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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 k e y to the success of oligonucleotide therapeutics, can enhance the st abilit y, distribution, cellular uptake, and safety of nucleic acids. 
P re viously, w e engineered heavily and fully modified SpyCas9 crRNA and tracrRNA, which sho w ed enhanced st abilit y and ret ained activit y 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 
viv o . Finally, w e achie v ed in viv o genome editing in adult mouse liv er and central nerv ous sy stem via co-deliv ery of unf ormulated, chemically 
modified crRNAs with protecting oligos and AAV vectors that express tracrRNA and either SpyCas9 or a base editor deriv ativ e. Our proof-of- 
concept establishment of AAV / crRNA co-delivery offers a route towards transient editing activit y, t arget multiplexing , guide redosing , and vector 
inactivation. 
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Introduction 

Rapidly evolving CRISPR-Cas genome editing tools have rev-
olutionized biomedical research and promise new routes to
therapeutics. Currently, most of the widely applied genome
editing tools are based on a Cas9 protein from Streptococ-
cus 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 mo-
tif (PAM), and the Cas9 nuclease can generate a double-strand
DNA (dsDNA) break. When applied to genome editing in eu-
karyotic cells, non-homologous-end-joining (NHEJ) can in-
duce 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 nucle-
obase deaminase enzymes fused to nCas9 and can generate
single-base changes within the targeted genomic locus with-
out requiring dsDNA breaks ( 8–12 ). More recently, prime ed-
itors were developed by fusing engineered reverse transcrip-
tase (RT) to nCas9, which offers even more versatility and
can make virtually any substitution, small insertion and small
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. Un-
modified single-stranded RNAs (ssRNA) are extremely vul-
nerable 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 oligonu-
cleotide 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 (siR-
NAs) 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 effec- 
tor (such as a Cas9 nuclease or base editor), and a tracrRNA,
both 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 tis- 
sues including liver and CNS ( 15 ,36–39 ). Separating guide de- 
livery 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), facil- 
itate 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 de- 
sired editing is achieved ( 25 ). 

Previous efforts focusing on chemical modifications of 
CRISPR guide RNAs have shown that some partial modifica- 
tions can enhance on-target efficiency ( 23–25 , 27 , 40–51 ), re- 
duce off-target effects ( 25–27 , 45 , 48–50 , 52–57 ), enhance sta- 
bility ( 23 , 58 , 59 ), and reduce toxicity ( 44 , 60 , 61 ) and immune
response ( 62 ). However, due to cellular barriers and harsh in 

vivo nuclease environments, delivering naked crRNA in vivo 

without LNP formulation requires more complete chemical 
modification to substantially enhance stability and potency 
( 22 ). Previously, using SpyCas9, we engineered heavily and 

fully chemically modified crRNAs and tracrRNAs that exhibit 
increased stability while retaining editing activity when de- 
livered to cultured cells as a ribonucleoprotein (RNP) com- 
plex at high doses ( 23 ). However, consistent with results from 

other studies, some positions of the crRNA are sensitive to 

chemical modifications at the 2 

′ -OH group ( 43 , 54 , 55 ), and 

fully modified crRNAs exhibited reduced activity at lower 
RNP doses ( 23 ). Further exploring new chemical modifica- 
tions that closely mimic the sugar conformation of RNA and 

retain the hydrogen bonds between SpyCas9 and crRNA nu- 
cleotides will likely help to achieve full modification with en- 
hanced stability and retained activity ( 63 ). In this study, we 
sought an alternative strategy by designing fully chemically 
stabilized protecting oligos (P.O.s) that significantly enhanced 

both 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 
Gr aphical abstr act 



Nucleic Acids Research , 2024, Vol. 52, No. 2 979 

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 cul- 
tured cells that stably express effector protein and tracrRNA. 
Finally, we show that unformulated, chemically modified cr- 
RNAs co-delivered with tracrRNA- and effector-expressing 
AAV vectors support genome editing in vivo in adult mice. 

Materials and methods 

Molecular cloning 

The U1a-SpyCas9-miniU6-tracrRNA lentivector used for gen- 
erating the stable HEK293T-SpyCas9-tracrRNA-TLR-MCV1 

reporter cell line shown in Figure 1 a 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 Ad- 
dgene plasmid #121507. Similarly, the dGFP reporter plas- 
mid was cloned into a lentivector for generating the HEK29T- 
SpyCas9-ABE-tracrRNA-dGFP reporter cell line shown in 

Figure 1 a. First, the Addgene plasmid #52962 was digested 

with NotI and BamH1 restriction enzymes. Then, the dGFP 

reporter plasmid was digested with EcoRI and MluI re- 
striction enzymes, followed by Gibson assembly with bridg- 
ing double-strand DNA (dsDNA) containing homology se- 
quences. 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 1 A. Addgene plasmid #159095 

was digested with SalI and EcoRV, and the backbone was 
Gibson-assembled with the CMV enhancer and CbH pro- 
moter, SpyCas9-ABE8e, U6-tracrRNA, and hPGK-PuroR. The 
U1a-SpyCas9-U6-tracrRNA lentivector used for generating 
the stable Hepa1-6-SpyCas9-tracrRNA cell line was cloned 

by Gibson Assembly. The Addgene plasmid #51133 was di- 
gested with EcoRI and AleI, and the backbone was then as- 
sembled with U1a-SpyCas9 and U6-tracrRNA. The plasmid 

