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ABSTRACT

The compact CRISPR/Cas9 system, which can be
delivered with their gRNA and a full-length promoter
for expression by a single adeno-associated virus
(AAV), is a promising platform for therapeutic appli-
cations. We previously identified a compact Sauri-
Cas9 that displays high activity and requires a sim-
ple NNGG PAM, but the specificity is moderate. Here,
we identified three compact Cas9 orthologs, Staphy-
lococcus Ilugdunensis Cas9 (SlugCas9), Staphylo-
coccus lutrae Cas9 (SlutrCas9) and Staphylococ-
cus haemolyticus Cas9 (ShaCas9), for mammalian
genome editing. Of these three Cas9 orthologs, Slug-
Cas9 recognizes a simple NNGG PAM and displays
comparable activity to SaCas9. Importantly, we gen-
erated a SlugCas9-SaCas9 chimeric nuclease, which
has both high specificity and high activity. We finally
engineered SlugCas9 with mutations to generate a
high-fidelity variant that maintains high specificity
without compromising on-target editing efficiency.
Our study offers important minimal Cas9 tools that
are ideal for both basic research and clinical applica-
tions.

INTRODUCTION

Compact CRISPR /Cas9 nucleases (<1100 aa) can be deliv-
ered with their gRNA and a full-length promoter for their
expression by a single adeno-associated virus (AAV) (1-4)
for in vivo genome editing, and thus hold great promise
for gene therapy. The active complex is composed of a
Cas9 nuclease and a guide RNA (gRNA), which together
recognize a target DNA that is complementary to the 20
bp-protospacer sequence in the gRNA. Upon recognition,
this complex generates a site-specific double-strand break
(DSB) (5-9). Target site recognition also requires a spe-
cific protospacer adjacent motif (PAM) (5,10-12) unique to
the Cas9 protein, which limits the targeting scope of Cas9.
To expand targeting scope, several compact Cas9 nucle-
ases have been developed for mammalian genome editing
(2,7,13-15). We recently developed a compact SauriCas9
recognizing simple NNGG PAM, but the specificity is mod-
erate (16).

The ideal compact Cas9 tools should maintain the prop-
erties of broadened PAM targeting range, high activity and
high specificity. In this study, we identified three compact
SaCas9 orthologs, Staphylococcus lugdunensis Cas9 (Slug-
Cas9), Staphylococcus lutrae Cas9 (SlutrCas9) and Staphy-
lococcus haemolyticus (ShaCas9), for mammalian genome
editing. Initial SaCas9 proteins require a longer PAM than
the commonly used SpCas9 for targeting (NNGRRT for
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SaCas9, NNNRRT for SaCas9-KKH, NGG for SpCas9)
(2,5,17), which limits their widespread usage. The new Slug-
Cas9 contains a compact NNGG PAM, analogous to the
NGG PAM of SpCas9, and is ~1 kp smaller in size. To
reduce the propensity of off-target cleavage, we generated
a SlugCas9-based chimeric Cas9 nuclease with high speci-
ficity and activity. Importantly, we also engineered a vari-
ant of SlugCas9 to be of high-fidelity, hereby referred to
as SlugCas9-HF. This new Cas protein encompasses all de-
sired properties such as recognizing an NNGG PAM, dis-
plays high specificity and maintains high activity.

MATERIALS AND METHODS
Cell culture and transfection

HEK?293T, HeLa and Human foreskin fibroblast (HFF)
cells were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% FBS (Gibco).
N2a cells were maintained in 45% DMEM and 45% Opti-
MEM supplemented with 10% FBS (Gibco). HCT116 cells
were maintained in McCoy’s 5A supplemented with 10%
FBS (Gibco). A375 cells were maintained in RPMI-1640
supplemented with 10% FBS (Gibco). All the cells were
supplemented with 100 U/ml penicillin and 100 mg/ml
streptomycin, and cultured at 37°C and 5% CO,. For Slug-
Cas9, Sa-SlugCas9, ShaCas9 and SlutrCas9 PAM sequence
screening, HEK293T cells were plated into 10 cm dishes
and transfected at 50-60% confluency with Cas9-gRNA-
expressing plasmid (15 pg) using 30 pl of Lipofectamine
2000 (Life Technologies) in Opti-MEM. For genome edit-
ing comparisons of SaCas9, SlugCas9, SlugCas9-HF, Sa-
SlugCas9, ShaCas9 and SlutrCas9, cells were seeded on 48-
well plates and transfected with Cas9 plasmid (300 ng) and
gRNA plasmid (200 ng) using 1 w1 of Lipofectamine 2000
(Life Technologies) in Opti-MEM according to the manu-
facturer’s instructions. For base editing capability of Slug-
Cas9, HEK293T cells were seeded on 48-well plates and
transfected with SlugABEmax/SlugBE4max plasmid (300
ng) and gRNA plasmid (200 ng) using 1 wl of Lipofec-
tamine 2000 (Life Technologies) in Opti-MEM(Gibco), ac-
cording to the manufacturer’s instructions.

