Quantification and LC-MS Analysis of Oligonucleotides. Absorbances at 260 nm were 
obtained using a Nanodrop 1000 series. Extinction coefficients were calculated for each 
sequence, and concentrations were determined following the Beer-Lambert equation. The 
identities of oligonucleotides were verified by LC-MS analysis on an Agilent 6530 accurate mass 
Q-TOF using the following conditions: buffer A: 100 mM 1,1,1,3,3,3-hexafluoroisopropanol 
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(HFIP) and 9 mM triethylamine (TEA) in LC-MS grade water; buffer B:100 mM HFIP and 9 mM 
TEA in LC-MS grade methanol; column, Agilent AdvanceBio oligonucleotides C18; linear 
gradient 5-100% B in 5 minutes was used for all oligonucleotides; temperature, 60 °C; flow rate, 
0.85 ml/min. LC peaks were monitored at 260 nm. MS parameters: Source, electrospray 
ionization; ion polarity, negative mode; range, 100–3,200 m/z; scan rate, 2 spectra/s; capillary 
voltage, 4,000; fragmentor, 200 V; gas temp, 325 °C.  
 
Buffer exchange of oligonucleotide for in cellulo and in vivo study. Oligonucleotides were 
first concentrated using Ultra Centrifugal 3K Filter Unit (Amicon UFC500396), then washed 
three times with 1M Sodium Acetate solution (Sigma 711096) and three times with phosphate 
buffered saline (PBS), pH 7.4 (Gibco 10010-023). Finally, the oligonucleotides were eluted in 
PBS, pH 7.4 (Gibco 10010-023), and absorbances at 260 nm were obtained using Nanodrop 
1000 to determine the concentrations for in cellulo and in vivo study.   
 
CrRNA/protecting oligo (P.O.) annealing and electroporation. Each crRNA was mixed with 
P.O. at a 1:1 ratio, heated to 95 °C for 5 minutes, then gradually cooled to 15 °C (-0.1 °C per 
second, with the temperature held for 30 seconds every 10 °C). Electroporation of crRNA was 
performed using a Neon Transfection System 10 µl kit (ThermoFisher MPK 1096), with the 
following parameters: HEK293T cells, pulse voltage (1150 v), pulse width (20 ms), pulse 
number (2); Hepa1-6 cells, pulse voltage (1230 v), pulse width (20 ms), pulse number (3). Cells 
were cultured for 48 hours before being quantified by flow cytometry.  
 
Free uptake of crRNA. HEK293T-SpyCas9-ABE-tracrRNA-dGFP reporter cells were seeded at 
25% confluency in a 48-well cell culture plate (ThermoFisher 150687) and cultured in DMEM + 
10% FBS for 24 hours. Fresh culture media containing DMEM + 3% FBS and various 
concentrations of crRNA were mixed with the cells by gently pipetting up and down and 
incubated for an additional 72 hours before being quantified by flow cytometry. 
 
Fluorescent reporter assay. Cells were trypsinized, harvested into microcentrifuge tubes and 
centrifuged at 300 x g for 3 mins. Supernatant was removed and the cell pellet was 
resuspended into 1 x PBS and transferred into flow cytometry tubes. MACSQuant VYB was 
used for quantification of the percentage of fluorescent-positive cells, and 10,000 events were 
counted for FACS analysis. Data was analyzed using Flowjo v10. A representative gating 
strategy can be found in Supplementary Figure 1. 
 
crRNA stability assay. The crRNAs with or without P.O. were diluted in PBS, pH 7.4 and 10% 
FBS (ThermoFisher A3160501) and incubated at 37 °C for 0, 1, 4, 24 hours in a thermocycler. 
At each time point, samples were taken and mixed with an equal volume of 2x RNA gel loading 
dye (ThermoFisher R0641) and heated to 75 °C for 10 minutes to denature. The digested RNA 
was further resolved by 10% urea polyacrylamide gel electrophoresis (PAGE) followed by SYBR 
Gold (Invitrogen S11494) staining. 
 
AAV production. AAV vector packaging was done at the Viral Vector Core of the Horae Gene 
Therapy Center at the UMass Chan Medical School as previously described (41). Constructs 
were packaged in AAV9 capsids, and viral titers were determined by digital droplet PCR and gel 
electrophoresis, followed by silver staining. 
 
Stereotactic intrastriatal (IS) injection. All animal study protocols were approved by the 
Institutional Animal Care and Use Committee (IACUC) at UMass Chan Medical School. The 
Cas9+/+ mice that constitutively express Cas9 was generated by crossing a male mouse of 
Jackson Lab #027632 with a Cre-expressing female mouse (JAX #008454). The Cas9/mTmG 
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mice were generated by crossing the Cas9+/+ mice and the mTmG+/+ mice (JAX #007676). For 
IS injection, 10 - 13 week-old mice were weighed and anesthetized by intraperitoneal injection 
of a 0.1 mg/kg Fentanyl, 5 mg/kg Midazolam, and 0.25 mg/kg Dexmedetomidine mixture. A total 
dose of 5 x 1010 vg of AAV in 3 µl was administered via unilateral intrastriatal injection (3 µl on 
the right side) performed as previously described at the following coordinates from bregma: +1.0 
mm anterior-posterior (AP), ±2.0 mm mediolateral, and −3.0 mm dorsoventral (35, 42). Once the 
injection was completed, mice were intraperitoneally injected with 0.5 mg/kg Flumazenil and 5.0 
mg/kg Atipamezole, and subcutaneously injected with 0.3 mg/kg Buprenorphine. Two weeks 
later, the same IS injection was performed to deliver 3 nmol crRNA in 3 µl volume into the AAV-
injected site. Mice were euthanized 2 weeks after the second injection.  
 
Retro-orbital (RO) injection. The FahPM/PM mice were kept on water supplemented with 10 
mg/L 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC; Sigma, PHR1731-1G). 
Mice with more than 20% weight loss were humanely euthanized according to IACUC 
guidelines. For RO injection, six-week-old female mice were anesthetized by placement inside 
an approved induction chamber and introduction of Isoflurane at a flow rate of 2-3% and oxygen 
at 1.5 liters per minute. A total dose of 2 x 1012 vg of AAV (1 x 1012 vg of each AAV) in 200 µl 
was injected into the retro-orbital sinus of the mice. Animals were observed for signs of pain or 
distress and returned to a clean cage when able to remain sternal. Five weeks later, the same 
RO injections were performed to deliver GalNac-crRNA. When multiple injections of retro-orbital 
injection were performed, the injection site was alternated between the two eyes. 
 
Genomic DNA extraction from cultured cells and mouse tissues. For cultured cells, 
genomic DNAs were extracted 48 hours after electroporation. Briefly, cell culture media were 
aspirated, and cells were lysed using QuickExtract DNA Extraction Solution (Lucigen) following 
the manufacturer’s protocols. For mouse tissues, biopsies from each of the five liver lobes were 
collected into individual tubes. Tissues were homogenized, and genomic DNA was extracted 
using GenElute Mammalian Genomic DNA Miniprep Kit (Millipore Sigma G1N350). 
 
Immunohistochemistry (IHC). A floating section IHC staining protocol (43) was used in Figure 
4c. Briefly, mice were perfused with PBS and brains were harvested and fixed with 10% neutral 
buffered formalin (ThermoFisher 5735) for 20 hours. Coronal brain sections (40 µm) were 
obtained using a vibratome (SCHOTT KL 1500). Brain sections were permeabilized by 
incubating in PBS, pH 7.4 with 0.3 % Triton X-100 (Sigma T8787), and blocked with 3% 
hydrogen peroxide (Sigma 216763). The sections were then incubated with blocking solution 
[1.5% normal goat serum (Vector Laboratories S-1000) + 0.3 % Triton X-100 in PBS, pH 7.4] for 
3 hours at room temperature (RT) followed by incubating with a rabbit anti-EGFP antibody 
(ThermoFisher G10362, 1:1000 dilution) at 4 °C overnight. After washing with PBS, the sections 
were incubated with a secondary antibody (Vector Laboratories BA-1000) for 10 minutes at RT, 
then with ABC reagent (Vector Laboratories PK-6100) for 30 minutes at RT. To detect EGFP-
positive signals, the sections were stained with 1x DAB (ThermoFisher 34065) for 2 minutes at 
RT. Finally, the sections were mounted on slides with PBS and 0.5% gelatin (Sigma G1890) in 
30% ethanol and dried overnight before imaging.  
   IHC staining shown in Figure 5h used formalin-fixed, paraffin-embedded sections. Briefly, 
mice were euthanized by CO2 asphyxiation, and livers were fixed with 10% neutral buffered 
formalin (Epredia 5735), embedded with paraffin, and sectioned at 10 µm. For IHC, liver 
sections were dewaxed, rehydrated, and stained using an anti-FAH antibody (Abcam ab83770) 
at 1:400 dilution as described previously (42, 44).  
 
ImageJ analysis on IHC images. The percentage of EGFP-positive cells was quantified using 
the ImageJ color deconvolution 2 plugin. A 1 mm2 region around the injection site was selected 
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for quantification. Colors were deconvoluted using “H DAB”, and the number of nuclei was 
counted by inverting the nuclei image color, applying median blur (3), and find maxima (30). The 
number of EGFP-positive cells was counted by inverting the DAB image color, applying 
Gaussian blur (2), setting the threshold to remove the background counting, and applying 
watershed, followed by analyzing particles (200 - infinity). The percentage of EGFP-positive 
cells = (number of DAB-positive cells/number of nuclei) x 100%. 
 
Fluorescent imaging. Mouse brains IS-injected with Cy3-labeled crRNAs were perfused with 
PBS, fixed with 10% neutral buffered formalin for 20 hours, paraffin-embedded, and sectioned 
to 10 µm. Before imaging, the brain sections were deparaffinized by incubating in xylene for 10 
minutes, and mounted with DAPI mounting media (Invitrogen P36962). Images were taken 
under a Leica fluorescent microscope. The same laser intensity and exposure settings were 
applied to all images for comparisons between groups.  
 
Targeted amplicon deep sequencing and data analysis. Genomic DNA was PCR-amplified 
using Q5 High-Fidelity 2x Master Mix (NEB M0492) for 20 cycles. For barcoding PCR, 1 µl of 
the unpurified PCR product was used as a template and amplified for 20 cycles. The barcoded 
PCR products were further pooled and gel-extracted using Zymo gel extraction kit and DNA 
clean & concentrator (Zymo research 11-301, 11-303) and quantified by Qubit 1× dsDNA HS 
assay kits (ThermoFisher Q32851). Sequencing of the pooled amplicons was performed using 
an Illumina MiniSeq system (300-cycles, FC-420-1004) following the manufacturer’s protocol. 
The raw MiniSeq output was de-multiplexed using bcl2fastq2 (Illumina, version 2.20.0) with the 
flag --barcode-mismatches 0. To align the generated fastq files and to quantify editing efficiency, 
CRISPResso2(45) (version 2.0.40) was used in batch mode with base editor output and the 
following flags: -w 10, -q 30, -plot_window_size 20, -min_frequency_alleles_around_cut_to_plot 
0.1. Indel frequency = (insertions reads + deletions reads)/all aligned reads × 100%. Base 
editing frequency = A-to-G reads/all aligned reads x 100%.  
 
Statistical analysis 
The statistical analysis was performed in Prism software using either one-way ANOVA with 
Dunnett correction for multiple comparisons, or two-way ANOVA with Sidak correction for 
multiple comparisons.  
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Results 
 
Activities and stabilities of previously engineered chemically modified crRNAs 
 
Previously, we developed chemically modified crRNAs that support SpyCas9 activity in cell 
culture via RNP delivery (23). These crRNAs were heavily or fully modified on the sugar-
phosphate backbone with various chemical modifications to enhance stability while retaining 
significant activity. First, to quickly screen the activity of these crRNAs in a context that mimics 
viral co-delivery (delivering naked crRNA with virus-expressed effector protein and tracrRNA), 
we established two stable human HEK293T cell lines that express an effector protein, the 
tracrRNA and a fluorescent reporter gene (Figure 1a) from integrated vectors. In the first case, 
we generated a clonal line stably expressing SpyCas9 nuclease, tracrRNA, and a traffic light 
reporter (TLR-MCV1) (40, 46). This reporter consists of a disrupted GFP followed by an out-of-
frame mCherry; a double-strand DNA break in the broken GFP region generates a frameshift 
and places mCherry in-frame, leading to red fluorescence (Figure 1a, top; Supplemental 
Figure 1a). A distinct clonal cell line stably expresses SpyCas9-ABE8e (11), tracrRNA, and a 
dead_GFP (dGFP) reporter (in which a G-to-A nonsense mutation in the GFP coding sequence 
prevents GFP expression). Adenine base editing that reverses the point mutation activates GFP 
expression (Figure 1a, middle; Supplemental Figure 1b). We also engineered a third clonal 
line, derived from mouse Hepa1-6 cells, that stably expresses SpyCas9-ABE8e and tracrRNA 
(Figure 1a, bottom) without a reporter, to facilitate tests at endogenous sites in the mouse 
genome. In all three cases, the activity of each crRNA chemical modification pattern can be 
assessed by electroporating the crRNA into the stable cell lines and measuring either reporter 
activation by Fluorescence Activated Cell Sorting (FACS) analysis, or endogenous target editing 
by amplicon deep sequencing.   
 
We chose to test a series of the chemical modification patterns of the previously engineered 
crRNAs that showed robust activity when delivered in the form of the RNP complex (Figure 1b) 
(manuscript in preparation) (47). We synthesized crRNAs with these chemical modification 
patterns and spacer sequences targeting either the fluorescent reporter gene or endogenous 
mouse genomic loci. By electroporating the crRNAs into the stable cell lines, we found that the 
heavily modified C20 showed consistently high activity at all the target sites tested (Figure 1c-
1g) and significantly improved activity compared to the minimally modified C0 (Figure 1c). 
However, all other heavily and fully modified crRNAs tested showed reduced activity compared 
with C20, with both SpyCas9 nuclease and SpyCas9-ABE8e, and the activity was inconsistent 
between different target sites (Figure 1c-1g).  
 
Naked crRNA delivered without lipid formulation needs to be stable enough to survive harsh 
environments in vivo. As an initial test of the stabilities of the differently modified crRNAs, we 
incubated the naked crRNAs shown in Figure 1b in non-heat-inactivated fetal bovine serum 
(FBS) at 37°C. We found that only the fully modified crRNAs (i.e., those without any ribose 
moieties) resisted ribonuclease degradation and remained stable throughout the 24 hours of 
incubation (Figure 1h). The superior activity but poor stability of C20, together with the opposite 
trend for C21, C40 and C45, indicate that stability/efficacy trade-offs still exist among these 
previously engineered crRNAs.  
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Figure 1. Stable cell lines established and activities of the previously engineered, chemically modified crRNA. 

a). Schematic representation of stable cell lines for screening the activities of different chemical modifications of 
crRNA. Top panel: a stable HEK293T cell line that expresses SpyCas9 nuclease, tracrRNA, and the TLR-MCV1 traffic 

light reporter. Electroporation of crRNAs targeting the broken GFP sequence will generate frameshift mutations that 
place the mCherry coding sequence in-frame, allowing the editing efficiency to be estimated by mCherry+ 
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quantification via FACS. Middle panel: a stable HEK293T cell line that expresses the adenine base editor SpyCas9-
ABE8e, the tracrRNA, and a fluorescent reporter gene that consists of a G-to-A nonsense mutation within the GFP 
coding sequence [dead_GFP (dGFP)]. Electroporation of crRNA will restore GFP fluorescence by an A-to-G edit that 
reverses the mutation, and the editing efficiency can then be measured by GFP+ quantification via FACS. Bottom 
panel: a stable mouse Hepa1-6 cell line that expresses SpyCas9-ABE8e and tracrRNA. Electroporation of crRNA 

targeting endogenous genomic loci will generate A-to-G edits that can then be measured by targeted amplicon deep 
sequencing. b). The modification patterns of the previously engineered, heavily, or fully modified crRNAs used in 

panels c-g. Modified crRNAs targeting different sequences were delivered by electroporating 100 pmol crRNA into 5 
x 104 cells in different stable cell lines: c). HEK293T-SpyCas9-tracrRNA-TLR-MCV1 reporter; d). HEK293T-SpyCas9-
ABE-tracrRNA-dGFP reporter; e-g), Hepa1-6-SpyCas9-ABE-tracrRNA stable cell line for three endogenous loci, as 

indicated. The editing efficiencies were quantified by either FACS analysis (c-d) or targeted amplicon deep 
sequencing (e-g) (n = 3 biological replicates). Data represent mean ± SD; **, P < 0.01; ***, P < 0.001; ****, P < 
0.0001 (one-way ANOVA; C20 was used as control in multiple comparisons). h). Stability of partially and fully-

modified crRNAs shown in 1b in 10% non-heat-inactivated FBS at 37°C. Digested fragments were resolved by 10% 
urea-denaturing polyacrylamide gel electrophoresis (PAGE) followed by SYBR Gold staining. 