for packaging AAV to express tracrRNA (Figures 4 and 5 ) 
was cloned by swapping the sgRNA with tracrRNA in Ad- 
dgene Plasmid #121508 by overlapping PCR and removing 
the EGFP-expression cassette by SpeI and XbaI restriction en- 
zyme 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. Se- 
quences 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, the dGFP reporter 
transgene in the HEK293T-SpyCas9-ABE-tracrRNA-dGFP 

reporter cell line, and the SpyCas9-tracrRNA transgene in 

the Hepa1-6 cell line were integrated into the genome of 
HEK293T-TLR-MCV1 reporter cells(64), HEK293T cells, 
and Hepa1-6 cells, respectively, by lentiviral transduction. 
HEK293-F cells (ThermoFisher R79007) were transfected 

with the transfer plasmid and the packaging plasmids (Ad- 
dgene plasmids #12263 and #8454) using TransIT-LT1 trans- 
fection reagent (Mirus MIR 2304). Two days later, the me- 
dia 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, the HEK293T cells were trans- 
duced with lentivirus encoding the dGFP reporter, and 

the Hepa1-6 cells were transduced with lentivirus encod- 
ing SpyCas9-tracrRNA in the presence of 8 μg / ml poly- 
brene (Millipore Sigma TR-1003-G). Three days after trans- 
duction, the media was removed, and fresh media con- 
taining 5 μg / ml Blasticidin (Gibco R21001) was added to 

the HEK293T cells lines, and 2.5 μg / ml Puromycin (Ther- 
moFisher A1113802). Ten days post-selection, cells were col- 
lected, 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 gener- 
ate Hepa1-6-SpyCas9-ABE-tracrRNA stable cell line. Briefly, 
the SpyCas9-ABE-tracrRNA PiggyBac transposon plasmid 

and PiggyBac transposase expression plasmid (System Bio- 
sciences 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 electro- 
porated into Hepa1-6 cells using a Neon Transfection Sys- 
tem 10 μl kit (ThermoFisher MPK 1096) with the follow- 
ing electroporation parameters: pulse voltage (1230 V), pulse 
width (20 ms), pulse number ( 3 ). Four days after transfec- 
tion or electroporation, fresh media containing 2.5 μg / ml 
Puromycin (ThermoFisher A1113802) was 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 
lines were cultured in Dulbecco’s modified Eagle’s media 
(DMEM, Genesee Scientific 25-500) supplemented with 10% 

fetal bovine serum (FBS, Gibco 26140079). All cells were in- 
cubated in a 37 

◦C incubator with 5% CO 2 . 

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). Phospho- 
ramidites were prepared at 0.1 M in anhydrous acetoni- 
trile (ACN), except for 2 

′ - O -methyl-uridine dissolved in 

anhydrous ACN containing 15% dimethylformamide. 5- 
(Benzylthio)-1H-tetrazole (BTT) was used as the activa- 
tor at 0.25 M, and the coupling time for all phospho- 
ramidites was 4 min. Detritylations were performed us- 
ing 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 con- 
vert to phosphate was performed with 0.05 M iodine in 

pyridine-H 2 O (9:1, v / v) (AIC) or phosphorothioate with a 
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solution of 0.1 M of 3 [(dimethylaminomethylene)amino]- 
3 H -1,2,4-dithiazole-5-thione (DDTT) in pyridine (Chem- 
Genes) for 4 min. Unconjugated oligonucleotides were syn- 
thesized on 500 Å long-chain alkyl amine (LCAA) con- 
trolled pore glass (CPG) functionalized with Unylinker ter- 
minus (ChemGenes). Cholesterol-conjugated oligonucleotides 
were synthesized on a 500 Å LCAA-CPG support, where the 
cholesterol moiety is bound through a tetra-ethyleneglycol 
(TEG) linker (Chemgenes, Wilmington, MA). GalNAc con- 
jugated oligonucleotides were grown on a 500 Å LCAA-CPG 

where the trivalent GalNAc cluster was linked to the oligonu- 
cleotide through an aminopropanediol linker. TEG was used 

as the proximal spacers for each of the GalNac units. DHA- 
conjugated oligonucleotides were synthesized on a 500 Å
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 

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 h at room temper- 
ature. Cleaved and deprotected oligos were fully dried un- 
der a vacuum. Oligonucleotides containing 2 

′ TBDMS protect- 
ing 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 precip- 
itated 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 (Milli- 
pore, Billerica, MA USA), followed by three RNase-free water 
washes, spinning in each case for 15 min at 14 000 × g. Fi- 
nally, desalted oligonucleotides were dissolved 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 ac- 
curate mass Q-TOF using the following conditions: buffer 
A: 100 mM 1,1,1,3,3,3-hexafluoroisopropanol (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 gra- 
dient 5–100% B in 5 min 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, 100–3200 m / z ; 
scan rate, 2 spectra / s; capillary voltage, 4000; fragmentor, 
200 V; gas temp, 325 

◦C. The sequences, chemical modifica- 
tions and mass spectrometry results of all the oligonucleotides 
used in the study are provided in the Supplementary Table. 

Buffer exchange of oligonucleotide for in cellulo 

and in vivo study 

Oligonucleotides were first concentrated using Ultra Centrifu- 
gal 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 con- 
centrations for in cellulo and in vivo studies. 