Plasmid construction

Cas9 expression plasmid construction: the plasmid
pX601 (addgene#61591) was amplified by primers
px601-F/px601-R to remove SaCas9. The human codon-
optimized Cas9 genes (Supplementary Table S1) were
synthesized by HuaGene (Shanghai, China) and cloned
into the pX601 backbone by NEBuilder assembly tool
(NEB). The sequence of each Cas9 was confirmed by
Sanger sequencing (GENEWIZ, Suzhou, China).
SlugBE4max and SlugABEmax plasmid con-
struction: The primers ABEmax-F/ABEmax-R and
AncBE4max-F/ AncBE4max-R were used to amplify
pCMV_ABEmax P2A_GFP (Addgene #112101) and
pCMV_AncBE4max (Addgene #112094), respectively,
to remove SpCas9n. SlugCas9n was amplified from
SlugCas9 plasmid by primers ABE-SlugCas9(D10A)-
F/ABE-SlugCas9(D10A)-R and BE4-SlugCas9(D10A)-
F/BE4-SlugCas9 (D10A)-R, respectively. The PCR
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products were cloned into pPCMV-ABEmax_P2A_GFP and
pCMV_AncBE4max backbone to obtain SlugABEmax
and SlugBE4max, respectively. All the primer sequences
are listed in Supplementary Table S2.

gRNA expression plasmids construction: The plasmid
hUG6-Sa_tracr was digested with the restriction endonucle-
ase Bsal. gRNAs were inserted into plasmid between two
Bsal restriction sites, respectively. All target sequences are
listed in Supplementary Table S3.

PAM sequence analysis

Twenty base-pair sequences (AAGCCTTGTTTGCCAC
CATG/ GTGAGCAAGGGCGAGGAGCT) flanking the
target sequence (GAACGGCTCGGAGATCATCATT
GCG NNNNNNN) were used to fix the target sequence.
GCG and GTGAGCAAGGGCG AGGAGCT were
used to fix 7-bp random sequence. Target sequences with
in-frame mutations were used for PAM analysis. The
7-bp random sequence was extracted and visualized by
WebLog3 (18) and PAM wheel chart to demonstrate PAMs

(10).

Genome editing for endogenous sites

HEK293T cells were seeded into a 48-well plate and trans-
fected with Cas9 plasmids (300 ng) and gRNA plasmids
(200 ng) by Lipofectamine 2000 (1 wl) (Life Technologies).
Cells were collected 3-5 days after transfection. For HeLa,
A375, HCT116, HFF and N2a cells, we transfected Slug-
Cas9 (300 ng) and gRNA plasmids (200 ng) by Lipofec-
tamine 3000 (1 wl) (Life Technologies). Cells were collected
5-7 days after transfection. Genomic DNA was isolated,
and the target sites were PCR-amplified by nested PCR am-
plification and purified by a Gel Extraction Kit (QIAGEN)
for deep sequencing.

Genome editing for stimulating HDR

The donor DNA (single-stranded oligonucleotides) was
synthesized by GENEWIZ (Shanghai, China). A total of 2
x 10° HEK293T cells were transfected with 1 wg of Cas9-
expressing plasmid DNA, 0.5 pg of gRNA-expressing plas-
mids, and 100 pmol of donor oligonucleotides by electropo-
ration and then seeded into 12-wells. Electroporation volt-
age, width and number of pulses were 1150 V, 30 ms and 1
pulse, respectively. Genomic DNA was isolated by DNeasy
Blood and Tissue Kit (QIAGEN), and the target sites were
PCR-amplified, and then purified by a Gel Extraction Kit
(QIAGEN). Then, 400 ng of PCR products was digested by
EcoRI restriction enzyme, and samples were run on a 2%
agarose gel.