 
Protecting oligonucleotides can enhance the potency and stability of heavily modified 
crRNAs 
 
While continuing the development of crRNA chemical configurations that combine high potency 
and stability on their own, we explored an alternative strategy to enhance the C20 crRNA’s 
stability while retaining its consistently high activity across sites (Figure 1c-1g). The C20 
modification pattern includes six riboses, though each ribose also includes a 3’-
phosphorothioate for partial stabilization (Figure 1b). To further enhance the stability of C20, we 
designed a series of fully 2’-O-Me modified oligos, which we termed “protecting oligos” (P.O.s), 
with a sequence complementary to the ribose-containing region of C20. This idea was inspired 
by the design of DNA/RNA heteroduplex oligonucleotides (HDOs) (48, 49) and by the well-
established observation that double-stranded RNAs are more resistant to nuclease degradation 
than single-stranded RNAs (50–52). Because the P.O. leaves the fully chemically stabilized 3’ 
portion of the repeat region available for annealing, we hypothesized that it could be displaced 
by strand invasion of the tracrRNA after its initial annealing to the unprotected crRNA bases, 
thereby allowing the formation of the active crRNA/tracrRNA complex (Figure 2a, 2b) (5). 
 
By annealing the P.O. to C20 and electroporating the duplex into the stable cell lines, we found 
that the duplexes exhibited significantly enhanced potency compared to C20 alone at all target 
sites tested (Figure 2c-2f). Furthermore, when incubating the duplex with non-heat-inactivated 
FBS at 37°C, we found that P.O.s greatly improved C20 stability. Furthermore, P.O.s with 
lengths equal to or longer than 14 nucleotides (nt) can protect the majority of C20 from 
degradation throughout the 24 hours of incubation (Figure 2g). The high efficacy of the 
C20/P.O. complex further implies that the stability conferred by duplex formation does not 
prevent productive tracrRNA annealing, as we hypothesized. 
 
We then further explored the mechanisms of P.O. activity. We compared the activities of C20 
with P.O.s of different lengths or that anneal to different regions of C20 (Supplemental Figure 
2a). We found that P.O.s as short as 10 nt (PO1) enhanced C20 potency, although to a lesser 
extent than the 14 nt P.O. (PO7), possibly because the lower melting temperature limited the 
degree of C20 protection, as indicated in Figure 2g. Conversely, we found that longer P.O.s (up 
to 22 nt for PO16) reduced C20 potency, possibly due to the strong binding affinity that inhibited 
initial tracrRNA annealing, P.O. displacement, or both. Furthermore, the positions where the 
P.O. binds are also important (Supplemental Figure 2a). A 16 nt P.O. (B10) that leaves no toe-
hold for initial tracrRNA annealing also leads to reduced activity, consistent with our hypothesis 
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that the P.O. needs to be displaced by tracrRNA before C20 can become active (Supplemental 
Figure 2a). Finally, we showed that the P.O. neither inhibited nor enhanced the potency of a 
fully modified and stabilized crRNA (C40), implying that the potency increase conferred by the 
P.O. resulted from C20 stabilization (Supplemental Figure 2b). 
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Figure 2. Protecting oligonucleotide (P.O.) enhances the potency and stability of C20 crRNA. 
a). Schematic representation of the P.O. strategy. Initial annealing of the anti-repeat region of the tracrRNA to the 
repeat region of the crRNA is hypothesized to lead to P.O. displacement via duplex invasion. b). Schematic 
representation of the design and modifications of different lengths of P.O.s. c-f). Dose-response curves of C20 
targeting different sequences with and without P.O.s in HEK293T-SpyCas9-tracrRNA-TLR-MCV1 reporter (c), 
HEK293T-SpyCas9-ABE-tracrRNA-dGFP reporter (d), and Hepa1-6-SpyCas9-ABE-tracrRNA stable cell lines (e-f). 
Editing efficiencies were quantified by FACS (c-d) or targeted amplicon deep sequencing (e-f) (n = 3 biological 
replicates). Data represent mean ± SD; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 (two-way ANOVA; 
C20 was used as control in multiple comparisons). g). The stability of C20 annealed with different lengths of P.O.s 
(see b) in 10% non-heat-inactivated FBS at 37°C for the indicated numbers of hours. Oligos were resolved by 10% 
urea-denaturing PAGE followed by SYBR Gold staining. 
 
Protecting oligonucleotides support editing by passive uptake and provide sites for 
chemical conjugates that enhance in vivo distribution 
 
Electroporation bypasses normal steps of cellular uptake and directly introduces the crRNA into 
the cellular interior (53), enabling functional assessments of editing but providing no information 
on natural cellular uptake, endosomal escape, or nuclear trafficking. In contrast, it is well 
established that naked, chemically modified siRNAs and ASOs can be delivered into cultured 
cells through passive uptake and induce specific mRNA knockdown (18, 54–56). We 
hypothesized that C20/P.O. complexes can similarly enter cells via passive uptake, enabling 
endosome escape and nuclear trafficking to form an effector complex and support editing. To 
test this, we added naked C20, with or without PO7, directly into the cell culture medium of the 
stable cell line expressing SpyCas9-ABE8e, tracrRNA, and the dGFP reporter (Figure 3a). 
Three days later, we analyzed the editing efficiency by FACS. We found that the unformulated 
C20/PO7 complex can be delivered via passive uptake in these cells and guide SpyCas9 editing 
activity (Figure 3b).  
 
A significant advance in the field of oligonucleotide therapeutics has been the development of 
oligo bioconjugation (29, 57–61), in which oligos are appended with lipids (60–68), vitamins (69, 
70), peptides (71), receptor ligands (58, 59, 72), aptamers (73), or antibodies (74, 75). 
Depending on the target cell type, these modifications can promote bioavailability, cellular 
uptake, tissue specificity, and safety of the in vivo delivered oligonucleotides through various 
mechanisms such as 1) penetrating the cell by natural transport mechanisms, 2) specifically 
binding to a cell surface receptor, or 3) interacting non-specifically with the cell membrane (29). 
For example, the most clinically advanced bioconjugate, N-acetylgalactosamine (GalNac), is a 
ligand for the asialoglycoprotein receptor (ASGPR), which is highly expressed on the 
membranes of hepatocytes (58, 59, 72). Conjugating GalNac to therapeutic siRNAs has yielded 
significant improvements in its pharmacological properties (32). Furthermore, conjugation with 
lipids such as cholesterol or long-chain fatty acids can broaden therapeutic distribution by 
facilitating plasma membrane association, binding circulating plasma lipoproteins, promoting 
uptake by interactions with lipoprotein receptors, or combinations thereof (60). More recently, 
docosanoic acid (DCA) (63) and docosahexaenoic acid (DHA) (62) have been used to improve 
biodistribution in extrahepatic tissues such as the muscle and brain. 
 
Despite these advances with ASOs and siRNAs, lipid conjugates such as cholesterol cannot be 
assumed to be compatible with crRNA and Cas9 activity. Our previous study showed that 
adding a cholesterol conjugate to crRNA significantly reduced both the in vitro and the in cellulo 
activity of the RNP complex (23). The reduced efficiency may be caused by either the strong 
hydrophobicity or the steric hindrance of the cholesterol conjugate, perhaps affecting guide 
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loading, protein function, or both. A potential advantage of the P.O. approach is that it can 
provide additional “handles” for conjugates, without the conjugates being present in the final, 
functional RNP complex. To test this idea, we compared the effects of hydrophobic conjugates 
on editing efficiency when tethered to C20 or to the P.O.. Through electroporation, we observed 
that while C20 with cholesterol conjugation showed significantly reduced editing efficiency, 
cholesterol conjugation to the P.O. did not interfere with editing (Figure 3c).  
 
To directly examine the effects of P.O. hydrophobic conjugation on C20 tissue distribution in 
vivo, we delivered Cy3-labeled C20 with and without cholesterol- or DHA-conjugated P.O.s in 
adult mouse brains by intrastriatal (IS) injection. As expected, we found that compared to 
unconjugated P.O.s, both cholesterol- and DHA-conjugated P.O.s significantly enhanced the in 
vivo distribution of C20 (Figure 3d). These data suggest that the P.O. facilitates various types of 
conjugation and can be used as a delivery vehicle to enhance the biodistribution of crRNA 
without interfering with Cas9 activity. 
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Figure 3. P.O.s promote editing by C20 passive uptake and support a wide range of conjugates for enhanced in vivo 
uptake and distribution in the adult mouse CNS. 
a). Schematic representation of the experimental process that tests the editing by C20 (with and without P.O.) by 
passive uptake. b). Editing efficiency by passive uptake (in the absence of transfection or electroporation) of C20, 
with and without P.O., added to the culture media at the indicated concentrations. Base editing efficiency was 
measured using the HEK293T-SpyCas9-ABE-tracrRNA-dGFP reporter and FACS analysis. c). 100 pmol C20, with and 
without conjugates, P.O.s, or both (as shown), were electroporated into 5 x 104 HEK293T-SpyCas9-ABE-tracrRNA-
dGFP reporter cells. Editing efficiencies were then measured by FACS analysis. GalNac, trivalent N-
acetylgalactosamine; DHA, docosahexaenoic acid; TegChol, tetra-ethylene-glycol-linked cholesterol. Data represent 
mean ± SD; ns, P > 0.05; ****, P < 0.0001 (one-way ANOVA; C20 was used as control in multiple comparisons). d). 
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Top panel: designs and chemical modification patterns of Cy3-labeled oligos. Bottom panel: in vivo distribution of 
Cy3-labeled C20, with and without P.O.s and lipid conjugates as indicated, in mouse CNS after intrastriatal injection 
(n = 3 mice per group). Images were acquired using a Leica fluorescent microscope. Upper row of images: 5x 
magnification tile scan; bottom row: 63x magnification. Blue, DAPI; red, Cy3. 
 
In vivo genome editing in adult mouse CNS by co-delivery of AAV and self-delivering 
crRNA 
 
Encouraged by these results, we tested whether the unformulated C20/P.O. complex can 
support genome editing by AAV co-delivery in vivo. We chose to test this in a double transgenic 
reporter mouse model, Cas9/mTmG+/+. This mouse model was generated by crossing the 
homozygous Cas9+/+ mice with the homozygous mTmG+/+ reporter mice (76). The Cas9+/+ 
mouse model constitutively expresses SpyCas9, and the only component requiring AAV 
delivery is the tracrRNA. The mTmG+/+ reporter consists of loxP sites on either side of a 
membrane-targeted tdTomato (mT) cassette, which constitutively expresses red fluorescence, 
and a downstream membrane-targeted EGFP (mG) that cannot be expressed until the mT 
cassette is deleted (Figure 4a). First, we injected a self-complementary (sc) AAV9 that 
expresses tracrRNA into adult Cas9/mTmG+/+ mouse brain by IS injection. Two weeks later, we 
performed IS injection again to deliver a naked C20 that targets the two loxP sites to generate a 
segmental deletion of the mT cassette and allow mG expression. We then detected EGFP 
expression by performing Immunohistochemistry (IHC) on formalin-fixed mouse brain sections 
using anti-EGFP antibodies (Figure 4a).  
 
Recent studies on siRNAs showed that compared to cholesterol, conjugation of the less 
hydrophobic DHA allows broader distribution in the CNS and supports more robust silencing 
(62). Additionally, using a d(TT)-PO-C7 cleavable linker between siRNA and lipid conjugates 
has been shown to significantly improve silencing efficacy without altering tissue accumulation 
(20, 63). This is potentially because the cleavable linker has limited stability in vivo, allowing 
initial tissue distribution while being quickly cleaved after cellular uptake to release the siRNA 
(preventing oligo attachment to the endosomal membrane or other disruptions to intracellular 
trafficking). By IHC staining using an anti-EGFP antibody, we found that C20 without P.O. did 
not generate any editing in the brain (Figure 4b, 4c). At the same time, we only observed a few 
EGFP-positive cells around the injection site with C20 and P.O. with no conjugation. In contrast, 
C20 with P.O. having either a DHA or cholesterol conjugate (with either cleavable or stable 
linker) generated more efficient editing with broader distribution (Figure 4b, 4c), consistent with 
the in vivo distribution results shown in Figure 3d. When quantifying the percentage of EGFP-
positive cells within 1 mm2 around the site of injection, we found that DHA conjugation 
performed better than cholesterol conjugation, and having a cleavable linker further improves 
the editing efficiency (Figure 4d).  
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Figure 4. Lipid-conjugated P.O.s promote editing of C20, co-delivered with AAV vector expressing tracrRNA, in the 
CNS of Cas9-expressing reporter mice. 
a). Schematic representation of the transgene constructs of Cas9/mTmG+/+ double transgenic mouse model and the 
experimental process to test AAV co-delivery in vivo in the mouse CNS. Cleavage at sites flanking the mTmG 
tdTomato cassette activate EGFP expression. b). Chemical modifications of the P.O.s used in this experiment. d(TT)-
DHA, docosahexaenoic acid with a nuclease-cleavable d(TT)-PO-C7 linker; DHA, docosahexaenoic acid; d(TT)-
TegChol, tetra-ethylene-glycol-linked cholesterol with a cleavable d(TT)-PO-C7 linker; TegChol, tetra-ethylene-glycol-
linked cholesterol. c). Immunohistochemistry (IHC) staining of mouse brain tissue sections using an anti-EGFP 
antibody. Adult Cas9/mTmG+/+ mice were injected with scAAV9-tracrRNA and subsequently injected with C20 and 
different P.O.s as indicated on the upper left of each image. d). ImageJ quantification of percentages of EGFP 
positive cells within 1 mm2 area around the site of injection (n = 3 mice per group). Data represent mean ± SD; *, P < 
0.05; **, P < 0.01; ***, P < 0.001 (one-way ANOVA). 
 
In vivo genome editing in adult mouse liver by co-delivery of AAV-expressed effector and 
tracrRNA and GalNac-conjugated, self-delivering crRNA 
 
Next, we tested whether we could achieve in vivo genome editing through systemic delivery of 
C20/P.O. complex co-delivered with AAV-expressed effector protein and the tracrRNA, initially 
in hepatocytes due to the advanced state of GalNac conjugates in clinical applications of 
oligonucleotides (58, 59, 72, 77). Here, we chose two established mouse targets to test the 
efficacy of our co-delivery approach: the Pcsk9 gene in wild-type B6 mice (Supplementary 
Figure 3), and the Fah gene that is mutated in a mouse model of hereditary tyrosinemia type 1 
(HT1).  
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For Pcsk9 editing in adult B6 mice, we tested C20 with either a 14 nt or a 16 nt P.O. having a 
trivalent GalNac conjugate (Figure 5a) (72). We also included a non-targeting C20 crRNA as 
well as PBS as negative controls. First, we injected adult mice with AAV to express either 
SpyCas9-ABE8e and tracrRNA (Figure 5b), or SpyCas9 nuclease and tracrRNA (Figure 5c) 
through retro-orbital (RO) injection, and then allowed five weeks for effector protein expression. 
We then injected C20 with and without GalNac-conjugated P.O. via a single RO injection at 80 
mg/kg. The editing efficiency was assessed by extracting genomic DNA from mouse liver and 
performing targeted amplicon deep sequencing. We found low yet significant editing at the 
target genomic locus by C20 with both lengths of P.O.s, while no editing was observed for the 
non-targeting control C20-injected mice (Figure 5b-5c).  
 