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 min, then gradually cooled to 15 

◦C ( −0.1 

◦C / s, 
with the temperature held for 30 s every 10 

◦C). SpyCas9 

protein was purchased from UCB QB3 MacroLab, and RNP 

was formed by mixing crRNA, tracrRNA and Cas9 at 2:2:1 

ratio and incubating in PBS, pH 7.4 (Gibco 10010-023) at 
room temperature for 10 min. Electroporation of crRNA, 
crRNA / P.O. or RNP was performed using a Neon Transfec- 
tion System 10 μl kit (ThermoFisher MPK 1096), with the fol- 
lowing 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 then incubated in 200 μl culture media in 48-well plates 
and cultured for 48 h before being quantified by flow cytom- 
etry or deep sequencing. 

Free uptake of crRNA 

HEK293T-SpyCas9-ABE-tracrRNA-dGFP reporter cells were 
seeded at 25% confluency in a 48-well cell culture plate (Ther- 
moFisher 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 h before being quantified by flow cytometry. 

Fluorescent reporter assay 

Cells were trypsinized, harvested into microcentrifuge tubes 
and centrifuged at 300 × g for 3 min. Supernatant was re- 
moved and the cell pellet was resuspended into 1 × PBS 
and transferred into flow cytometry tubes. MACSQuant VYB 

was used for quantification of the percentage of fluorescent- 
positive cells, and 10000 events were counted for flow cytome- 
try analysis. Data was analyzed using Flowjo v10. A represen- 
tative 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 h 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 min to denature. The digested RNA was fur- 
ther resolved by 10% urea polyacrylamide gel electrophoresis 
(PAGE) followed by SYBR Gold (Invitrogen S11494) staining. 

Melting temperature ( T m 

) measurement 

Melting temperatures of C20 / P.O. complexes were recorded 

on a Cary 3500 Multicell UV–Vis spectrophotometer 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
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equipped with air-cooled Peltier temperature control. Briefly, 
C20 crRNA was annealed with P.O. at 1:1 molar ratio at 5 

μM in 1 × PBS, pH 7.4 (Gibco 10010–023) by heating to 95 

◦C 

for 5 min, then gradually cooled to 15 

◦C ( −0.1 

◦C / s, with the 
temperature held for 30 s every 10 

◦C). Thermal melting was 
performed by monitoring UV absorbance at 260 nm while in- 
creasing the temperature over the range of 5–95 

◦C at a heating 
rate of 1 

◦C per minute. The T m 

was calculated as the maxi- 
mum of the first derivative of the melt curve. 

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 ( 65 ). Constructs were pack- 
aged in AAV9 capsids, and viral titers were determined by 
digital droplet PCR and gel electrophoresis, followed by sil- 
ver staining. 

Stereotactic intrastriatal (IS) injection 

All animal study protocols were approved by the Institu- 
tional 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 Jack- 
son Lab #027632 with a Cre-expressing female mouse (JAX 

#008454). The Cas9 / mTmG 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 anes- 
thetized by intraperitoneal injection of a 0.1 mg / kg Fentanyl, 
5 mg / kg Midazolam, and 0.25 mg / kg Dexmedetomidine mix- 
ture. A total dose of 5 × 10 

10 vg of AAV in 3 μl was admin- 
istered via unilateral intrastriatal injection (3 μl on the right 
side) performed as previously described at the following coor- 
dinates from bregma: +1.0 mm anterior-posterior (AP), ±2.0 

mm mediolateral, and − 3.0 mm dorsoventral ( 35 ,66 ). Once 
the injection was completed, mice were intraperitoneally in- 
jected with 0.5 mg / kg Flumazenil and 5.0 mg / kg Atipame- 
zole, and subcutaneously injected with 0.3 mg / kg Buprenor- 
phine. 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 Fah 

PM / 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 ac- 
cording to IACUC guidelines. For RO injection, six-week-old 

female mice were anesthetized by placement inside an ap- 
proved induction chamber and introduction of Isoflurane at 
a flow rate of 2–3% and oxygen at 1.5 l / min. A total dose of 
2 × 10 

12 vg of AAV (1 × 10 

12 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 h 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 col- 
lected into individual tubes. Tissues were homogenized, and 

genomic DNA was extracted using GenElute Mammalian Ge- 
nomic DNA Miniprep Kit (Millipore Sigma G1N350). 

Immunohistochemistry (IHC) 

A floating section IHC staining protocol ( 67 ) was used in 

Figure 4 C. Briefly, mice were perfused with PBS, and brains 
were harvested and fixed with 10% neutral buffered formalin 

(ThermoFisher 5735) for 20 h. 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% hy- 
drogen peroxide (Sigma 216763). The sections were then incu- 
bated with blocking solution [1.5% normal goat serum (Vec- 
tor Laboratories S-1000) + 0.3% Triton X-100 in PBS, pH 

7.4] for 3 h at room temperature (RT) followed by incubat- 
ing 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 (Vec- 
tor Laboratories BA-1000) for 10 min at RT, then with ABC 

reagent (Vector Laboratories PK-6100) for 30 min at RT. To 

detect EGFP-positive signals, the sections were stained with 

1 × DAB (ThermoFisher 34065) for 2 min 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 5 H used formalin-fixed, 
paraffin-embedded sections. Briefly, mice were euthanized by 
CO 2 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 ( 66 ,68 ). 

ImageJ analysis on IHC images 

The percentage of EGFP-positive cells was quantified using the 
ImageJ color deconvolution 2 plugin. A 1 mm 

2 region around 

the injection site was selected 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 back- 
ground counting, and applying watershed, followed by an- 
alyzing particles (200 − infinity). The percentage of EGFP- 
positive cells = (number of DAB-positive cells / number of nu- 
clei) × 100%. 