Next, we tested whether our co-delivery approach can generate therapeutic-relevant editing by 
testing in the mouse model of HT1. The HT1 mouse model used in this study is the FahPM/PM 

mouse, which possesses a G-to-A point mutation in the last nucleotide of exon 8 of the Fah 
gene, which encodes fumarylacetoacetate hydrolase (78, 79). This point mutation generates 
exon 8 skipping and causes FAH deficiency (Figure 5d). Because FAH catalyzes one step of 
the tyrosine catabolic pathway, FAH deficiency leads to accumulation of toxic 
fumarylacetoacetate and succinyl acetoacetate, causing damage in multiple organs (78). The 
FahPM/PM mouse can be treated with 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione 
(NTBC), an inhibitor of an enzyme upstream within the tyrosine degradation pathway to prevent 
toxin accumulation (79). Without such treatment, the mice rapidly lose weight and die. 
Previously, studies showed that the point mutation in the FahPM/PM mouse could be corrected by 
SpyCas9-ABE delivered by lipid nanoparticles carrying mRNA and sgRNA, or by plasmid 
hydrodynamic tail-vein injection (44, 80). 
 
We first injected AAV9 to express SpyCas9-ABE8e and tracrRNA by RO injection, using split 
inteins to reconstitute the effector as described (81–83). After five weeks, we performed RO 
injections of C20 with a previously validated spacer sequence targeting the point mutation in the 
FahPM/PM mouse (44, 80), with either a 14 nt or a 16 nt trivalent GalNac-conjugated P.O., at a 
single 80 mg/kg dose. The mice were kept on NTBC for two weeks to maintain body weight and 
allow time for editing to occur. We then sacrificed three mice from each group and extracted 
liver genomic DNA to measure the editing efficiency by targeted amplicon deep sequencing, as 
well as detecting FAH-positive hepatocytes via IHC staining using anti-FAH antibodies. For the 
remaining mouse from each group, we cycled NTBC off and on (7-10 days off followed by 2 
days on) for three months to allow FAH-positive hepatocytes to expand, and we monitored body 
weight to assess functional rescue (Figure 5e).  
 
Before NTBC withdrawal, we observed low yet significant on-target editing in the groups that 
were co-delivered with both AAV9 vectors and the C20/P.O. guides (Figure 5f). After NTBC 
withdrawal, the PBS-injected mouse rapidly lost body weight and was humanely sacrificed after 
the body weight dropped below 80%. The mice treated with AAV9-expressed SpyCas9-ABE8e 
and tracrRNA and C20/P.O. duplexes gradually gained body weight over time (Figure 5g). The 
mice were then sacrificed after three months of NTBC cycling, and IHC staining was performed 
on liver sections using anti-FAH antibodies. We observed the expansion of FAH-positive 
hepatocytes in the liver tissue treated via AAV9/guide co-delivery (Figure 5h). These data 
provide an initial indication that systemic delivery of C20 and GalNac-conjugated P.O.s, with 
AAV-expressed effector protein and tracrRNA, can achieve in vivo genome editing in the liver 
and provide therapeutic benefits. 
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Figure 5. In vivo genome editing in the mouse liver following systemic administration of AAV vectors expressing 
effector + tracrRNA, co-delivered with C20 and GalNac-conjugated P.O.s. 
a). Chemical modifications of the P.O.s used in this experiment. GalNac, trivalent N-acetylgalactosamine. b). 
Targeted amplicon deep sequencing quantifying the editing efficiency in the liver by co-delivery of AAV-expressed 
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SpyCas9-ABE8e and tracrRNA, and a single dose of C20 with GalNac-conjugated P.O. at 80 mg/kg. C20_NC, C20 with 
a non-targeting spacer sequence (n = 3 mice per group). Data represent mean ± SD; ns, P > 0.05; *, P < 0.05, (two-
way ANOVA). c). Targeted amplicon deep sequencing quantifying the editing efficiency in the liver by co-delivery of 
AAV-expressed SpyCas9 nuclease and tracrRNA, and a single dose of 80 mg/kg of C20 with GalNac-conjugated P.O. 
(n = 3 mice per group). Data present mean ± SD; ns, P > 0.05; *, P < 0.05, (one-way ANOVA). d). Schematic 
representation of the G-to-A point mutation that generates exon 8 skipping and Fah deficiency in the FahPM/PM 
mouse model. The bottom shows a previously validated guide design (44) for SpyCas9-ABE to correct the point 
mutation. Red, target adenine; orange, bystander adenine; underlined, PAM. e). Schematic representation of the 
experimental design of in vivo AAV co-delivery in the FahPM/PM mouse model. RO, retro-orbital injection; NTBC, 2-(2-
nitro-4-trifluoromethylbenzoyl)-1,3- cyclohexanedione. f). Base editing efficiency of the genomic DNA from mouse 
liver treated by AAV-SpyCas9-ABE-tracrRNA co-delivered with the indicated C20/P.O. compound. The editing 
efficiency was measured by targeted amplicon deep sequencing (n = 3 mice per group). Data represent mean ± SD; 
*, P < 0.05; **, P < 0.01; ***, P < 0.001 (two-way ANOVA). g). Body weight of the FahPM/PM mice treated with AAV 
and the indicated crRNA, measured over 3 months of NTBC off-and-on cycles. h). IHC staining of mouse liver 
sections using an anti-FAH antibody. White arrows indicate FAH-positive hepatocytes. Scale bar, 100 µm. 
 
The initial editing efficiency we achieved in the liver, though significant, was low. We then 
sought to improve the efficiency by optimizing the dosing regimen. The ASGPR, which is 
expressed on the surface of hepatocytes and is responsible for the uptake of GalNac-
conjugated oligos (58, 59, 72), has a cell surface recycling time of 10-15 minutes (77, 84, 85). 
Data from previous studies also showed that due to ASGPR saturation, hepatocytes can only 
take up limited amounts of GalNac-conjugated molecules after bolus intravenous injection (86). 
Our initial study injected a single dose of C20 with GalNac-conjugated P.O. at 80 mg/kg, far 
exceeding the import capacity of available ASGPR (86). We reasoned that instead of a single 
large dose, dividing the oligos into three consecutive daily RO injections each with one-third of 
the previous dose (26 mg/kg) may deliver more oligos into the hepatocyte, thus boosting the 
editing efficiency. 
 
To test this idea, we first RO-injected AAV9 to express SpyCas9-ABE8e and tracrRNA in the B6 
mice. Then, after five weeks, we performed three consecutive daily RO injections of C20 
targeting the Pcsk9 gene complexed with a 14 nt GalNac-conjugated P.O. at 26 mg/kg. We then 
harvested the mouse liver genomic DNA and performed targeted amplicon deep sequencing to 
measure the editing efficiency (Figure 6a). We found that compared to a single dose of 80 
mg/kg oligo, three consecutive daily doses at 26 mg/kg significantly improved the editing 
efficiency (Figure 6b). In addition, we did not observe any sign of toxicity in the liver by 
redosing, and the oligo-treated mice were in good health, similar to the PBS-injected mice. 
These data indicate that repeat crRNA dosing is possible and can be well-tolerated, and that 
further optimization of the dosing regimen promises to provide additional improvements in 
editing efficiency.  
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Figure 6. Improving in vivo editing efficiency through optimization of the dosing regimen. 
a). Schematic representation of the experimental process to test a repeat crRNA dosing regimen. RO, retro-orbital 
injection. b). Comparing the editing efficiency of AAV-SpyCas9-ABE-tracrRNA co-delivered with either a single 80 
mg/kg dose, or three consecutive daily injections 26 mg/kg dose of C20+PO07-GalNac targeting the mouse Pcsk9 
gene. The editing efficiency was measured by targeted amplicon deep sequencing of mouse liver genomic DNA (n = 
3 mice per group). The single-dose data are the same as those shown in Figure 5b. Data represent mean ± SD; ****, 
P < 0.0001 (two-way ANOVA). 
 
Discussion 
 
Our results serve as a proof-of-concept study for using P.O. to enhance stability, potency, and 
cellular uptake of crRNAs to achieve self-delivery in vivo. The self-delivering crRNAs can be 
applied for viral vector co-delivery, potentially allowing multiplexed targeting, especially in 
tissues that are hard to access (such as the CNS). Tailored co-delivery of the protected crRNA 
into specific tissues may also provide spatiotemporal control of editing events, reduce off-target 
effects in unintended organs, and perhaps enable AAV vector inactivation in the future through 
the co-delivery of vector-targeting guides (Supplementary Figure 4) (25).  
 
Although editing efficiencies initially achievable by this approach are still low, our work 
comprises (to our knowledge) the first description of in vivo genome editing via self-delivering 
crRNA. Importantly, our study also shows that knowledge acquired from the rapidly evolving 
oligonucleotide therapeutic fields (16, 17, 57, 65, 87) can be readily applied to improve the 
distribution and efficiency of self-delivering crRNA in vivo. Future optimization of P.O.s, 
including but not limited to additional types of chemical modification, conjugates that allow 
enhanced or directed cellular uptake and improved pharmacokinetic profiles, and linkers 
between the P.O. and its conjugates may further enhance potency. Multiple potential directions 
can be explored that build on these initial proof-of-principle studies. For example, 2’-F residues 
have been shown to shift the subcellular localization of oligos from the cytoplasm to the nucleus 
(88), where Cas9 and tracrRNA are localized. Replacing 2’-O-Me residues at specific positions 
within the crRNA or the P.O. with 2’-F may increase effector complex concentration, thus 
enhancing editing efficiency. Different conjugates can also be applied such as myristic acid (61, 
66) and α-tocopherol (69, 70), which were recently shown to provide improved distribution and 
efficiency properties to ASOs and siRNAs. Additionally, a recent study with siRNAs indicates 
that a high-affinity universal oligonucleotide anchor with a high-molecular-weight conjugate can 
reduce the renal clearance of siRNA and enhance blood and tissue retention (89). This 
approach may also be combined with the P.O. strategy to further enhance potency. Moreover, 
future studies focusing on optimizing AAV capsids (90, 91), routes of administration (77, 85, 86, 
92–96), and dosing regimens for co-delivered AAV vectors and crRNAs promise to further 
enhance distribution, uptake, safety, and editing efficiency. 
 
Because P.O.s do not interfere with Cas9 activity and tolerate a wide range of bioconjugates, it 
serves as a delivery vehicle that will be also valuable for delivering fully modified and stabilized 
crRNA in vivo. Furthermore, P.O.s offer opportunities to improve pharmacokinetic and 
pharmacodynamic behaviors for in vivo-delivered, chemically modified crRNA. Our current 
design of the C20/P.O. complex (a 36 nt crRNA duplexed with a 14 to 16 nt P.O.) mimics 
asymmetric siRNA designs (a 19 to 21 nt guide strand duplexed with an 11 to 15 nt passenger 
strand) (16). The single-stranded PS-tails resemble ASO features that serve to enhance cellular 
uptake. At the same time, the double-stranded region adopts a helical conformation that is 
relatively consistent across distinct guide sequences, likely facilitating consistency in 
pharmacokinetic properties. Our P.O. strategy can also be applied to crRNAs with other 
chemical modification patterns, or to crRNAs for other Cas9 homologs. Finally, the crRNA/P.O. 
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delivery strategy could be extended to transgenic animals or plants that can express the effector 
and tracrRNA without viral vector co-delivery, advancing genome editing approaches in model 
organisms and potentially crops or livestock. We anticipate that our study will provide a 
foundation on which more potent self-delivering crRNA compounds can be engineered for 
improving the safety and efficacy of in vivo CRISPR genome editing via AAV co-delivery.  
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Supplementary Figures 

 

 
Supplementary Figure 1 
a). Representative flow cytometry gating strategy for the HEK293T-SpyCas9 -tracrRNA-TLR-MCV1 stable cell line. b). 
Representative flow cytometry gating strategy for the HEK293T-SpyCas9-ABE8e-tracrRNA-dGFP stable cell line. 
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Supplementary Figure 2 
a). Dose-response curves of C20 crRNA, with and without P.O.s, targeting different sequences in the HEK293T-
SpyCas9-ABE-tracrRNA-dGFP reporter. Editing efficiencies were quantified by FACS. Data represent mean ± SD; ns, 
P > 0.05; ****, P < 0.0001 (two-way ANOVA, with C20 used as control in multiple comparisons). The right panel 
shows the design and chemical modification patterns of tested oligos. b). Editing efficiency of the fully modified 
crRNA C40, with and without a 14-mer P.O., at different dosages in the SpyCas9-ABE-tracrRNA-dGFP reporter. The 
right panel shows the chemical modification pattern of the crRNA, and the P.O. Data represent mean ± SD; ns, P > 
0.05 (two-way ANOVA). 
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a

b

C20 5’-NNNNNNNNNNNNNNNNNNNNGUUUUAGAGCUAUGCU

C20+PO1 5’-NNNNNNNNNNNNNNNNNNNNGUUUUAGAGCUAUGCU
NNNNNNCAAA-5’

C20+P07 5’-NNNNNNNNNNNNNNNNNNNNGUUUUAGAGCUAUGCU
NNNNNNNNCAAAAU-5’

C20+PO16 5’-NNNNNNNNNNNNNNNNNNNNGUUUUAGAGCUAUGCU
NNNNNNNNNNNNCAAAAACACG-5’

C20+B10 5’-NNNNNNNNNNNNNNNNNNNNGUUUUAGAGCUAUGCU
CAAAAUCUCGAUACCA-5’

C40 5’-NNNNNNNNNNNNNNNNNNNNGUUUUAGAGCUAUGCU

C40+PO7 5’-NNNNNNNNNNNNNNNNNNNNGUUUUAGAGCUAUGCU
NNNNNNNNCAAAAU-5’

Key: N = 2’-O-Me, N = 2’-F, N = 2’-H, N = 2’-OH, N = PS
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Supplementary Figure 3 
Schematic illustration of the mouse Pcsk9 gene target site used in in vivo co-delivery experiments. The adenines 
targeted by SpyCas9-ABE8e are labeled in red and bold. The SpyCas9 cleavage site is marked with a red dashed line. 
The PAM region is underlined in green.  
  

Supplementary Figure 3
Mouse Pcsk9 gene
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Supplementary Figure 4 
Schematic representation of potential applications of the AAV co-delivery strategy using self-delivering, chemically 
stabilized crRNA for (a) Cas9 nuclease-based editing or (b) base editing (BE). 
  

Supplementary Figure 4
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Supplementary Notes 
Includes nucleotide sequences of the plasmids first described in this manuscript. 
 
Lentivector for SpyCas9-tracrRNA transgene integration 
 
Legend: miniU6 promoter, tracrRNA, U1a promoter, SpyCas9, cMyc NLS, P2A, BSD, WPRE, 
LTR, CMV promoter, CMV enhancer 
 
GCGTTTTGCGCTGCTTCGCGATGTACGGGCCAGATATACGCGTTGACATTGATTATTGACT
AGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATATGGAGTTCCGCGT
TACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGAC
GTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGG
GTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTA
CGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGA
CCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTG
ATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCA
AGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTC
CAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGG
AGGTCTATATAAGCAGCGCGTTTTGCCTGTACTGGGTCTCTCTGGTTAGACCAGATCTGAG
CCTGGGAGCTCTCTGGCTAACTAGGGAACCCACTGCTTAAGCCTCAATAAAGCTTGCCTTG
AGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGA
CCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGTGGCGCCCGAACAGGGACTTGAAAGCGA
AAGGGAAACCAGAGGAGCTCTCTCGACGCAGGACTCGGCTTGCTGAAGCGCGCACGGCA
AGAGGCGAGGGGCGGCGACTGGTGAGTACGCCAAAAATTTTGACTAGCGGAGGCTAGAA
GGAGAGAGATGGGTGCGAGAGCGTCAGTATTAAGCGGGGGAGAATTAGATCGCGATGGG
AAAAAATTCGGTTAAGGCCAGGGGGAAAGAAAAAATATAAATTAAAACATATAGTATGGGCA
AGCAGGGAGCTAGAACGATTCGCAGTTAATCCTGGCCTGTTAGAAACATCAGAAGGCTGTA
GACAAATACTGGGACAGCTACAACCATCCCTTCAGACAGGATCAGAAGAACTTAGATCATT
ATATAATACAGTAGCAACCCTCTATTGTGTGCATCAAAGGATAGAGATAAAAGACACCAAG
GAAGCTTTAGACAAGATAGAGGAAGAGCAAAACAAAAGTAAGACCACCGCACAGCAAGCG
GCCGCTGATCTTCAGACCTGGAGGAGGAGATATGAGGGACAATTGGAGAAGTGAATTATA
TAAATATAAAGTAGTAAAAATTGAACCATTAGGAGTAGCACCCACCAAGGCAAAGAGAAGA
GTGGTGCAGAGAGAAAAAAGAGCAGTGGGAATAGGAGCTTTGTTCCTTGGGTTCTTGGGA
GCAGCAGGAAGCACTATGGGCGCAGCGTCAATGACGCTGACGGTACAGGCCAGACAATTA
TTGTCTGGTATAGTGCAGCAGCAGAACAATTTGCTGAGGGCTATTGAGGCGCAACAGCATC
TGTTGCAACTCACAGTCTGGGGCATCAAGCAGCTCCAGGCAAGAATCCTGGCTGTGGAAA
GATACCTAAAGGATCAACAGCTCCTGGGGATTTGGGGTTGCTCTGGAAAACTCATTTGCAC
CACTGCTGTGCCTTGGAATGCTAGTTGGAGTAATAAATCTCTGGAACAGATTTGGAATCAC
ACGACCTGGATGGAGTGGGACAGAGAAATTAACAATTACACAAGCTTAATACACTCCTTAA
TTGAAGAATCGCAAAACCAGCAAGAAAAGAATGAACAAGAATTATTGGAATTAGATAAATGG
GCAAGTTTGTGGAATTGGTTTAACATAACAAATTGGCTGTGGTATATAAAATTATTCATAATG
ATAGTAGGAGGCTTGGTAGGTTTAAGAATAGTTTTTGCTGTACTTTCTATAGTGAATAGAGT
TAGGCAGGGATATTCACCATTATCGTTTCAGACCCACCTCCCAACCCCGAGGGGACCCGA
CAGGCCCGAAGGAATAGAAGAAGAAGGTGGAGAGAGAGACAGAGACAGATCCATTCGATT
AGTGAACGGATCGGCACTGCGTGCGCCAATTCTGCAGACAAATGGCAGTATTCATCCACA
ATTTTAAAAGAAAAGGGGGGATTGGGGGGTACAGTGCAGGGGAAAGAATAGTAGACATAA
TAGCAACAGACATACAAACTAAAGAATTACAAAAACAAATTACAAAAATTCAAAATTTTCGGG
TTTATTACAGGGACAGCAGAGATCCAGTTTGGTTAATTAGCTAGCAAAAAAAGCACCGACT
CGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATGCTCGGTGTT
TCGTCCTTTCCACAAGATATATAAAGCCAAGAAATCGAAATACTTTCAAGTTACGGTAAGCT
ATCGTATATGCAAATATGAAGGAATCATGGGAAATAGGCCCTCTTCCTGCCCGACCTTGAC
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GTCGACtctagaatggaggcggtactatgtagatgagaattcaggagcaaactgggaaaagcaactgcttccaaatatttgtgatt
tttacagtgtagttttggaaaaactcttagcctaccaattcttctaagtgttttaaaatgtgggagccagtacacatgaagttatagagtgtttt
aatgaggcttaaatatttaccgtaactatgaaatgctacgcatatcatgctgttcaggctccgtggccacgcaactcatacttaagcaga
cagtggttcaaagtttttttcttccattTCAGGTGTCGTGAACACCGCCACCATGGACAAGAAGTACTCCAT
TGGGCTCGATATCGGTACCAACAGCGTCGGCTGGGCCGTCATTACGGACGAGTACAAGGT
GCCGAGCAAAAAATTCAAAGTTCTGGGCAATACCGATCGCCACAGCATAAAGAAGAACCTC
ATTGGAGCCCTCCTGTTCGACTCCGGGGAGACGGCCGAAGCCACGCGGCTCAAAAGAAC
AGCACGGCGCAGATATACCCGCAGAAAGAATCGGATCTGCTACCTGCAGGAGATCTTTAG
TAATGAGATGGCTAAGGTGGATGACTCTTTCTTCCATAGGCTGGAGGAGTCCTTTTTGGTG
GAGGAGGATAAAAAGCACGAGCGCCACCCAATCTTTGGCAATATCGTGGACGAGGTGGCG
TACCATGAAAAGTACCCAACCATATATCATCTGAGGAAGAAGCTGGTAGACAGTACTGATA
AGGCTGACTTGCGGTTGATCTATCTCGCGCTGGCGCACATGATCAAATTTCGGGGACACTT
CCTCATCGAGGGGGACCTGAACCCAGACAACAGCGATGTCGACAAACTCTTTATCCAACT
GGTTCAGACTTACAATCAGCTTTTCGAGGAGAACCCGATCAACGCATCCGGCGTTGACGC
CAAAGCAATCCTGAGCGCTAGGCTGTCCAAATCCCGGCGGCTCGAAAACCTCATCGCACA
GCTCCCTGGGGAGAAGAAGAACGGCCTGTTTGGTAATCTTATCGCCCTGTCACTCGGGCT
GACCCCCAACTTTAAATCTAACTTCGACCTGGCCGAAGATGCCAAGCTGCAACTGAGCAAA
GACACCTACGATGATGATCTCGACAATCTGCTGGCCCAGATCGGCGACCAGTACGCAGAC
CTTTTTTTGGCGGCAAAGAACCTGTCAGACGCCATTCTGCTGAGTGATATTCTGCGAGTGA
ACACGGAGATCACCAAAGCTCCGCTGAGCGCTAGTATGATCAAGCGCTATGATGAGCACC
ACCAAGACTTGACTTTGCTGAAGGCCCTTGTCAGACAGCAACTGCCTGAGAAGTACAAGGA
AATTTTCTTCGATCAGTCTAAAAATGGCTACGCCGGATACATTGACGGCGGAGCAAGCCAG
GAGGAATTTTACAAATTTATTAAGCCCATCTTGGAAAAAATGGACGGCACCGAGGAGCTGC
TGGTAAAGCTGAACAGAGAAGATCTGTTGCGCAAACAGCGCACTTTCGACAATGGAAGCAT
CCCCCACCAGATTCACCTGGGCGAACTGCACGCTATCCTCAGGCGGCAAGAGGATTTCTA
CCCCTTTTTGAAAGATAACAGGGAAAAGATTGAGAAAATCCTCACATTTCGGATACCCTACT
ATGTAGGCCCCCTCGCTCGGGGAAATTCCAGATTCGCGTGGATGACTCGCAAATCAGAAG
AGACCATCACTCCCTGGAACTTCGAGGAAGTCGTGGATAAGGGGGCCTCTGCCCAGTCCT
TCATCGAAAGGATGACTAACTTTGATAAAAATCTGCCTAACGAAAAGGTGCTTCCTAAACAC
TCTCTGCTGTACGAGTACTTCACAGTTTATAACGAGCTCACCAAGGTCAAATACGTCACAG
AAGGGATGAGAAAGCCAGCATTCCTGTCTGGAGAGCAGAAGAAAGCTATCGTGGACCTCC
TCTTCAAGACGAACCGGAAAGTTACCGTGAAACAGCTCAAAGAAGACTATTTCAAAAAGATT
GAATGTTTCGACTCTGTTGAAATCAGCGGAGTGGAGGATCGCTTCAACGCATCCCTGGGA
ACGTATCACGATCTCCTGAAAATCATTAAAGACAAGGACTTCCTGGACAATGAGGAGAACG
AGGACATTCTTGAGGACATTGTCCTCACCCTTACGTTGTTTGAAGATAGGGAGATGATTGA
AGAACGCTTGAAAACTTACGCTCATCTCTTCGACGACAAAGTCATGAAACAGCTCAAGAGA
CGCCGATATACAGGATGGGGGCGGCTGTCAAGAAAACTGATCAATGGCATCCGAGACAAG
CAGAGTGGAAAGACAATCCTGGATTTTCTTAAGTCCGATGGATTTGCCAACCGGAACTTCA
TGCAGTTGATCCATGATGACTCTCTCACCTTTAAGGAGGACATCCAGAAAGCACAAGTTTC
TGGCCAGGGGGACAGTCTTCACGAGCACATCGCTAATCTTGCAGGTAGCCCAGCTATCAA
AAAGGGAATACTGCAGACCGTTAAGGTCGTGGATGAACTCGTCAAAGTAATGGGAAGGCA
TAAGCCCGAGAATATCGTTATCGAGATGGCCCGAGAGAACCAAACTACCCAGAAGGGACA
GAAGAACAGTAGGGAAAGGATGAAGAGGATTGAAGAGGGTATAAAAGAACTGGGGTCCCA
AATCCTTAAGGAACACCCAGTTGAAAACACCCAGCTTCAGAATGAGAAGCTCTACCTGTAC
TACCTGCAGAACGGCAGGGACATGTACGTGGATCAGGAACTGGACATCAACCGGTTGTCC
GACTACGACGTGGATCATATCGTGCCCCAAAGCTTTCTCAAAGATGATTCTATTGATAATAA
AGTGTTGACAAGATCCGATAAAAATAGAGGGAAGAGTGATAACGTCCCCTCAGAAGAAGTT
GTCAAGAAAATGAAAAATTATTGGCGGCAGCTGCTGAACGCCAAACTGATCACACAACGGA
AGTTCGATAATCTGACTAAGGCTGAACGAGGTGGCCTGTCTGAGTTGGATAAAGCCGGCTT
CATCAAAAGGCAGCTTGTTGAGACACGCCAGATCACCAAGCACGTGGCCCAAATTCTCGAT
TCACGCATGAACACCAAGTACGATGAAAATGACAAACTGATTCGAGAGGTGAAAGTTATTA
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CTCTGAAGTCTAAGCTGGTCTCAGATTTCAGAAAGGACTTTCAGTTTTATAAGGTGAGAGA
GATCAACAATTACCACCATGCGCATGATGCCTACCTGAATGCAGTGGTAGGCACTGCACTT
ATCAAAAAATATCCCAAGCTGGAATCTGAATTTGTTTACGGAGACTATAAAGTGTACGATGT
TAGGAAAATGATCGCAAAGTCTGAGCAGGAAATAGGCAAGGCCACCGCTAAGTACTTCTTT
TACAGCAATATTATGAATTTTTTCAAGACCGAGATTACACTGGCCAATGGAGAGATTCGGAA
GCGACCACTTATCGAAACAAACGGAGAAACAGGAGAAATCGTGTGGGACAAGGGTAGGGA
TTTCGCGACAGTCCGCAAGGTCCTGTCCATGCCGCAGGTGAACATCGTTAAAAAGACCGA
AGTACAGACCGGAGGCTTCTCCAAGGAAAGTATCCTCCCGAAAAGGAACAGCGACAAGCT
GATCGCACGCAAAAAAGATTGGGACCCCAAGAAATACGGCGGATTCGATTCTCCTACAGTC
GCTTACAGTGTACTGGTTGTGGCCAAAGTGGAGAAAGGGAAGTCTAAAAAACTCAAAAGCG
TCAAGGAACTGCTGGGCATCACAATCATGGAGCGATCCAGCTTCGAGAAAAACCCCATCG
ACTTTCTCGAAGCGAAAGGATATAAAGAGGTCAAAAAAGACCTCATCATTAAGCTGCCCAA
GTACTCTCTCTTTGAGCTTGAAAACGGCCGGAAACGAATGCTCGCTAGTGCGGGCGAGCT
GCAGAAAGGTAACGAGCTGGCACTGCCCTCTAAATACGTTAATTTCTTGTATCTGGCCAGC
CACTATGAAAAGCTCAAAGGGTCTCCCGAAGATAATGAGCAGAAGCAGCTGTTCGTGGAA
CAACACAAACACTACCTTGATGAGATCATCGAGCAAATAAGCGAGTTCTCCAAAAGAGTGA
TCCTCGCCGACGCTAACCTCGATAAGGTGCTTTCTGCTTACAATAAGCACAGGGATAAGCC
CATCAGGGAGCAGGCAGAAAACATTATCCACTTGTTTACTCTGACCAACTTGGGCGCGCCT
GCAGCCTTCAAGTACTTCGACACCACCATAGACAGAAAGCGGTACACCTCTACAAAGGAG
GTCCTGGACGCCACACTGATTCATCAGTCAATTACGGGGCTCTATGAAACAAGAATCGACC
TCTCTCAGCTCGGTGGAGACGAGGATCCCGCCGCCAAGCGCGTGAAGCTGGACGGCGCA
ACAAACTTCTCTCTGCTGAAACAAGCCGGAGATGTCGAAGAGAATCCTGGACCGATGGCC
AAGCCTTTGTCTCAAGAAGAATCCACCCTCATTGAAAGAGCAACGGCTACAATCAACAGCA
TCCCCATCTCTGAAGACTACAGCGTCGCCAGCGCAGCTCTCTCTAGCGACGGCCGCATCT
TCACTGGTGTCAATGTATATCATTTTACTGGGGGACCTTGTGCAGAACTCGTGGTGCTGGG
CACTGCTGCTGCTGCGGCAGCTGGCAACCTGACTTGTATCGTCGCGATCGGAAATGAGAA
CAGGGGCATCTTGAGCCCCTGCGGACGGTGCCGACAGGTGCTTCTCGATCTGCATCCTG
GGATCAAAGCCATAGTGAAGGACAGTGATGGACAGCCGACGGCAGTTGGGATTCGTGAAT
TGCTGCCCTCTGGTTATGTGTGGGAGGGCTAAGAATTCGATATCAAGCTTATCGGTAATCA
ACCTCTGGATTACAAAATTTGTGAAAGATTGACTGGTATTCTTAACTATGTTGCTCCTTTTAC
GCTATGTGGATACGCTGCTTTAATGCCTTTGTATCATGCTATTGCTTCCCGTATGGCTTTCA
TTTTCTCCTCCTTGTATAAATCCTGGTTGCTGTCTCTTTATGAGGAGTTGTGGCCCGTTGTC
AGGCAACGTGGCGTGGTGTGCACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATT
GCCACCACCTGTCAGCTCCTTTCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCACGGCG
GAACTCATCGCCGCCTGCCTTGCCCGCTGCTGGACAGGGGCTCGGCTGTTGGGCACTGA
CAATTCCGTGGTGTTGTCGGGGAAATCATCGTCCTTTCCTTGGCTGCTCGCCTGTGTTGCC
ACCTGGATTCTGCGCGGGACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGAC
CTTCCTTCCCGCGGCCTGCTGCCGGCTCTGCGGCCTCTTCCGCGTCTTCGCCTTCGCCCT
CAGACGAGTCGGATCTCCCTTTGGGCCGCCTCCCCGCATCGATACCGTCGACCTCGAGAC
CTAGAAAAACATGGAGCAATCACAAGTAGCAATACAGCAGCTACCAATGCTGATTGTGCCT
GGCTAGAAGCACAAGAGGAGGAGGAGGTGGGTTTTCCAGTCACACCTCAGGTACCTTTAA
GACCAATGACTTACAAGGCAGCTGTAGATCTTAGCCACTTTTTAAAAGAAAAGGGGGGACT
GGAAGGGCTAATTCACTCCCAACGAAGACAAGATATCCTTGATCTGTGGATCTACCACACA
CAAGGCTACTTCCCTGATTGGCAGAACTACACACCAGGGCCAGGGATCAGATATCCACTG
ACCTTTGGATGGTGCTACAAGCTAGTACCAGTTGAGCAAGAGAAGGTAGAAGAAGCCAAT
GAAGGAGAGAACACCCGCTTGTTACACCCTGTGAGCCTGCATGGGATGGATGACCCGGAG
AGAGAAGTATTAGAGTGGAGGTTTGACAGCCGCCTAGCATTTCATCACATGGCCCGAGAG
CTGCATCCGGACTGTACTGGGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCT
GGCTAACTAGGGAACCCACTGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAG
TGTGTGCCCGTCTGTTGTGTGACTCTGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGT
GTGGAAAATCTCTAGCAGGGCCCGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAG
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TTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACT
CCCACTGTCCTTTCCTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTC
TATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCA
GGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGC
TCTAGGGGGTATCCCCACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGT
TACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTT
CCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCT
TTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATG
GTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCAC
GTTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATT
CTTTTGATTTATAAGGGATTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAAC
AAAAATTTAACGCGAATTAATTCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCA
GGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGT
GGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCA
GCAACCATAGTCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGA
CTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCCAGAAGTA
GTGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTCCCGGGAGCTTGTATATCC
ATTTTCGGATCTGATCAGCACGTGTTGACAATTAATCATCGGCATAGTATATCGGCATAGTA
TAATACGACAAGGTGAGGAACTAAACCATGGCCAAGTTGACCAGTGCCGTTCCGGTGCTC
ACCGCGCGCGACGTCGCCGGAGCGGTCGAGTTCTGGACCGACCGGCTCGGGTTCTCCCG
GGACTTCGTGGAGGACGACTTCGCCGGTGTGGTCCGGGACGACGTGACCCTGTTCATCA
GCGCGGTCCAGGACCAGGTGGTGCCGGACAACACCCTGGCCTGGGTGTGGGTGCGCGG
CCTGGACGAGCTGTACGCCGAGTGGTCGGAGGTCGTGTCCACGAACTTCCGGGACGCCT
CCGGGCCGGCCATGACCGAGATCGGCGAGCAGCCGTGGGGGCGGGAGTTCGCCCTGCG
CGACCCGGCCGGCAACTGCGTGCACTTCGTGGCCGAGGAGCAGGACTGACACGTGCTAC
GAGATTTCGATTCCACCGCCGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGA
CGCCGGCTGGATGATCCTCCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCCAA
CTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAA
AGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGT
CTGTATACCGTCGACCTCTAGCTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTG
TGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAG
CCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTT
CCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAG
GCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCG
TTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAAT
CAGGGGATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGT
AAAAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAA
AATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTT
CCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTG
TCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCA
GTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCG
ACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATC
GCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTA
CAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTG
CGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAA
ACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAG
GATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTC
ACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTA
AAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATG
CTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGAC
TCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAA
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TGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCG
GAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTG
TTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATT
GCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCC
AACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGG
TCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCA
CTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTC
AACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATA
CGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTT
CGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCG
TGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAG
GAAGGCAAAATGCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACT
CTTCCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATT
TGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCA
CCTGACGTCGACGGATCGGGAGATCTCCCGATCCCCTATGGTGCACTCTCAGTACAATCT
GCTCTGATGCCGCATAGTTAAGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGA
GTAGTGCGCGAGCAAAATTTAAGCTACAACAAGGCAAGGCTTGACCGACAATTGCATGAAG
AATCTGCTTAGGGTTAG 
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Lentivector for dGFP reporter transgene integration 
Legend: CMV promoter, CMV enhancer, LTR, dGFP, SV40 promoter, BSD, WPRE 
 