Fluorescent imaging 

In Figure 3 C, μ-slide 8 well plates (ibidi 80826) were coated 

with 300 μl 11 μg / ml Fibronectin for 1 h at 37 

◦C, and 

HEK293T cells were seeded at 10% confluence and incubated 

overnight. Then, culture media was removed, and 1.5 μM 

Cy3-labeled crRNAs with or without P.O. diluted in DMEM 
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containing 3% FBS were added to the cells and incubated for 
24 h. The culture media containing Cy3-labeled crRNAs were 
then removed. Cells were washed with 1 × PBS and stained 

with nucblue (Invitrogen R37605) before imaging. For Figure 
3 F, mouse brains IS-injected with Cy3-labeled crRNAs were 
perfused with PBS, fixed with 10% neutral buffered formalin 

for 20 h, paraffin-embedded, and sectioned to 10 μm. Before 
imaging, the brain sections were deparaffinized by incubat- 
ing in xylene for 10 min 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 barcod- 
ing 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). Sequenc- 
ing of the pooled amplicons was performed using an Illu- 
mina 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 ( 69 ) (ver- 
sion 2.0.40) was used in batch mode with base editor out- 
put and the following flags: -w 10, -q 30, -plot_window_size 
20, -min_frequency_alleles_around_cut_to_plot 0.1. Indel fre- 
quency = (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. 

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 (containing few 

or no 2 

′ -OH groups, respectively) 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 vi- 
ral co-delivery (delivering naked crRNA with virus-expressed 

effector protein and tracrRNA), we established two stable hu- 
man HEK293T cell lines that express an effector protein, the 
tracrRNA and a fluorescent reporter gene (Figure 1 a) from in- 
tegrated vectors. In the first case, we generated a clonal line 
stably expressing SpyCas9 nuclease, tracrRNA, and a traf- 
fic light reporter (TLR -MCV1) ( 64 , 70 ). This reporter consists 

of a disrupted GFP followed by an out-of-frame mCherry; 
a double-strand DNA break in the broken GFP region gen- 
erates a frameshift and places mCherry in-frame, leading to 

red fluorescence (Figure 1 A, top; Supplementary Figure 1 a). 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 1 A, second panel; 
Supplementary Figure 1 b). We also engineered two clonal lines 
derived from mouse Hepa1-6 cells. The first stably expresses 
SpyCas9-ABE8e and tracrRNA (Figure 1 a, third panel) with- 
out a reporter, and the second stably expresses SpyCas9 nu- 
clease and tracrRNA (Figure 1 A, bottom), to facilitate tests 
at endogenous sites in the mouse genome. In all four 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 flow cytom- 
etry analysis, or endogenous target editing by amplicon deep 

sequencing. 
We chose to test a series of chemical modification patterns 

of the previously engineered crRNAs that showed robust ac- 
tivity when delivered in the form of the RNP complex (Figure 
1 B) ( 71 ). We synthesized crRNAs with these chemical modifi- 
cation patterns and spacer sequences targeting either the fluo- 
rescent 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 activ- 
ity at all the target sites tested (Figure 1 C–I) and significantly 
improved activity compared to the unmodified C00 as well as 
the minimally modified C0 (Figure 1 C–I). However, consistent 
with previous studies ( 43 , 54 , 55 ), 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 1 C–I). 

When delivering RNP complexes, where the effector 
complex is pre-formed in vitro and Cas9 protein protects 
the guide RNA from degradation, minimal modification 

such as C0 can achieve high or even similar efficiency as 
C20 ( Supplementary Figure 1 c, d). However, 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 1 B in 10% non-heat- 
inactivated fetal bovine serum (FBS) at 37 

◦C (although 10% 

FBS does not fully recapitulate harsh in vivo environments 
such as endosomes). We found that only the fully modified 

crRNAs resisted ribonuclease degradation and remained sta- 
ble throughout 24 h of incubation (Figure 1 j). The superior 
activity but poor stability of C20, together with the opposite 
trend for C21, C40 and C45, indicate that stability / efficacy 
trade-offs exist among these previously engineered 

crRNAs. 

Protecting oligonucleotides can enhance the 

potency and stability of heavily modified crRNAs 

While continuing the development of crRNA chemical con- 
figurations 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 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
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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, 
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activity across sites (Figure 1 C–I). The C20 modification pat- 
tern includes six riboses (though each ribose also includes a 
3 

′ -phosphorothioate for partial stabilization) (Figure 1 B), and 

degradation still occurs in the ribose-containing region (Fig- 
ure 1 J). 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) ( 72 ,73 ) and by the well-established observation that 
double-stranded RNAs are more resistant to nuclease degra- 
dation than single-stranded RNAs ( 74–76 ). 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 ini- 
tial annealing to the unprotected crRNA bases, thereby allow- 
ing the formation of the active crRNA / tracrRNA complex 

(Figure 2 A, B) ( 5 ). 
By annealing the P.O. to C20 and electroporating the du- 

plex into the stable cell lines, we found that none of the 
P.O.s depicted in Figure 2 B interfered with crRNA activity 
( Supplementary Figure 2 a), and the duplexes exhibited signif- 
icantly enhanced potency compared to C20 alone at all target 
sites tested (Figure 2 C–F). Furthermore, when incubating the 
duplex with non-heat-inactivated FBS at 37 

◦C, we found that 
P.O.s greatly improved C20 stability, with P.O.s 14 nucleotides 
(nt) or longer protecting the majority of C20 from degrada- 
tion throughout the 24 h of incubation (Figure 2 G, H). The 
high efficacy of the C20 / P.O. complex further implies that the 
stability conferred by duplex formation does not prevent pro- 
ductive tracrRNA annealing, as we hypothesized. 