ACAATCTGCTCTGATGCCGCATAGTTAAGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGG
TCGCTGAGTAGTGCGCGAGCAAAATTTAAGCTACAACAAGGCAAGGCTTGACCGACAATTG
CATGAAGAATCTGCTTAGGGTTAGGCGTTTTGCGCTGCTTCGCGATGTACGGGCCAGATAT
ACGCGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCAT
AGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCG
CCCAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAG
GGACTTTCCATTGACGTCAATGGGTGGAGTATTTACGGTAAACTGCCCACTTGGCAGTACA
TCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCGCC
TGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATT
AGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCG
GTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGG
CACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGG
GCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGCGCGTTTTGCCTGTACTGGGTCT
CTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTGGCTAACTAGGGAACCCACTGCTT
AAGCCTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTGTGACT
CTGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGTGGCGC
CCGAACAGGGACTTGAAAGCGAAAGGGAAACCAGAGGAGCTCTCTCGACGCAGGACTCG
GCTTGCTGAAGCGCGCACGGCAAGAGGCGAGGGGCGGCGACTGGTGAGTACGCCAAAAA
TTTTGACTAGCGGAGGCTAGAAGGAGAGAGATGGGTGCGAGAGCGTCAGTATTAAGCGGG
GGAGAATTAGATCGCGATGGGAAAAAATTCGGTTAAGGCCAGGGGGAAAGAAAAAATATAA
ATTAAAACATATAGTATGGGCAAGCAGGGAGCTAGAACGATTCGCAGTTAATCCTGGCCTG
TTAGAAACATCAGAAGGCTGTAGACAAATACTGGGACAGCTACAACCATCCCTTCAGACAG
GATCAGAAGAACTTAGATCATTATATAATACAGTAGCAACCCTCTATTGTGTGCATCAAAGG
ATAGAGATAAAAGACACCAAGGAAGCTTTAGACAAGATAGAGGAAGAGCAAAACAAAAGTA
AGACCACCGCACAGCAAGCGGCCGCTGATCTTCAGACCTGGAGGAGGAGATATGAGGGA
CAATTGGAGAAGTGAATTATATAAATATAAAGTAGTAAAAATTGAACCATTAGGAGTAGCAC
CCACCAAGGCAAAGAGAAGAGTGGTGCAGAGAGAAAAAAGAGCAGTGGGAATAGGAGCTT
TGTTCCTTGGGTTCTTGGGAGCAGCAGGAAGCACTATGGGCGCAGCGTCAATGACGCTGA
CGGTACAGGCCAGACAATTATTGTCTGGTATAGTGCAGCAGCAGAACAATTTGCTGAGGG
CTATTGAGGCGCAACAGCATCTGTTGCAACTCACAGTCTGGGGCATCAAGCAGCTCCAGG
CAAGAATCCTGGCTGTGGAAAGATACCTAAAGGATCAACAGCTCCTGGGGATTTGGGGTT
GCTCTGGAAAACTCATTTGCACCACTGCTGTGCCTTGGAATGCTAGTTGGAGTAATAAATC
TCTGGAACAGATTTGGAATCACACGACCTGGATGGAGTGGGACAGAGAAATTAACAATTAC
ACAAGCTTAATACACTCCTTAATTGAAGAATCGCAAAACCAGCAAGAAAAGAATGAACAAGA
ATTATTGGAATTAGATAAATGGGCAAGTTTGTGGAATTGGTTTAACATAACAAATTGGCTGT
GGTATATAAAATTATTCATAATGATAGTAGGAGGCTTGGTAGGTTTAAGAATAGTTTTTGCT
GTACTTTCTATAGTGAATAGAGTTAGGCAGGGATATTCACCATTATCGTTTCAGACCCACCT
CCCAACCCCGAGGGGACCCGACAGGCCCGAAGGAATAGAAGAAGAAGGTGGAGAGAGAG
ACAGAGACAGATCCATTCGATTAGTGAACGGATCGGCACTGCGTGCGCCAATTCTGCAGA
CAAATGGCAGTATTCATCCACAATTTTAAAAGAAAAGGGGGGATTGGGGGGTACAGTGCAG
GGGAAAGAATAGTAGACATAATAGCAACAGACATACAAACTAAAGAATTACAAAAACAAATT
ACAAAAATTCAAAATTTTCGGGTTTATTACAGGGACAGCAGAGATCCAGTTTGGTTAATTAG
GCTAGCcgcgttgacattgattattgactagttattaatagtaatcaattacggggtcattagttcatagcccatatatggagttccgcgt
tacataacttacggtaaatggcccgcctggctgaccgcccaacgacccccgcccattgacgtcaataatgacgtatgttcccatagta
acgccaatagggactttccattgacgtcaatgggtggagtatttacggtaaactgcccacttggcagtacatcaagtgtatcatatgcca
agtacgccccctattgacgtcaatgacggtaaatggcccgcctggcattatgcccagtacatgaccttatgggactttcctacttggcagt
acatctacgtattagtcatcgctattaccatggtgatgcggttttggcagtacatcaatgggcgtggatagcggtttgactcacggggattt
ccaagtctccaccccattgacgtcaatgggagtttgttttggcaccaaaatcaacgggactttccaaaatgtcgtaacaactccgcccc
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attgacgcaaatgggcggtaggcgtgtacggtgggaggtctatataagcagagctggtttagtgaaccgtcagatccgctagagatcc
gcggccgctaatacgactcactatagggagagccgccaccatggtgagcaagggcgaggagctgttcaccggggtggtgcccatc
ctggtcgagctggacggcgacgtaaacggccacaagttcagcgtgtccggcgagggcgagggcgatgccacctacggcaagctg
accctgaagttcatctgcaccaccggcaagctgcccgtgccctggcccaccctcgtgaccaccctgacctacggcgtgcagtgcttca
gccgctaccccgaccacatgaagtagcacgacttcttcaagtccgccatgcccgaaggctacgtccaggagcgcaccatcttcttca
aggacgacggcaactacaagacccgcgccgaggtgaagttcgagggcgacaccctggtgaaccgcatcgagctgaagggcatc
gacttcaaggaggacggcaacatcctggggcacaagctggagtacaactacaacagccacaacgtctatatcatggccgacaag
cagaagaacggcatcaaggtgaacttcaagatccgccacaacatcgaggacggcagcgtgcagctcgccgaccactaccagca
gaacacccccatcggcgacggccccgtgctgctgcccgacaaccactacctgagcacccagtccgccctgagcaaagaccccaa
cgagaagcgcgatcacatggtcctgctggagttcgtgaccgccgccgggatcactctcggcatggacgagctgtacaagtaaaccg
gtcatcatcaccatcaccattgagtttaaacccgctgatcagcctcgactgtgccttctagttgccagccatctgttgtttgcccctcccccg
tgccttccttgaccctggaaggtgccactcccactgtcctttcctaataaaatgaggaaattgcatcgcattgtctgagtaggtgtcattcta
ttctggggggtggggtggggcaggacagcaagggggaggattgggaagacaatagcaggcatgctggggatgcggtgggctctat
ggcttctgaggcggaaagaaccagctggggctcgataccgtcgacctctagctagagcttggcgtaatcatggtcatagctgtttcctgt
gtgaaattgttatccgctcacaattccacacaacatacgagccggaagcataaagtgtaaagcctagggtgcctaatgagtgagcta
actcacattaattgcgttgcgctcactgcccgctttccagtcgggaaacctgtcgtgccagctgcattaatgaatcggccaacgcgcgg
ggagaggcggtttgcgtattgggcgctacagacatgataagatacattgatgagtttggacaaaccacaactagaatgcagtgaaaa
aaatgctttatttgtgaaatttgtgatgctattgctttatttgtaaccattataagctgcaataaacaagttggggtgggcgaagaactccag
catgagatccccgcgctggaggatcatccagccggcgtcccggaaaacgattccgaagcccaacctttcatagaaggcggcggtg
gaatcgaaatctcgtagcacgtgtcagtcctgctcctcggccacgaagtgcttagccctcccacacataaccagagggcagcaattc
acgaatcccaactgccgtcggctgtccatcactgtccttcactatggctttgatcccaggatgcagatcgagaagcacctgtcggcacc
gtccgcaggggctcaagatgcccctgttctcatttccgatcgcgacgatacaagtcaggttgccagctgccgcagcagcagcagtgc
ccagcaccacgagttctgcacaaggtcccccagtaaaatgatatacattgacaccagtgaagatgcggccgtcgctagagagagct
gcgctggcgacgctgtagtcttcagagatggggatgctgttgattgtagccgttgctctttcaatgagggtggattcttcttgagacaaagg
cttggccatggtttagttcctcaccttgtcgtattatactatgccgatatactatgccgatgattaattgtcaacacgtgctgatcagatccga
aaatggatatacaagctcccgggagctttttgcaaaagcctaggcctccaaaaaagcctcctcactacttctggaatagctcagaggc
agaggcggcctcggcctctgcataaataaaaaaaattagtcagccatggggcggagaatgggcggaactgggcggagttagggg
cgggatgggcggagttaggggcgggactatggttgctgactaattgagatgcatgctttgcatacttctgcctgctggggagcctgggg
actttccacacctggttgctgactaattgagatgcatgctttgcatacttctgcctgctggggagcctggggactttccacaccctaactga
cacacattccacagaattcaAATTCGATATCAAGCTTATCGGTAATCAACCTCTGGATTACAAAATTT
GTGAAAGATTGACTGGTATTCTTAACTATGTTGCTCCTTTTACGCTATGTGGATACGCTGCT
TTAATGCCTTTGTATCATGCTATTGCTTCCCGTATGGCTTTCATTTTCTCCTCCTTGTATAAA
TCCTGGTTGCTGTCTCTTTATGAGGAGTTGTGGCCCGTTGTCAGGCAACGTGGCGTGGTG
TGCACTGTGTTTGCTGACGCAACCCCCACTGGTTGGGGCATTGCCACCACCTGTCAGCTC
CTTTCCGGGACTTTCGCTTTCCCCCTCCCTATTGCCACGGCGGAACTCATCGCCGCCTGC
CTTGCCCGCTGCTGGACAGGGGCTCGGCTGTTGGGCACTGACAATTCCGTGGTGTTGTCG
GGGAAATCATCGTCCTTTCCTTGGCTGCTCGCCTGTGTTGCCACCTGGATTCTGCGCGGG
ACGTCCTTCTGCTACGTCCCTTCGGCCCTCAATCCAGCGGACCTTCCTTCCCGCGGCCTG
CTGCCGGCTCTGCGGCCTCTTCCGCGTCTTCGCCTTCGCCCTCAGACGAGTCGGATCTCC
CTTTGGGCCGCCTCCCCGCATCGATACCGTCGACCTCGAGACCTAGAAAAACATGGAGCA
ATCACAAGTAGCAATACAGCAGCTACCAATGCTGATTGTGCCTGGCTAGAAGCACAAGAGG
AGGAGGAGGTGGGTTTTCCAGTCACACCTCAGGTACCTTTAAGACCAATGACTTACAAGGC
AGCTGTAGATCTTAGCCACTTTTTAAAAGAAAAGGGGGGACTGGAAGGGCTAATTCACTCC
CAACGAAGACAAGATATCCTTGATCTGTGGATCTACCACACACAAGGCTACTTCCCTGATT
GGCAGAACTACACACCAGGGCCAGGGATCAGATATCCACTGACCTTTGGATGGTGCTACA
AGCTAGTACCAGTTGAGCAAGAGAAGGTAGAAGAAGCCAATGAAGGAGAGAACACCCGCT
TGTTACACCCTGTGAGCCTGCATGGGATGGATGACCCGGAGAGAGAAGTATTAGAGTGGA
GGTTTGACAGCCGCCTAGCATTTCATCACATGGCCCGAGAGCTGCATCCGGACTGTACTG
GGTCTCTCTGGTTAGACCAGATCTGAGCCTGGGAGCTCTCTGGCTAACTAGGGAACCCAC
TGCTTAAGCCTCAATAAAGCTTGCCTTGAGTGCTTCAAGTAGTGTGTGCCCGTCTGTTGTG
TGACTCTGGTAACTAGAGATCCCTCAGACCCTTTTAGTCAGTGTGGAAAATCTCTAGCAGG
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GCCCGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTT
TGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAAT
AAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGT
GGGGCAGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCG
GTGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCTAGGGGGTATCCCCA
CGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCG
CTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCAC
GTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGT
GCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCAT
CGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACT
CTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAAGGGA
TTTTGCCGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAAATTTAACGCGAATT
AATTCTGTGGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAG
AAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCC
CCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAATTAGTCAGCAACCATAGTCCCGCCC
CTAACTCCGCCCAGTTCCGCCCATTCTCCGCCCCATGGCTGACTAATTTTTTTTATTTATGC
AGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCCAGAAGTAGTGAGGAGGCTTTTTTGG
AGGCCTAGGCTTTTGCAAAAAGCTCCCGGGAGCTTGTATATCCATTTTCGGATCTGATCAG
CACGTGTTGACAATTAATCATCGGCATAGTATATCGGCATAGTATAATACGACAAGGTGAG
GAACTAAACCATGGCCAAGTTGACCAGTGCCGTTCCGGTGCTCACCGCGCGCGACGTCGC
CGGAGCGGTCGAGTTCTGGACCGACCGGCTCGGGTTCTCCCGGGACTTCGTGGAGGACG
ACTTCGCCGGTGTGGTCCGGGACGACGTGACCCTGTTCATCAGCGCGGTCCAGGACCAG
GTGGTGCCGGACAACACCCTGGCCTGGGTGTGGGTGCGCGGCCTGGACGAGCTGTACGC
CGAGTGGTCGGAGGTCGTGTCCACGAACTTCCGGGACGCCTCCGGGCCGGCCATGACCG
AGATCGGCGAGCAGCCGTGGGGGCGGGAGTTCGCCCTGCGCGACCCGGCCGGCAACTG
CGTGCACTTCGTGGCCGAGGAGCAGGACTGACACGTGCTACGAGATTTCGATTCCACCGC
CGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCT
CCAGCGCGGGGATCTCATGCTGGAGTTCTTCGCCCACCCCAACTTGTTTATTGCAGCTTAT
AATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCAT
TCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTATCATGTCTGTATACCGTCGACCTC
TAGCTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCA
CAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGT
GAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCG
TGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCG
CTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGT
ATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAA
GAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGG
CGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAG
GTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGT
GCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGG
AAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGC
TCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGT
AACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACT
GGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGG
CCTAACTACGGCTACACTAGAAGAACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTA
CCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACCACCGCTGGTAGCGGTG
GTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCTTTG
ATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCA
TGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAA
TCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCT
ATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAAC
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TACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACG
CTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAG
TGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTA
AGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGT
CACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTAC
ATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGTCAGA
AGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGT
CATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAAT
AGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCAC
ATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAG
GATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTGATCTTCA
GCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGCAA
AAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTAT
TGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAAT
AAACAAATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCACCTGACGTCGACGGATCG
GGAGATCTCCCGATCCCCTATGGTGCACTCTCAGT 
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PiggyBac vector for integration of SpyCas9-ABE8e-tracrRNA 
Legend: LTR, CMV enhancer, chicken β-actin promoter, SV40 NLS, TadA8e, SpyCas9, 
BPSV40 NLS, WPRE, bGH polyA signal, tracrRNA, U6 promoter, hPGK promoter, PuroR, 
 
agttgggtaacgccagggttttcccagtcacgacgttgtaaaacgacggccagtgaattgtaatacgactcactatagggcgaattgg
agctcggtattcacgacagcaggctgaataataaaaaaattagaaactattatttaaccctagaaagataatcatattgtgacgtacgtt
aaagataatcatgcgtaaaattgacgcatgtgttttatcggtctgtatatcgaggtttatttattaatttgaatagatattaagttttattatattta
cacttacatactaataataaattcaacaaacaatttatttatgtttatttatttattaaaaaaaaacaaaaactcaaaatttcttctataaagta
acaaaacttttaaacattctctcttttacaaaaataaacttattttgtactttaaaaacagtcatgttgtattataaaataagtaattagcttaac
ctatacataatagaaacaaattatacttattagtcagtcagaaacaactttggcacatatcaatattatgctctcgttaataGAAAACT
CATTTGCACCACTGCTGTGggtacccgttacataacttacggtaaatggcccgcctggctgaccgcccaacgacccccg
cccattgacgtcaatagtaacgccaatagggactttccattgacgtcaatgggtggagtatttacggtaaactgcccacttggcagtaca
tcaagtgtatcatatgccaagtacgccccctattgacgtcaatgacggtaaatggcccgcctggcattgtgcccagtacatgaccttatg
ggactttcctacttggcagtacatctacgtattagtcatcgctattaccatggtcgaggtgagccccacgttctgcttcactctccccatctcc
cccccctccccacccccaattttgtatttatttattttttaattattttgtgcagcgatgggggcggggggggggggggggcgcgcgccag
gcggggcggggcggggcgaggggcggggcggggcgaggcggagaggtgcggcggcagccaatcagagcggcgcgctccga
aagtttccttttatggcgaggcggcggcggcggcggccctataaaaagcgaagcgcgcggcgggcgggagtcgctgcgacgctgc
cttcgccccgtgccccgctccgccgccgcctcgcgccgcccgccccggctctgactgaccgcgttactcccacaggtgagcgggcg
ggacggcccttctcctccgggctgtaattagctgagcaagaggtaagggtttaagggatggttggttggtggggtattaatgtttaattac
ctggagcacctgcctgaaatcactttttttcaggttggaccggtgccaccatgaaacggacagccgatggaagcgagttcgagtcacc
aaagaagaagcggaaagtctctgaggtggagttttcccacgagtactggatgagacatgccctgaccctggccaagagggcacgg
gatgagagggaggtgcctgtgggagccgtgctggtgctgaacaatagagtgatcggcgagggctggaacagagccatcggcctgc
acgacccaacagcccatgccgaaattatggccctgagacagggcggcctggtcatgcagaactacagactgattgacgccaccct
gtacgtgacattcgagccttgcgtgatgtgcgccggcgccatgatccactctaggatcggccgcgtggtgtttggcgtgaggaactcaa
aaagaggcgccgcaggctccctgatgaacgtgctgaactaccccggcatgaatcaccgcgtcgaaattaccgagggaatcctggc
agatgaatgtgccgccctgctgtgcgatttctatcggatgcctagacaggtgttcaatgctcagaagaaggcccagagctccatcaact
ccggaggatctagcggaggctcctctggctctgagacacctggcacaagcgagagcgcaacacctgaaagcagcgggggcagc
agcggggggtcagacaagaagtacagcatcggcctggccatcggcaccaactctgtgggctgggccgtgatcaccgacgagtac
aaggtgcccagcaagaaattcaaggtgctgggcaacaccgaccggcacagcatcaagaagaacctgatcggagccctgctgttc
gacagcggcgaaacagccgaggccacccggctgaagagaaccgccagaagaagatacaccagacggaagaaccggatctg
ctatctgcaagagatcttcagcaacgagatggccaaggtggacgacagcttcttccacagactggaagagtccttcctggtggaaga
ggataagaagcacgagcggcaccccatcttcggcaacatcgtggacgaggtggcctaccacgagaagtaccccaccatctacca
cctgagaaagaaactggtggacagcaccgacaaggccgacctgcggctgatctatctggccctggcccacatgatcaagttccggg
gccacttcctgatcgagggcgacctgaaccccgacaacagcgacgtggacaagctgttcatccagctggtgcagacctacaacca
gctgttcgaggaaaaccccatcaacgccagcggcgtggacgccaaggccatcctgtctgccagactgagcaagagcagacggct
ggaaaatctgatcgcccagctgcccggcgagaagaagaatggcctgttcggaaacctgattgccctgagcctgggcctgaccccca
acttcaagagcaacttcgacctggccgaggatgccaaactgcagctgagcaaggacacctacgacgacgacctggacaacctgct
ggcccagatcggcgaccagtacgccgacctgtttctggccgccaagaacctgtccgacgccatcctgctgagcgacatcctgagagt
gaacaccgagatcaccaaggcccccctgagcgcctctatgatcaagagatacgacgagcaccaccaggacctgaccctgctgaa
agctctcgtgcggcagcagctgcctgagaagtacaaagagattttcttcgaccagagcaagaacggctacgccggctacattgacg
gcggagccagccaggaagagttctacaagttcatcaagcccatcctggaaaagatggacggcaccgaggaactgctcgtgaagct
gaacagagaggacctgctgcggaagcagcggaccttcgacaacggcagcatcccccaccagatccacctgggagagctgcacg
ccattctgcggcggcaggaagatttttacccattcctgaaggacaaccgggaaaagatcgagaagatcctgaccttccgcatccccta
ctacgtgggccctctggccaggggaaacagcagattcgcctggatgaccagaaagagcgaggaaaccatcaccccctggaacttc
gaggaagtggtggacaagggcgcttccgcccagagcttcatcgagcggatgaccaacttcgataagaacctgcccaacgagaag
gtgctgcccaagcacagcctgctgtacgagtacttcaccgtgtataacgagctgaccaaagtgaaatacgtgaccgagggaatgag
aaagcccgccttcctgagcggcgagcagaaaaaggccatcgtggacctgctgttcaagaccaaccggaaagtgaccgtgaagca
gctgaaagaggactacttcaagaaaatcgagtgcttcgactccgtggaaatctccggcgtggaagatcggttcaacgcctccctggg
cacataccacgatctgctgaaaattatcaaggacaaggacttcctggacaatgaggaaaacgaggacattctggaagatatcgtgct
gaccctgacactgtttgaggacagagagatgatcgaggaacggctgaaaacctatgcccacctgttcgacgacaaagtgatgaagc
agctgaagcggcggagatacaccggctggggcaggctgagccggaagctgatcaacggcatccgggacaagcagtccggcaa
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gacaatcctggatttcctgaagtccgacggcttcgccaacagaaacttcatgcagctgatccacgacgacagcctgacctttaaagag
gacatccagaaagcccaggtgtccggccagggcgatagcctgcacgagcacattgccaatctggccggcagccccgccattaag
aagggcatcctgcagacagtgaaggtggtggacgagctcgtgaaagtgatgggccggcacaagcccgagaacatcgtgatcgaa
atggccagagagaaccagaccacccagaagggacagaagaacagccgcgagagaatgaagcggatcgaagagggcatcaa
agagctgggcagccagatcctgaaagaacaccccgtggaaaacacccagctgcagaacgagaagctgtacctgtactacctgca
gaatgggcgggatatgtacgtggaccaggaactggacatcaaccggctgtccgactacgatgtggaccatatcgtgcctcagagcttt
ctgaaggacgactccatcgacaacaaggtgctgaccagaagcgacaagaaccggggcaagagcgacaacgtgccctccgaag
aggtcgtgaagaagatgaagaactactggcggcagctgctgaacgccaagctgattacccagagaaagttcgacaatctgaccaa
ggccgagagaggcggcctgagcgaactggataaggccggcttcatcaagagacagctggtggaaacccggcagatcacaaagc
acgtggcacagatcctggactcccggatgaacactaagtacgacgagaatgacaagctgatccgggaagtgaaagtgatcaccct
gaagtccaagctggtgtccgatttccggaaggatttccagttttacaaagtgcgcgagatcaacaactaccaccacgcccacgacgc
ctacctgaacgccgtcgtgggaaccgccctgatcaaaaagtaccctaagctggaaagcgagttcgtgtacggcgactacaaggtgt
acgacgtgcggaagatgatcgccaagagcgagcaggaaatcggcaaggctaccgccaagtacttcttctacagcaacatcatgaa
ctttttcaagaccgagattaccctggccaacggcgagatccggaagcggcctctgatcgagacaaacggcgaaaccggggagatc
gtgtgggataagggccgggattttgccaccgtgcggaaagtgctgagcatgccccaagtgaatatcgtgaaaaagaccgaggtgca
gacaggcggcttcagcaaagagtctatcctgcccaagaggaacagcgataagctgatcgccagaaagaaggactgggaccctaa
gaagtacggcggcttcgacagccccaccgtggcctattctgtgctggtggtggccaaagtggaaaagggcaagtccaagaaactga
agagtgtgaaagagctgctggggatcaccatcatggaaagaagcagcttcgagaagaatcccatcgactttctggaagccaaggg
ctacaaagaagtgaaaaaggacctgatcatcaagctgcctaagtactccctgttcgagctggaaaacggccggaagagaatgctg
gcctctgccggcgaactgcagaagggaaacgaactggccctgccctccaaatatgtgaacttcctgtacctggccagccactatgag
aagctgaagggctcccccgaggataatgagcagaaacagctgtttgtggaacagcacaagcactacctggacgagatcatcgagc
agatcagcgagttctccaagagagtgatcctggccgacgctaatctggacaaagtgctgtccgcctacaacaagcaccgggataag
cccatcagagagcaggccgagaatatcatccacctgtttaccctgaccaatctgggagcccctgccgccttcaagtactttgacacca
ccatcgaccggaagaggtacaccagcaccaaagaggtgctggacgccaccctgatccaccagagcatcaccggcctgtacgag
acacggatcgacctgtctcagctgggaggtgactctggcggctcaaaaagaaccgccgacggcagcgaattcgagcccaagaag
aagaggaaagtctaagatctgataatcaacctctggattacaaaatttgtgaaagattgactggtattcttaactatgttgctccttttacgct
atgtggatacgctgctttaatgcctttgtatcatgctattgcttcccgtatggctttcattttctcctccttgtataaatcctggttagttcttgccac
ggcggaactcatcgccgcctgccttgcccgctgctggacaggggctcggctgttgggcactgacaattccgtggtgcgactgtgccttc
tagttgccagccatctgttgtttgcccctcccccgtgccttccttgaccctggaaggtgccactcccactgtcctttcctaataaaatgagga
aattgcatcgcattgtctgagtaggtgtcattctattctggggggtggggtggggcaggacagcaagggggaggattgggaagacaat
agcaggcatgctggggatgcggtgggctctatggctcgagaaaaaaagcaccgactcggtgccactttttcaagttgataacggact
agccttattTTAACTTGCTATGCTCggtgtttcgtcctttccacaagatatataaagccaagaaatcgaaatactttcaagttac
ggtaagcatatgatagtccattttaaaacataattttaaaactgcaaactacccaagaaattattactttctacgtcacgtattttgtactaat
atctttgtgtttacagtcaaattaattctaattatctctctaacagccttgtatcgtatatgcaaatatgaaggaatcatgggaaataggccct
cgcggccGAATTCTCGACCTCGAGACAAATGGCAGTATTCATCCACAACTCGGGTTTATTACA
GGGACAGCAGAGATCCACTTTGGCCGCGGCTCGAGGGGGTTGGGGTTGCGCCTTTTCCA
AGGCAGCCCTGGGTTTGCGCAGGGACGCGGCTGCTCTGGGCGTGGTTCCGGGAAACGCA
GCGGCGCCGACCCTGGGTCTCGCACATTCTTCACGTCCGTTCGCAGCGTCACCCGGATCT
TCGCCGCTACCCTTGTGGGCCCCCCGGCGACGCTTCCTGCTCCGCCCCTAAGTCGGGAA
GGTTCCTTGCGGTTCGCGGCGTGCCGGACGTGACAAACGGAAGCCGCACGTCTCACTAG
TACCCTCGCAGACGGACAGCGCCAGGGAGCAATGGCAGCGCGCCGACCGCGATGGGCT
GTGGCCAATAGCGGCTGCTCAGCAGGGCGCGCCGAGAGCAGCGGCCGGGAAGGGGCGG
TGCGGGAGGCGGGGTGTGGGGCGGTAGTGTGGGCCCTGTTCCTGCCCGCGCGGTGTTC
CGCATTCTGCAAGCCTCCGGAGCGCACGTCGGCAGTCGGCTCCCTCGTTGACCGAATCAC
CGACCTCTCTCCCCAGGGGGATCCACCGGAGCTTACCATGACCGAGTACAAGCCCACGGT
GCGCCTCGCCACCCGCGACGACGTCCCCAGGGCCGTACGCACCCTCGCCGCCGCGTTC
GCCGACTACCCCGCCACGCGCCACACCGTCGATCCGGACCGCCACATCGAGCGGGTCAC
CGAGCTGCAAGAACTCTTCCTCACGCGCGTCGGGCTCGACATCGGCAAGGTGTGGGTCG
CGGACGACGGCGCCGCGGTGGCGGTCTGGACCACGCCGGAGAGCGTCGAAGCGGGGG
CGGTGTTCGCCGAGATCGGCCCGCGCATGGCCGAGTTGAGCGGTTCCCGGCTGGCCGC
GCAGCAACAGATGGAAGGCCTCCTGGCGCCGCACCGGCCCAAGGAGCCCGCGTGGTTCC
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TGGCCACCGTCGGCGTCTCGCCCGACCACCAGGGCAAGGGTCTGGGCAGCGCCGTCGT
GCTCCCCGGAGTGGAGGCGGCCGAGCGCGCCGGGGTGCCCGCCTTCCTGGAGACCTCC
GCGCCCCGCAACCTCCCCTTCTACGAGCGGCTCGGCTTCACCGTCACCGCCGACGTCGA
GGTGCCCGAAGGACCGCGCACCTGGTGCATGACCCGCAAGCCCGGTGCCTGACGCCCG
CCCCACGACCCGCAGCGCCCGACCGAAAGGAGCGCACGACCCCATatctataacaagaaaatatat
atataataagttatcacgtaagtagaacatgaaataacaatataattatcgtatgagttaaatcttaaaagtcacgtaaaagataatcat
gcgtcattttgactcacgcggtcgttatagttcaaaatcagtgacacttaccgcattgacaagcacgcctcacgggagctccaagcggc
gactgagatgtcctaaatgcacagcgacggattcgcgctatttagaaagagagagcaatatttcaagaatgcatgcgtcaattttacgc
agactatctttctagggttaaaaaagatttgcgctttactcgacctaaactttaaacacgtcatagaatcttcgtttgacaaaaaccacatt
gtggccaagctgtgtgacgcgacgcgcgctaaagaatggcaaaccaagtcgcgcgaggtaccagcttttgttccctttagtgagggtt
aatttcgagcttggcgtaatcatggtcatagctgtttcctgtgtgaaattgttatccgctcacaattccacacaacatacgagccggaagc
ataaagtgtaaagcctggggtgcctaatgagtgagctaactcacattaattgcgttgcgctcactgcccgctttccagtcgggaaacctg
tcgtgccagctgcattaatgaatcggccaacgcgcggggagaggcggtttgcgtattgggcgctcttccgcttcctcgctcactgactcg
ctgcgctcggtcgttcggctgcggcgagcggtatcagctcactcaaaggcggtaatacggttatccacagaatcaggggataacgca
ggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccgcgttgctggcgtttttccataggctccgcc
cccctgacgagcatcacaaaaatcgacgctcaagtcagaggtggcgaaacccgacaggactataaagataccaggcgtttccccc
tggaagctccctcgtgcgctctcctgttccgaccctgccgcttaccggatacctgtccgcctttctcccttcgggaagcgtggcgctttctca
tagctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaagctgggctgtgtgcacgaaccccccgttcagcccgaccgctg
cgccttatccggtaactatcgtcttgagtccaacccggtaagacacgacttatcgccactggcagcagccactggtaacaggattagc
agagcgaggtatgtaggcggtgctacagagttcttgaagtggtggcctaactacggctacactagaagaacagtatttggtatctgcgc
tctgctgaagccagttaccttcggaaaaagagttggtagctcttgatccggcaaacaaaccaccgctggtagcggtggtttttttgtttgca
agcagcagattacgcgcagaaaaaaaggatctcaagaagatcctttgatcttttctacggggtctgacgctcagtggaacgaaaact
cacgttaagggattttggtcatgagattatcaaaaaggatcttcacctagatccttttaaattaaaaatgaagttttaaatcaatctaaagta
tatatgagtaaacttggtctgacagttaccaatgcttaatcagtgaggcacctatctcagcgatctgtctatttcgttcatccatagttgcctg
actccccgtcgtgtagataactacgatacgggagggcttaccatctggccccagtgctgcaatgataccgcgagacccacgctcacc
ggctccagatttatcagcaataaaccagccagccggaagggccgagcgcagaagtggtcctgcaactttatccgcctccatccagtc
tattaattgttgccgggaagctagagtaagtagttcgccagttaatagtttgcgcaacgttgttgccattgctacaggcatcgtggtgtcac
gctcgtcgtttggtatggcttcattcagctccggttcccaacgatcaaggcgagttacatgatcccccatgttgtgcaaaaaagcggttag
ctccttcggtcctccgatcgttgtcagaagtaagttggccgcagtgttatcactcatggttatggcagcactgcataattctcttactgtcatg
ccatccgtaagatgcttttctgtgactggtgagtactcaaccaagtcattctgagaatagtgtatgcggcgaccgagttgctcttgcccgg
cgtcaatacgggataataccgcgccacatagcagaactttaaaagtgctcatcattggaaaacgttcttcggggcgaaaactctcaag
gatcttaccgctgttgagatccagttcgatgtaacccactcgtgcacccaactgatcttcagcatcttttactttcaccagcgtttctgggtga
gcaaaaacaggaaggcaaaatgccgcaaaaaagggaataagggcgacacggaaatgttgaatactcatactcttcctttttcaatat
tattgaagcatttatcagggttattgtctcatgagcggatacatatttgaatgtatttagaaaaataaacaaataggggttccgcgcacattt
ccccgaaaagtgccacctaaattgtaagcgttaatattttgttaaaattcgcgttaaatttttgttaaatcagctcattttttaaccaataggcc
gaaatcggcaaaatcccttataaatcaaaagaatagaccgagatagggttgagtgttgttccagtttggaacaagagtccactattaa
agaacgtggactccaacgtcaaagggcgaaaaaccgtctatcagggcgatggcccactacgtgaaccatcaccctaatcaagttttt
tggggtcgaggtgccgtaaagcactaaatcggaaccctaaagggagcccccgatttagagcttgacggggaaagccggcgaacgt
ggcgagaaaggaagggaagaaagcgaaaggagcgggcgctagggcgctggcaagtgtagcggtcacgctgcgcgtaaccac
cacacccgccgcgcttaatgcgccgctacagggcgcgtcccattcgccattcaggctgcgcaactgttgggaagggcgatcggtgcg
ggcctcttcgctattacgccagctggcgaaagggggatgtgctgcaaggcgatta 
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scAAV-tracrRNA used in Figure 4 and 5c 
Legend: 5’ITR, U6 promoter, tracrRNA, 3’ITR 
 