We then further explored the mechanisms of P.O. activ- 
ity. We compared the activities of C20 with P.O.s of differ- 
ent lengths (Figure 2 C, D) or that anneal to different regions 
of C20 ( Supplementary Figure 2 b). 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 protec- 
tion (Figure 2 G, H and Supplementary Figure 2 c). 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 in- 
hibited initial tracrRNA annealing, P.O. displacement, or both 

( Supplementary Figure 2 c). Furthermore, the positions where 
the P.O. binds are also important ( Supplementary Figure 2 b). 
A 16 nt P.O. (B10) that leaves no toe-hold for initial tracrRNA 

annealing also leads to reduced activity, consistent with our 

hypothesis that the P.O. needs to be displaced by tracrRNA 

before C20 can become active ( Supplementary Figure 2 b). Fi- 
nally, 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. re- 
sulted from C20 stabilization ( Supplementary Figure 2 d). 

We also evaluated off-target editing by C20 crRNA with 

or without P.O. To do this, we chose the Hepa1-6-SpyCas9- 
tracrRNA stable cell line, because double-strand-break (DSB) 
editing is more prone to off-target editing than base edit- 
ing ( 77–79 ). When electroporating C20 or C20 / P.O. complex 

into the Hepa1-6-SpyCas9-tracrRNA cell line targeting either 
Pcsk9b or DnmtI sites, we observed no above-background 

level of off-target editing at previously validated off-targets 
( Supplementary Figure 2 e, f) ( 80 ,81 ). 

Protecting oligonucleotides support editing by 

passi ve uptak e 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 ( 82 ), 
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 deliv- 
ered into cultured cells through passive uptake and induce 
specific mRNA knockdown ( 18 ,83–85 ). We hypothesized that 
C20 / P.O. complexes can similarly enter cells via passive up- 
take, 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 3 A). Three 
days later, we analyzed the editing efficiency by flow cytome- 
try. We found that the unformulated C20 / PO7 complex can 

be delivered via passive uptake in these cells and guide Spy- 
Cas9 editing activity (Figure 3 B). The higher efficiency of 
C20 / PO7 compared to C20 alone is likely mainly due to the 
increased stability by P.O. protection, because C20 with a mis- 
matched 14 nt, fully 2 

′ - O -methyl modified oligo generated 

similar level of editing compared to C20 (Figure 3 B), and the 
uptake efficiency of C20 crRNA was only slightly enhanced 

when annealed to PO7 (Figure 3 C, D). 
A significant advance in the field of oligonucleotide ther- 

apeutics has been the development of oligo bioconjugation 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
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 + quantification via flow cytometry. Second 
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 re v erses the mutation, and the editing efficiency can then be measured by GFP + quantification via flow cytometry. Third 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. Bottom panel: a stable mouse Hepa1-6 cell line that expresses SpyCas9 and 
tracrRNA. Electroporation of crRNA targeting endogenous genomic loci will generate Indels that can be measured by amplicon deep sequencing. 
( B ) The modification patterns of the previously engineered, heavily or fully modified crRNAs used in panels (C–I) Modified crRNAs targeting different 
sequences w ere deliv ered b y electroporating 100 pmol crRNA into 5 × 10 4 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, and 
( H–I ), Hepa1-6-SpyCas9-tracrRNA stable cell line for two endogenous loci, as indicated. The editing efficiencies were quantified by either flow cytometry 
analysis ( C, D ) or targeted amplicon deep sequencing (E–I) ( n = 3 biological replicates). Data represent mean ± SD; ns, P > 0.05, ** P < 0.01; 
*** P < 0.001; **** P < 0.0001 (one-w a y ANO V A; C20 was used as control in multiple comparisons). ( J ) St abilit y of partially and fully-modified crRNAs 
shown in (B) in 10% non-heat-inactivated FBS at 37 ◦C. Digested fragments were resolved by 10% urea-denaturing polyacrylamide gel electrophoresis 
(PAGE) f ollo w ed b y SYBR Gold st aining . M1 and M2 are mark ers representing potential C20 degradation products, with black arro ws representing 
potential clea v age sites. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
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Figure 2. Protecting oligonucleotide (P.O.) enhances the potency and st abilit y 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 h ypothesiz ed to lead to P.O. displacement via duplex invasion. 
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( 29 ,86–90 ), in which oligos are appended with lipids ( 89–97 ), 
vitamins ( 98 ,99 ), peptides ( 100 ), receptor ligands ( 87 , 88 , 101 ), 
aptamers ( 102 ) or antibodies ( 103 ,104 ). Depending on the 
target cell type, these modifications can promote bioavail- 
ability, cellular uptake, tissue specificity, and safety of the in 

vivo delivered oligonucleotides through various mechanisms 
such as (i) penetrating the cell by natural transport mech- 
anisms, (ii) specifically binding to a cell surface receptor or 
(iii) interacting non-specifically with the cell membrane ( 29 ). 
For example, the most clinically advanced bioconjugate, N - 
acetylgalactosamine (GalNac), is a ligand for the asialoglyco- 
protein receptor (ASGPR), which is highly expressed on the 
membranes of hepatocytes ( 87 , 88 , 101 ). 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 mem- 
brane association, binding circulating plasma lipoproteins, 
promoting uptake by interactions with lipoprotein receptors, 
or combinations thereof ( 89 ). More recently, docosanoic acid 

(DCA) ( 92 ) and docosahexaenoic acid (DHA) ( 91 ) have been 

used to improve biodistribution in extrahepatic tissues such 

as the muscle and brain. 
Despite these advances with ASOs and siRNAs, lipid conju- 

gates 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 re- 
duced both the in vitro and the in cellulo activity of the RNP 

complex ( 23 ). The reduced efficiency may be caused by ei- 
ther the strong hydrophobicity or the steric hindrance of the 
cholesterol conjugate, perhaps affecting guide loading, protein 

function, or both. A potential advantage of the P.O. approach 

is that it can provide additional ‘handles’ for conjugates, with- 
out the conjugates being present in the final, functional RNP 

complex. To test this idea, we compared the effects of hy- 
drophobic 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 3 E). 