agcgagtcagtgagcgaggaagcggaagagcgcccaatacgcaaaccgcctctccccgcgcgttggccgattcattaatgcagct
ggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagttagctcactcattaggcaccccaggctt
tacactttatgcttccggctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaacagctatgaccatgattacgccag
atttaattaaggccttaattaggctgcgcgctcgctcgctcactgaggccgcccgggcaaagcccgggcgtcgggcgacctttggtcg
cccggcctcagtgagcgagcgagcgcgcagagagggagtgtagccatgctctaggaagatcaattcaattcacgcgtgagggcct
atttcccatgattccttcatatttgcatatacgatacaaggctgttagagagataattggaattaatttgactgtaaacacaaagatattagt
acaaaatacgtgacgtagaaagtaataatttcttgggtagtttgcagttttaaaattatgttttaaaatggactatcatatgcttaccgtaactt
gaaagtatttcgatttcttggctttatatatcttgtggaaaggacgaaacaccGAGCATAGCAAGTTAAAATAAGGCTA
GTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTacgcgtcgacccgggcggcctc
gaggacggggtgaactacgcctgaggatccgatctttttccctctgccaaaaattatggggacatcatgaagccccttgagcatctgac
ttctggctaataaaggaaatttattttcattgcaatagtgtgttggaattttttgtgtctctcactcggcctaggtagataagtagcatggcggg
ttaatcattaactacaaggaacccctagtgatggagttggccactccctctctgcgcgctcgctcgctcactgaggccgggcgaccaa
aggtcgcccgacgcccgggctttgcccgggcggcctcagtgagcgagcgagcgcgcagccttaattaacctaattcactggccgtcg
ttttacaacgtcgtgactgggaaaaccctggcgttacccaacttaatcgccttgcagcacatccccctttcgccagctggcgtaatagcg
aagaggcccgcaccgatcgcccttcccaacagttgcgcagcctgaatggcgaatgggacgcgccctgtagcggcgcattaagcgc
ggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcgccctagcgcccgctcctttcgctttcttcccttcctttctcgcca
cgttcgccggctttccccgtcaagctctaaatcgggggctccctttagggttccgatttagtgctttacggcacctcgaccccaaaaaactt
gattagggtgatggttcacgtagtgggccatcgccctgatagacggtttttcgccctttgacgttggagtccacgttctttaatagtggactct
tgttccaaactggaacaacactcaaccctatctcggtctattcttttgatttataagggattttgccgatttcggcctattggttaaaaaatga
gctgatttaacaaaaatttaacgcgaattttaacaaaatattaacgcttacaatttaggtggcacttttcggggaaatgtgcgcggaaccc
ctatttgtttatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttcaataatattgaaaaaggaaga
gtatgagtattcaacatttccgtgtcgcccttattcccttttttgcggcattttgccttcctgtttttgctcacccagaaacgctggtgaaagtaa
aagatgctgaagatcagttgggtgcacgagtgggttacatcgaactggatctcaacagcggtaagatccttgagagttttcgccccga
agaacgttttccaatgatgagcacttttaaagttctgctatgtggcgcggtattatcccgtattgacgccgggcaagagcaactcggtcgc
cgcatacactattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacggatggcatgacagtaagagaattatg
cagtgctgccataaccatgagtgataacactgcggccaacttacttctgacaacgatcggaggaccgaaggagctaaccgcttttttg
cacaacatgggggatcatgtaactcgccttgatcgttgggaaccggagctgaatgaagccataccaaacgacgagcgtgacacca
cgatgcctgtagcaatggcaacaacgttgcgcaaactattaactggcgaactacttactctagcttcccggcaacaattaatagactgg
atggaggcggataaagttgcaggaccacttctgcgctcggcccttccggctggctggtttattgctgataaatctggagccggtgagcgt
gggtctcgcggtatcattgcagcactggggccagatggtaagccctcccgtatcgtagttatctacacgacggggagtcaggcaacta
tggatgaacgaaatagacagatcgctgagataggtgcctcactgattaagcattggtaactgtcagaccaagtttactcatatatacttta
gattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaatcccttaacgtgagttttcgttc
cactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaa
ccaccgctaccagcggtggtttgtttgccggatcaagagctaccaactctttttccgaaggtaactggcttcagcagagcgcagatacc
aaatactgttcttctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgcctacatacctcgctctgctaatcctgttac
cagtggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggataaggcgcagcggtcgggctg
aacggggggttcgtgcacacagcccagcttggagcgaacgacctacaccgaactgagatacctacagcgtgagctatgagaaag
cgccacgcttcccgaagggagaaaggcggacaggtatccggtaagcggcagggtcggaacaggagagcgcacgagggagctt
ccagggggaaacgcctggtatctttatagtcctgtcgggtttcgccacctctgacttgagcgtcgatttttgtgatgctcgtcaggggggcg
gagcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctggccttttgctcacatgttctttcctgcgttatcccct
gattctgtggataaccgtattaccgcctttgagtgagctgataccgctcgccgcagccgaacgaccgagcgc 
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AAV-SpyCas9-ABE8e-N-tracrRNA used in Figure 5b 
Legend: ITR, CMV enhancer, chicken β-actin promoter, SV40 NLS, TadA8e, SpyCas9-N-
terminus, intein-N, bGH polyA signal, U6 promoter, tracrRNA 
 