To directly examine the effects of P.O. with hydropho- 
bic conjugation on C20 cellular uptake in cell culture, we 
incubated Cy3-labeled C20 with or without a cholesterol- 
conjugated P.O. We found that having a cholesterol- 
conjugated P.O. significantly enhanced cellular uptake of C20 

(Figure 3 C, D). To visualize the effects of hydrophobic- 
conjugated P.O. on 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 uncon- 
jugated P.O.s, both cholesterol- and DHA-conjugated P.O.s 
significantly enhanced the in vivo distribution of C20 in fat- 
enriched tissue (striatum) following local injection (Figure 3 F). 

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. 

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 unformu- 
lated C20 / P.O. complex can support genome editing by AAV 

co-delivery in vivo . We chose to test this in a double trans- 
genic reporter mouse model, Cas9 / mTmG 

+ / + . This mouse 
model was generated by crossing the homozygous Cas9 

+ / + 

mice with homozygous mTmG 

+ / + reporter mice ( 105 ). The 
Cas9 

+ / + mouse model constitutively expresses SpyCas9, and 

the only component requiring AAV delivery is the tracr- 
RNA. 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 un- 
til the mT cassette is deleted (Figure 4 A). 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 dele- 
tion of the mT cassette and allow mG expression. We then 

detected EGFP expression by performing Immunohistochem- 
istry (IHC) on formalin-fixed mouse brain sections using anti- 
EGFP antibodies (Figure 4 A). 

Recent studies on siRNAs showed that compared to choles- 
terol, conjugation of the less hydrophobic DHA allows 
broader distribution in the CNS and supports more robust 
silencing ( 91 ). 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 ,92 ). This is potentially because the cleav- 
able 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 en- 
dosomal membrane or other disruptions to intracellular traf- 
ficking). By IHC staining using an anti-EGFP antibody, we 
found that C20 without P.O. did not generate any editing in 

the brain (Figure 4 B, C). 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 4 B, C), consistent with the in vivo distri- 
bution results shown in Figure 3 D. When quantifying the per- 
centage of EGFP-positive cells within 1 mm 

2 around the site 
of injection, we found that DHA conjugation performed bet- 
ter than cholesterol conjugation, and having a cleavable linker 
further improved the editing efficiency (Figure 4 D). 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
( 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 flow cytometry (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 (tw o-w a y ANO V A; 
C20 was used as control in multiple comparisons). ( G ) . The st abilit y 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 f ollo w ed b y SYBR Gold staining ( n = 3 replicates; 
the other two gel replicates are shown in Supplementary Figure 1 e, f). ( H ). ImageJ quantification of percentage of full-length C20 crRNA at different 
time points for gels shown in Figure 2 G and Supplementary Figure 1 e, f. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
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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. 
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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 tracr- 
RNA, initially in hepatocytes due to the advanced state of 
GalNac conjugates in clinical applications of oligonucleotides 
( 87 , 88 , 101 , 106 ). Here, we chose two established mouse tar- 
gets 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 ty- 
rosinemia type 1 (HT1). 

For Pcsk9 editing in adult B6 mice, we tested C20 with ei- 
ther a 14 nt or a 16 nt P.O. having a trivalent GalNac con- 
jugate (Figure 5 A) ( 101 ). We also included a non-targeting 
C20 crRNA as well as PBS as negative controls. First, we in- 
jected adult mice with AAV to express either SpyCas9-ABE8e 
and tracrRNA (Figure 5 B), or SpyCas9 nuclease and tracr- 
RNA (Figure 5 C) 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 statistically 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 5 B, C). 

Next, we tested whether our co-delivery approach can gen- 
erate therapeutically relevant editing by testing in the mouse 
model of HT1. The HT1 mouse model used in this study is the 
Fah 

PM / 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 ( 107 ,108 ). This point muta- 
tion generates exon 8 skipping and causes FAH deficiency 
(Figure 5 D). Because FAH catalyzes one step of the tyro- 
sine catabolic pathway, FAH deficiency leads to accumulation 

of toxic fumarylacetoacetate and succinyl acetoacetate, caus- 
ing damage in multiple organs ( 107 ). The Fah 

PM / PM mouse 
can be treated with 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3- 
cyclohexanedione (NTBC), an inhibitor of an enzyme up- 
stream within the tyrosine degradation pathway to prevent 
toxin accumulation ( 108 ). Without such treatment, the mice 
rapidly lose weight and die. Previously, studies showed that 
the point mutation in the Fah 

PM / PM mouse could be corrected 

by SpyCas9-ABE delivered by lipid nanoparticles carrying 

mRNA and sgRNA, or by plasmid hydrodynamic tail-vein in- 
jection ( 40 ,68 ). 