cagctatgaccatgattacgccagatttaattaaggctgcgcgctcgctcgctcactgaggccgcccgggcaaagcccgggcgtcgg
gcgacctttggtcgcccggcctcagtgagcgagcgagcgcgcagagagggagtggccaactccatcactaggggttcctgcggcct
ctagatcagggtacccgttacataacttacggtaaatggcccgcctggctgaccgcccaacgacccccgcccattgacgtcaatagta
acgccaatagggactttccattgacgtcaatgggtggagtatttacggtaaactgcccacttggcagtacatcaagtgtatcatatgcca
agtacgccccctattgacgtcaatgacggtaaatggcccgcctggcattgtgcccagtacatgaccttatgggactttcctacttggcagt
acatctacgtattagtcatcgctattaccatggtcgaggtgagccccacgttctgcttcactctccccatctcccccccctccccaccccca
attttgtatttatttattttttaattattttgtgcagcgatgggggcggggggggggggggggcgcgcgccaggcggggcggggcggggc
gaggggcggggcggggcgaggcggagaggtgcggcggcagccaatcagagcggcgcgctccgaaagtttccttttatggcgag
gcggcggcggcggcggccctataaaaagcgaagcgcgcggcgggcgggagtcgctgcgacgctgccttcgccccgtgccccgct
ccgccgccgcctcgcgccgcccgccccggctctgactgaccgcgttactcccacaggtgagcgggcgggacggcccttctcctccg
ggctgtaattagctgagcaagaggtaagggtttaagggatggttggttggtggggtattaatgtttaattacctggagcacctgcctgaaa
tcactttttttcaggttggaccggtgccaccatgaaacggacagccgatggaagcgagttcgagtcaccaaagaagaagcggaaag
tctctgaggtggagttttcccacgagtactggatgagacatgccctgaccctggccaagagggcacgggatgagagggaggtgcctg
tgggagccgtgctggtgctgaacaatagagtgatcggcgagggctggaacagagccatcggcctgcacgacccaacagcccatg
ccgaaattatggccctgagacagggcggcctggtcatgcagaactacagactgattgacgccaccctgtacgtgacattcgagccttg
cgtgatgtgcgccggcgccatgatccactctaggatcggccgcgtggtgtttggcgtgaggaactcaaaaagaggcgccgcaggct
ccctgatgaacgtgctgaactaccccggcatgaatcaccgcgtcgaaattaccgagggaatcctggcagatgaatgtgccgccctgc
tgtgcgatttctatcggatgcctagacaggtgttcaatgctcagaagaaggcccagagctccatcaactccggaggatctagcggagg
ctcctctggctctgagacacctggcacaagcgagagcgcaacacctgaaagcagcgggggcagcagcggggggtcagacaag
aagtacagcatcggcctggccatcggcaccaactctgtgggctgggccgtgatcaccgacgagtacaaggtgcccagcaagaaatt
caaggtgctgggcaacaccgaccggcacagcatcaagaagaacctgatcggagccctgctgttcgacagcggcgaaacagccg
aggccacccggctgaagagaaccgccagaagaagatacaccagacggaagaaccggatctgctatctgcaagagatcttcagc
aacgagatggccaaggtggacgacagcttcttccacagactggaagagtccttcctggtggaagaggataagaagcacgagcgg
caccccatcttcggcaacatcgtggacgaggtggcctaccacgagaagtaccccaccatctaccacctgagaaagaaactggtgg
acagcaccgacaaggccgacctgcggctgatctatctggccctggcccacatgatcaagttccggggccacttcctgatcgagggcg
acctgaaccccgacaacagcgacgtggacaagctgttcatccagctggtgcagacctacaaccagctgttcgaggaaaaccccat
caacgccagcggcgtggacgccaaggccatcctgtctgccagactgagcaagagcagacggctggaaaatctgatcgcccagct
gcccggcgagaagaagaatggcctgttcggaaacctgattgccctgagcctgggcctgacccccaacttcaagagcaacttcgacc
tggccgaggatgccaaactgcagctgagcaaggacacctacgacgacgacctggacaacctgctggcccagatcggcgaccagt
acgccgacctgtttctggccgccaagaacctgtccgacgccatcctgctgagcgacatcctgagagtgaacaccgagatcaccaag
gcccccctgagcgcctctatgatcaagagatacgacgagcaccaccaggacctgaccctgctgaaagctctcgtgcggcagcagct
gcctgagaagtacaaagagattttcttcgaccagagcaagaacggctacgccggctacattgacggcggagccagccaggaaga
gttctacaagttcatcaagcccatcctggaaaagatggacggcaccgaggaactgctcgtgaagctgaacagagaggacctgctgc
ggaagcagcggaccttcgacaacggcagcatcccccaccagatccacctgggagagctgcacgccattctgcggcggcaggaa
gatttttacccattcctgaaggacaaccgggaaaagatcgagaagatcctgaccttccgcatcccctactacgtgggccctctggcca
ggggaaacagcagattcgcctggatgaccagaaagagcgaggaaaccatcaccccctggaacttcgaggaagtggtggacaag
ggcgcttccgcccagagcttcatcgagcggatgaccaacttcgataagaacctgcccaacgagaaggtgctgcccaagcacagcc
tgctgtacgagtacttcaccgtgtataacgagctgaccaaagtgaaatacgtgaccgagggaatgagaaagcccgccttcctgagcg
gcgagcagaaaaaggccatcgtggacctgctgttcaagaccaaccggaaagtgaccgtgaagcagctgaaagaggactacttca
agaaaatcgagtgcctgtcctacgagacagagatcctgacagtggagtatggcctgctgccaatcggcaagatcgtggagaagag
gatcgagtgtaccgtgtactctgtggataacaatggcaacatctatacacagcccgtggcacagtggcacgataggggagagcagg
aggtgttcgagtattgcctggaggacggcagcctgatcagggcaaccaaggaccacaagttcatgacagtggatggccagatgctg
cccatcgacgagattttcgagcgggagctggacctgatgagagtggataacctgcctaatagcggaggcagtaaaagaacagcag
acgggagtgagtttgagcccaagaaaaagagaaaggtgtaagatctgataatcaacctctggattacaaaatttgtgaaagattgact
ggtattcttaactatgttgctccttttacgctatgtggatacgctgctttaatgcctttgtatcatgctattgcttcccgtatggctttcattttctcctc
cttgtataaatcctggttagttcttgccacggcggaactcatcgccgcctgccttgcccgctgctggacaggggctcggctgttgggcact
gacaattccgtggtgcgactgtgccttctagttgccagccatctgttgtttgcccctcccccgtgccttccttgaccctggaaggtgccactc
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ccactgtcctttcctaataaaatgaggaaattgcatcgcattgtctgagtaggtgtcattctattctggggggtggggtggggcaggacag
caagggggaggattgggaagacaatagcaggcatgctggggatgcggtgggctctatggctcgagaaaaaaagcaccgactcgg
tgccactttttcaagttgataacggactagccttattTTAACTTGCTATGCTCggtgtttcgtcctttccacaagatatataaagcc
aagaaatcgaaatactttcaagttacggtaagcatatgatagtccattttaaaacataattttaaaactgcaaactacccaagaaattatt
actttctacgtcacgtattttgtactaatatctttgtgtttacagtcaaattaattctaattatctctctaacagccttgtatcgtatatgcaaatatg
aaggaatcatgggaaataggccctcgcggccgcaggaacccctagtgatggagttggccactccctctctgcgcgctcgctcgctca
ctgaggccgggcgaccaaaggtcgcccgacgcccgggctttgcccgggcggcctcagtgagcgagcgagcgcgcagccttaatt
aacctaattcactggccgtcgttttacaacgtcgtgactgggaaaaccctggcgttacccaacttaatcgccttgcagcacatcccccttt
cgccagctggcgtaatagcgaagaggcccgcaccgatcgcccttcccaacagttgcgcagcctgaatggcgaatgggacgcgccc
tgtagcggcgcattaagcgcggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcgccctagcgcccgctcctttcg
ctttcttcccttcctttctcgccacgttcgccggctttccccgtcaagctctaaatcgggggctccctttagggttccgatttagtgctttacggc
acctcgaccccaaaaaacttgattagggtgatggttcacgtagtgggccatcgccctgatagacggtttttcgccctttgacgttggagtc
cacgttctttaatagtggactcttgttccaaactggaacaacactcaaccctatctcggtctattcttttgatttataagggattttgccgatttc
ggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaaatattaacgtttataatttcaggtggcatctttcg
gggaaatgtgcgcggaacccctatttgtttatttttctaaatacattcaaatatgtatccgctcatgagacaataaccctgataaatgcttca
ataatattgaaaaaggaagagtatgagtattcaacatttccgtgtcgcccttattcccttttttgcggcattttgccttcctgtttttgctcaccca
gaaacgctggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtgggttacatcgaactggatctcaacagcggtaagat
ccttgagagttttcgccccgaagaacgttttccaatgatgagcacttttaaagttctgctatgtggcgcggtattatcccgtattgacgccgg
gcaagagcaactcggtcgccgcatacactattctcagaatgacttggttgagtactcaccagtcacagaaaagcatcttacggatggc
atgacagtaagagaattatgcagtgctgccataaccatgagtgataacactgcggccaacttacttctgacaacgatcggaggaccg
aaggagctaaccgcttttttgcacaacatgggggatcatgtaactcgccttgatcgttgggaaccggagctgaatgaagccataccaa
acgacgagcgtgacaccacgatgcctgtagtaatggtaacaacgttgcgcaaactattaactggcgaactacttactctagcttcccg
gcaacaattaatagactggatggaggcggataaagttgcaggaccacttctgcgctcggcccttccggctggctggtttattgctgataa
atctggagccggtgagcgtgggtctcgcggtatcattgcagcactggggccagatggtaagccctcccgtatcgtagttatctacacga
cggggagtcaggcaactatggatgaacgaaatagacagatcgctgagataggtgcctcactgattaagcattggtaactgtcagacc
aagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatcctttttgataatctcatgaccaaaat
cccttaacgtgagttttcgttccactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgagatcctttttttctgcgcgtaatctg
ctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgtttgccggatcaagagctaccaactctttttccgaaggtaactggctt
cagcagagcgcagataccaaatactgtccttctagtgtagccgtagttaggccaccacttcaagaactctgtagcaccgcctacatac
ctcgctctgctaatcctgttaccagtggctgctgccagtggcgataagtcgtgtcttaccgggttggactcaagacgatagttaccggata
aggcgcagcggtcgggctgaacggggggttcgtgcacacagcccagcttggagcgaacgacctacaccgaactgagatacctac
agcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggcggacaggtatccggtaagcggcagggtcggaacagg
agagcgcacgagggagcttccagggggaaacgcctggtatctttatagtcctgtcgggtttcgccacctctgacttgagcgtcgatttttg
tgatgctcgtcaggggggcggagcctatggaaaaacgccagcaacgcggcctttttacggttcctggccttttgctgcggttttgctcac
atgttctttcctgcgttatcccctgattctgtggataaccgtattaccgcctttgagtgagctgataccgctcgccgcagccgaacgaccga
gcgcagcgagtcagtgagcgaggaagcggaagagcgcccaatacgcaaaccgcctctccccgcgcgttggccgattcattaatgc
agctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagttagctcactcattaggcacccca
ggctttacactttatgcttccggctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaa 
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AAV-SpyCas9-ABE8e-C-tracrRNA used in Figure 5b 
Legend: ITR, CMV enhancer, chicken β-actin promoter, SV40 NLS, intein-C, SpyCas9-C-
terminus, bGH polyA signal, U6 promoter, tracrRNA 
taattaaggctgcgcgctcgctcgctcactgaggccgcccgggcaaagcccgggcgtcgggcgacctttggtcgcccggcctcagtg
agcgagcgagcgcgcagagagggagtggccaactccatcactaggggttcctgcggcctctagatcagggtacccgttacataact
tacggtaaatggcccgcctggctgaccgcccaacgacccccgcccattgacgtcaatagtaacgccaatagggactttccattgacgt
caatgggtggagtatttacggtaaactgcccacttggcagtacatcaagtgtatcatatgccaagtacgccccctattgacgtcaatgac
ggtaaatggcccgcctggcattgtgcccagtacatgaccttatgggactttcctacttggcagtacatctacgtattagtcatcgctattacc
atggtcgaggtgagccccacgttctgcttcactctccccatctcccccccctccccacccccaattttgtatttatttattttttaattattttgtgc
agcgatgggggcggggggggggggggggcgcgcgccaggcggggcggggcggggcgaggggcggggcggggcgaggcg
gagaggtgcggcggcagccaatcagagcggcgcgctccgaaagtttccttttatggcgaggcggcggcggcggcggccctataaa
aagcgaagcgcgcggcgggcgggagtcgctgcgcgctgccttcgccccgtgccccgctccgccgccgcctcgcgccgcccgccc
cggctctgactgaccgcgttactcccacaggtgagcgggcgggacggcccttctcctccgggctgtaattagctgagcaagaggtaa
gggtttaagggatggttggttggtggggtattaatgtttaattacctggagcacctgcctgaaatcactttttttcaggttggaccggtgccac
catgaaacggacagccgaTggaagcgagttcgagtcaccaaagaagaagcggaaagtcatcaagattgctacacggaaatacc
tgggaaagcagaacgtgtacgacatcggcgtggagcgggatcacaacttcgccctgaagaatggctttatcgccagcaattgcttcg
actccgtggaaatctccggcgtggaagatcggttcaacgcctccctgggcacataccacgatctgctgaaaattatcaaggacaagg
acttcctggacaatgaggaaaacgaggacattctggaagatatcgtgctgaccctgacactgtttgaggacagagagatgatcgagg
aacggctgaaaacctatgcccacctgttcgacgacaaagtgatgaagcagctgaagcggcggagatacaccggctggggcaggc
tgagccggaagctgatcaacggcatccgggacaagcagtccggcaagacaatcctggatttcctgaagtccgacggcttcgccaac
agaaacttcatgcagctgatccacgacgacagcctgacctttaaagaggacatccagaaagcccaggtgtccggccagggcgata
gcctgcacgagcacattgccaatctggccggcagccccgccattaagaagggcatcctgcagacagtgaaggtggtggacgagct
cgtgaaagtgatgggccggcacaagcccgagaacatcgtgatcgaaatggccagagagaaccagaccacccagaagggacag
aagaacagccgcgagagaatgaagcggatcgaagagggcatcaaagagctgggcagccagatcctgaaagaacaccccgtg
gaaaacacccagctgcagaacgagaagctgtacctgtactacctgcagaatgggcgggatatgtacgtggaccaggaactggaca
tcaaccggctgtccgactacgatgtggaccatatcgtgcctcagagctttctgaaggacgactccatcgacaacaaggtgctgaccag
aagcgacaagaaccggggcaagagcgacaacgtgccctccgaagaggtcgtgaagaagatgaagaactactggcggcagctg
ctgaacgccaagctgattacccagagaaagttcgacaatctgaccaaggccgagagaggcggcctgagcgaactggataaggcc
ggcttcatcaagagacagctggtggaaacccggcagatcacaaagcacgtggcacagatcctggactcccggatgaacactaagt
acgacgagaatgacaagctgatccgggaagtgaaagtgatcaccctgaagtccaagctggtgtccgatttccggaaggatttccagt
tttacaaagtgcgcgagatcaacaactaccaccacgcccacgacgcctacctgaacgccgtcgtgggaaccgccctgatcaaaaa
gtaccctaagctggaaagcgagttcgtgtacggcgactacaaggtgtacgacgtgcggaagatgatcgccaagagcgagcagga
aatcggcaaggctaccgccaagtacttcttctacagcaacatcatgaactttttcaagaccgagattaccctggccaacggcgagatc
cggaagcggcctctgatcgagacaaacggcgaaaccggggagatcgtgtgggataagggccgggattttgccaccgtgcggaaa
gtgctgagcatgccccaagtgaatatcgtgaaaaagaccgaggtgcagacaggcggcttcagcaaagagtctatcctgcccaaga
ggaacagcgataagctgatcgccagaaagaaggactgggaccctaagaagtacggcggcttcgacagccccaccgtggcctatt
ctgtgctggtggtggccaaagtggaaaagggcaagtccaagaaactgaagagtgtgaaagagctgctggggatcaccatcatgga
aagaagcagcttcgagaagaatcccatcgactttctggaagccaagggctacaaagaagtgaaaaaggacctgatcatcaagctg
cctaagtactccctgttcgagctggaaaacggccggaagagaatgctggcctctgccggcgaactgcagaagggaaacgaactgg
ccctgccctccaaatatgtgaacttcctgtacctggccagccactatgagaagctgaagggctcccccgaggataatgagcagaaac
agctgtttgtggaacagcacaagcactacctggacgagatcatcgagcagatcagcgagttctccaagagagtgatcctggccgac
gctaatctggacaaagtgctgtccgcctacaacaagcaccgggataagcccatcagagagcaggccgagaatatcatccacctgttt
accctgaccaatctgggagcccctgccgccttcaagtactttgacaccaccatcgaccggaagaggtacaccagcaccaaagaggt
gctggacgccaccctgatccaccagagcatcaccggcctgtacgagacacggatcgacctgtctcagctgggaggtgactctggcg
gctcaaaaagaaccgccgacggcagcgaattcgagcccaagaagaagaggaaagtctaagatctgataatcaacctctggattac
aaaatttgtgaaagattgactggtattcttaactatgttgctccttttacgctatgtggatacgctgctttaatgcctttgtatcatgctattgcttc
ccgtatggctttcattttctcctccttgtataaatcctggttagttcttgccacggcggaactcatcgccgcctgccttgcccgctgctggaca
ggggctcggctgttgggcactgacaattccgtggtgcgactgtgccttctagttgccagccatctgttgtttgcccctcccccgtgccttcctt
gaccctggaaggtgccactcccactgtcctttcctaataaaatgaggaaattgcatcgcattgtctgagtaggtgtcattctattctggggg
gtggggtggggcaggacagcaagggggaggattgggaagacaatagcaggcatgctggggatgcggtgggctctatggctcgag
aaaaaaagcaccgactcggtgccactttttcaagttgataacggactagccttattTTAACTTGCTATGCTCggtgtttcgtcct
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ttccacaagatatataaagccaagaaatcgaaatactttcaagttacggtaagcatatgatagtccattttaaaacataattttaaaactg
caaactacccaagaaattattactttctacgtcacgtattttgtactaatatctttgtgtttacagtcaaattaattctaattatctctctaacagc
cttgtatcgtatatgcaaatatgaaggaatcatgggaaataggccctcgcggccgcaggaacccctagtgatggagttggccactccc
tctctgcgcgctcgctcgctcactgaggccgggcgaccaaaggtcgcccgacgcccgggctttgcccgggcggcctcagtgagcga
gcgagcgcgcagccttaattaacctaattcactggccgtcgttttacaacgtcgtgactgggaaaaccctggcgttacccaacttaatcg
ccttgcagcacatccccctttcgccagctggcgtaatagcgaagaggcccgcaccgatcgcccttcccaacagttgcgcagcctgaa
tggcgaatgggacgcgccctgtagcggcgcattaagcgcggcgggtgtggtggttacgcgcagcgtgaccgctacacttgccagcg
ccctagcgcccgctcctttcgctttcttcccttcctttctcgccacgttcgccggctttccccgtcaagctctaaatcgggggctccctttagg
gttccgatttagtgctttacggcacctcgaccccaaaaaacttgattagggtgatggttcacgtagtgggccatcgccctgatagacggtt
tttcgccctttgacgttggagtccacgttctttaatagtggactcttgttccaaactggaacaacactcaaccctatctcggtctattcttttgatt
tataagggattttgccgatttcggcctattggttaaaaaatgagctgatttaacaaaaatttaacgcgaattttaacaaaatattaacgctta
caatttaggtggcacttttcggggaaatgtgcgcggaacccctatttgtttatttttctaaatacattcaaatatgtatccgctcatgagacaa
taaccctgataaatgcttcaataatattgaaaaaggaagagtatgagtattcaacatttccgtgtcgcccttattcccttttttgcggcattttg
ccttcctgtttttgctcacccagaaacgctggtgaaagtaaaagatgctgaagatcagttgggtgcacgagtgggttacatcgaactgg
atctcaacagcggtaagatccttgagagttttcgccccgaagaacgttttccaatgatgagcacttttaaagttctgctatgtggcgcggta
ttatcccgtattgacgccgggcaagagcaactcggtcgccgcatacactattctcagaatgacttggttgagtactcaccagtcacaga
aaagcatcttacggatggcatgacagtaagagaattatgcagtgctgccataaccatgagtgataacactgcggccaacttacttctg
acaacgatcggaggaccgaaggagctaaccgcttttttgcacaacatgggggatcatgtaactcgccttgatcgttgggaaccggag
ctgaatgaagccataccaaacgacgagcgtgacaccacgatgcctgtagcaatggcaacaacgttgcgcaaactattaactggcg
aactacttactctagcttcccggcaacaattaatagactggatggaggcggataaagttgcaggaccacttctgcgctcggcccttccg
gctggctggtttattgctgataaatctggagccggtgagcgtgggtctcgcggtatcattgcagcactggggccagatggtaagccctcc
cgtatcgtagttatctacacgacggggagtcaggcaactatggatgaacgaaatagacagatcgctgagataggtgcctcactgatta
agcattggtaactgtcagaccaagtttactcatatatactttagattgatttaaaacttcatttttaatttaaaaggatctaggtgaagatccttt
ttgataatctcatgaccaaaatcccttaacgtgagttttcgttccactgagcgtcagaccccgtagaaaagatcaaaggatcttcttgaga
tcctttttttctgcgcgtaatctgctgcttgcaaacaaaaaaaccaccgctaccagcggtggtttgtttgccggatcaagagctaccaactc
tttttccgaaggtaactggcttcagcagagcgcagataccaaatactgttcttctagtgtagccgtagttaggccaccacttcaagaactc
tgtagcaccgcctacatacctcgctctgctaatcctgttaccagtggctgctgccagtggcgataagtcgtgtcttaccgggttggactca
agacgatagttaccggataaggcgcagcggtcgggctgaacggggggttcgtgcacacagcccagcttggagcgaacgacctac
accgaactgagatacctacagcgtgagctatgagaaagcgccacgcttcccgaagggagaaaggcggacaggtatccggtaagc
ggcagggtcggaacaggagagcgcacgagggagcttccagggggaaacgcctggtatctttatagtcctgtcgggtttcgccacctc
tgacttgagcgtcgatttttgtgatgctcgtcaggggggcggagcctatggaaaaacgccagcaacgcggcctttttacggttcctggcc
ttttgctggccttttgctcacatgttctttcctgcgttatcccctgattctgtggataaccgtattaccgcctttgagtgagctgataccgctcgcc
gcagccgaacgaccgagcgcagcgagtcagtgagcgaggaagcggaagagcgcccaatacgcaaaccgcctctccccgcgc
gttggccgattcattaatgcagctggcacgacaggtttcccgactggaaagcgggcagtgagcgcaacgcaattaatgtgagttagct
cactcattaggcaccccaggctttacactttatgcttccggctcgtatgttgtgtggaattgtgagcggataacaatttcacacaggaaac
agctatgaccatgattacgccagatt 
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