We first injected AAV9 to express SpyCas9-ABE8e and 

tracrRNA by RO injection, using split inteins to reconsti- 
tute the effector as described ( 109–111 ). After five weeks, we 
performed RO injections of C20 with a previously validated 

spacer sequence targeting the point mutation in the Fah 

PM / PM 

mouse ( 40 ,68 ), 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 stain- 
ing using anti-FAH antibodies. For the remaining mouse from 

each group, we cycled NTBC off and on (7–10 days off fol- 
lowed by 2 days on) for three months to allow FAH-positive 
hepatocytes to expand, and we monitored body weight to as- 
sess functional rescue (Figure 5 E). 

Before NTBC withdrawal, we observed low yet statisti- 
cally significant on-target editing in the groups that were co- 
delivered with both AAV9 vectors and the C20 / P.O. guides 
(Figure 5 F). After NTBC withdrawal, the PBS-injected mouse 
rapidly lost body weight and was humanely sacrificed af- 
ter 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 5 G). 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 expan- 
sion of FAH-positive hepatocytes in the liver tissue treated via 
AAV9 / guide co-delivery (Figure 5 H). 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. 
The initial editing efficiency we achieved in the liver, though 

statistically 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 respon- 
sible for the uptake of GalNac-conjugated oligos ( 87 , 88 , 101 ), 
has a cell surface recycling time of 10–15 min ( 106 , 112 , 113 ). 
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 injec- 
tion ( 114 ). 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 ( 114 ). We reasoned that 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
( 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. C20 with spacer sequence targeting the DnmtI site (C20_NC) was used as a negative control. A 14 nt mismatched and 
fully 2 ′ - O -Me modified oligo (14nt_mm) served as a control for PO7. Base editing efficiency was measured using the 
HEK293T-SpyCas9-ABE-tracrRNA-dGFP reporter and flow cytometry analysis ( n = 3 biological replicates). Data represent mean ± SD; ns, P > 0.05; 
*** P < 0.001; **** P < 0.0001 (one-w a y ANO V A). ( C ) Cellular uptake of C y3-labeled C20 with or without P.O . Liv e cell images w ere acquired using a 
Leica fluorescent microscope with 63x magnification. Blue, NucBlue; red, Cy3. ( D ) Quantification of percentage of Cy3-positive cells shown in Figure 3 C 

using flow cytometry ( n = 3 biological replicates). Data represent mean ± SD; * P < 0.05; ** P < 0.01; **** P < 0.0001 (one-w a y ANO V A). ( E ) 100 pmol 
C20, with and without conjugates, P.O.s, or both (as shown), were electroporated into 5 × 10 4 HEK293T-SpyCas9-ABE-tracrRNA-dGFP reporter cells. 
Editing efficiencies were then measured by flow cytometry analysis. GalNac, trivalent N -acetylgalactosamine; DHA, docosahexaenoic acid; TegChol, 
tetra-eth ylene-gly col-link ed cholesterol. Data represent mean ± SD; ns, P > 0.05; **** P < 0.0001 (one-w a y ANO V A; C20 was used as control in 
multiple comparisons). ( F ) 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 for the other two 
biological replicates are shown in Supplementary Figure 3 A). Images were acquired using a Leica fluorescent microscope. Upper row of images: 5 ×
magnification tile scan; bottom row: 63x magnification. Blue, DAPI; red, Cy3. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
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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 mm 

2 area around the site of injection ( n = 8 mice per group). Data represent mean ± SD; 
**** P < 0.0 0 01 (one-w a y ANO V A). 

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 injec- 
tions 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 ampli- 
con deep sequencing to measure the editing efficiency (Figure 
6 A). 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 6 B). In addition, we 
did not observe any sign of toxicity in the liver by redosing 
( Supplementary Figure 3 c), and the oligo-treated mice were in 

good health, similar to the PBS-injected mice. These data indi- 
cate that repeat crRNA dosing is possible and can be well- 
tolerated, and that further optimization of the dosing regi- 
men promises to provide additional improvements in editing 
efficiency. 

Discussion 

Our results serve as a proof-of-concept study for using P.O.s 
to enhance stability , potency , and cellular uptake of crRNAs 
to achieve self-delivery in vivo . The self-delivering crRNAs 
can be applied to viral vector co-delivery, potentially allow- 
ing multiplexed targeting, especially in tissues that are hard 

to access (such as the CNS). Tailored co-delivery of the pro- 
tected crRNA into specific tissues may also provide spatiotem- 
poral control of editing events, reduce off-target effects in un- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
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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 
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intended organs, and perhaps enable AAV vector inactivation 

in the future through the co-delivery of vector-targeting guides 
( Supplementary Figure 4 ) ( 25 ). 

The efficiency initially achieved in this study remains low 

compared to the well-established delivery approaches such as 
LNP delivery in the liver ( 80 ,115 ). However, our approach 

holds important promise for delivering CRISPR to extrahep- 
atic tissues, such as CNS, where the most effective current 
method of delivery is still via AAV vectors ( 116–119 ). Studies 
focusing on advancing non-viral delivery for CRISPR genome 
editing agents in the CNS, such as engineered RNPs ( 120 ,121 ), 
nanoparticle carriers ( 122 ), or virus-like particles ( 123 ,124 ) 
are also showing great promise. Yet most of the approaches 
developed so far are limited to localized editing with limited 

efficiency and restricted tissue distribution ( 120 , 122 , 123 , 125–
129 ), possibly due to the narrow widths of brain extracel- 
lular spaces that limit the diffusion of the delivery vectors 
( 130 ). On the other hand, both AAV and oligonucleotides are 
small in size, facilitating CNS distribution. Importantly, our 
study shows that knowledge acquired from the rapidly evolv- 
ing oligonucleotide therapeutic fields ( 16 , 17 , 86 , 94 , 131 ) can 

be readily applied to improve the distribution and efficiency 
of self-delivering crRNA in vivo , which will likewise help to 

achieve high efficiency and broad distribution in the CNS. 
Multiple potential directions can be explored that build 

upon our initial proof-of-principle study to further increase 
the in vivo editing efficiency of our strategy. First, the oligonu- 
cleotides can be optimized further. Our study indicates that 
the bottleneck to high in vivo activity may be the efficiency 
of productive uptake of the crRNA / P.O. complex and sub- 
sequent SpyCas9-crRNA-tracrRNA complex assembly. This 
is based on the observations that repeat dosing can signifi- 
cantly increase the in vivo editing efficiency (Figure 6 ), and 

relatively higher doses are required for electroporation of cr- 
RNA to achieve a similar editing efficiency as RNP (Figure 
1 , Figure 2 , and Supplementary Figure 1 c). More detailed 

mechanistic studies on the cellular uptake, endosomal escape, 
subcellular localization, and Cas9 loading properties of the 
crRNA / P.O. complexes are needed to understand the limit- 
ing steps. Future optimization of P.O.s, including but not lim- 
ited 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. For example, 2 

′ - 
F residues have been shown to shift the subcellular localiza- 
tion of oligos from the cytoplasm to the nucleus ( 132 ), 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 enhanc- 

ing editing efficiency. Different conjugates can also be applied 

such as myristic acid ( 90 ,95 ) and α-tocopherol ( 98 ,99 ), which 

were recently shown to provide improved distribution and ef- 
ficiency properties to ASOs and siRNAs. Additionally, a re- 
cent study with siRNAs indicates that a high-affinity univer- 
sal oligonucleotide anchor with a high-molecular-weight con- 
jugate can reduce the renal clearance of siRNA and enhance 
blood and tissue retention ( 133 ). This approach may also be 
combined with the P.O. strategy to further enhance potency. 
Furthermore, our approach separated crRNA from tracrRNA 

for genome editing, which has been shown to have lower ef- 
ficiency compared to sgRNA ( 41 ). Additional modifications 
such as S-constrained ethyl (cEt) on the repeat region of cr- 
RNA may increase binding affinity between the crRNA and 

tracrRNA and improve efficiency, as reported previously ( 25 ). 
As a second potential direction, ongoing improvements in 

AAV vectors will likely synergize with oligonucleotide co- 
delivery, including the use of AAV capsids with enhanced 

CNS delivery ( 134 ,135 ). Optimized UTR regions of the AAV 

genome could also achieve higher transgene expression lev- 
els, single vector delivery of SpyCas9 and tracrRNA, or 
both ( 111 ). Third, distinct modes of administration could 

be explored. Our current study used only intrastriatal injec- 
tion (which generates localized delivery) for both AAV and 

crRNA / P.O. Intracerebroventricular (ICV) injection for both 

AAV and crRNA / P.O. could be tested and may enhance edit- 
ing and distribution in CNS tissues ( 106 , 113 , 114 , 136–140 ). 
Moreover, our current study performed only limited toxicity 
analysis, and more detailed evaluations for both CNS and sys- 
temic delivery are needed. Optimizing dosing regimens and 

timing for co-delivered AAV vectors and crRNAs promise to 

further enhance distribution, uptake, safety, and editing effi- 
ciency. A fourth avenue involves increased stringency of stabil- 
ity assessment. Our studies thus far have involved incubation 

in 10% FBS, but other systems (e.g. liver homogenate) could 

better predict in vivo potency ( 141 ). Further optimization of 
C20 crRNA using new chemistries to achieve high stability 
with retained activity, or directed evolution approaches to en- 
gineer Cas9 mutants that are compatible with fully modified 

crRNAs ( 142 ,143 ), may help to enhance in vivo potency. 
Because P.O.s do not interfere with Cas9 activity and tol- 

erate a wide range of bioconjugates, they may serve as a de- 
livery vehicle that can add value for delivering fully modified 

and stabilized crRNA in vivo . Furthermore, P.O.s offer oppor- 
tunities to improve pharmacokinetic and pharmacodynamic 
behavior 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 

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
amplicon deep sequencing quantifying the editing efficiency in the liver by co-delivery of AA V -expressed 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, (tw o-w a y ANO V A). ( C ) Targeted amplicon deep sequencing quantifying the editing efficiency in the liv er b y 
co-delivery of AA V -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-w a y ANO V A). ( D ) Schematic represent ation of the G-to-A point mut ation that generates 
e x on 8 skipping and Fah deficiency in the Fah PM / PM mouse model. The bottom shows a previously validated guide design ( 68 ) for SpyCas9-ABE to 
correct the point mutation. Red, target adenine; orange, b y stander adenine; underlined, PAM. ( E ) Schematic representation of the experimental design 
of in vivo AAV co-delivery in the Fah PM / 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 AA V -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 (tw o-w a y ANO V A). ( G ) B ody w eight of the F ah PM / PM mice treated with AAV and the indicated crRNA, measured o v er 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. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkad1125#supplementary-data
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BA

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 AA V -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 5 B. Data represent mean ± SD; **** P < 0.0001 (tw o-w a y ANO V A). 

15 nt passenger strand) ( 16 ). The single-stranded PS-tails re- 
semble 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. delivery strat- 
egy 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 po- 
tent 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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