Base editing with SlugABEmax/SlugBE4max

HEK293T cells were seeded into 48-well at a density of
20 000 cells/250 wl and transfected with SlugABEmax/
SlugBE4max (300 ng) and gRNA plasmids (200 ng). Cells
were collected and the genomic DNA was isolated 3-5 days
after transfection. Genomic DNA was isolated, and the tar-
get sites were PCR amplified by nested PCR amplification
and purified by a Gel Extraction Kit (QIAGEN) for deep
sequencing.
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Test of Cas9 specificity

To test the specificity of SlugCas9, SlugCas9-HF, Sa-
SlugCas9, ShaCas9 and SlutrCas9, we generated a GFP-
reporter cell line with NNGGA (CTGGA) PAM. The cells
were seeded into 48-well and transfected with Cas9 plas-
mids (300 ng) and gRNA plasmids (200 ng) by 1 .l of Lipo-
fectamine 2000. Three days after editing, the GFP-positive
cells were analyzed on the Calibur instrument (BD). Data
were analyzed using FlowJo. For SaCas9, specificity, we re-
analyzed the previously generated data (16).

AAYV production

HEK?293T cells were seeded at approximately 60—-70% con-
fluency in a 10 cm dish the day before transfection. For
each well, 4 pg of Cas9-gRNA expressing plasmid, 4 g
of pAAV-RC (Gene-Bank: AF369963), and 8 jLg of pAAV-
helper were transfected using 160 wL of PEI (0.1% m/v,
Poly-sciences, Cat# 23966 [pH 4.5]). Media were changed
6-8 h after transfection. After 72 h, cells are scrapped and
poured into a 15-ml conical centrifuge tube. Spin at 4000 g
at 4°C for 5 min, and transfer supernatant into a new 15-
ml tube. Resuspend the cell pellet in 1 ml of PBS Buffer.
Transfer to a new 15-ml conical tube. Freeze in liquid nitro-
gen for 1-2 min, thaw at 37°C for 3—4 min, and repeat three
times. Spin at 4000 g at 4°C for 10 min. Mix the two super-
natants together and filter with a 0.45-pm polyvinylidene
fluoride filter. Add one-half volume of the mixed solution (1
M NaCl + 10% PEGS8000), and incubate at 4°C overnight.
After centrifugation at 4°C for 2 h at 12 000 g, discard the
flow-through and add 500 w1 of chilled PBS. The quantita-
tive PCR reveals that AAV titration is 1.0 x 10'? copies/ml.
About 100 wl of the virus was added into a 12-well plate
with 60-80% confluency of cells, resulting in a multiplicity
of infection (MOI) of ~2 x 10° viral genomes/cell.

GUIDE-seq

GUIDE-seq experiments were performed as described pre-
viously (19), with minor modifications. Briefly, 2 x 103
HEK?293T cells were transfected with 1 g of SlugCas9/
SlugCas9-HF, 0.5 pg of gRNA plasmids, and 100 pmol
of annealed GUIDE-seq oligonucleotides by electropora-
tion and then seeded into 12 wells. Electroporation voltage,
width and number of pulses were 1150 V, 30 ms and 1 pulse,
respectively. Genomic DNA was extracted with a DNeasy
Blood and Tissue Kit (QIAGEN) 5-7 days after transfec-
tion according to the manufacturer’s protocol. Prepare the
genome library and deep sequencing.

Western blotting

HEK?293T cells were seeded into a six-well plate and trans-
fected with Cas9-expressing plasmids (2 pg) by Lipofec-
tamine 2000 (1 wl) (Life Technologies). Three days after
transfection, cell samples were collected and were lysed with
NP-40 buffer (Beyotime) in the presence of 1 mM phenyl-
methanesulfonyl fluoride (PMSF) (Beyotime). Then, cen-
trifugation at 12 000 rpm for 10 min at 4°C, the super-
natant was collected for western blotting. The protein was
separated by 8% SDS-PAGE gel and then transferred to

polyvinylidene fluoride (PVDF) (Thermo) membrane. Af-
ter blocking with 5% (wt./vol.) BSA (Sigma) in TBS-T
(0.1% Tween 20 in 1x TBS) buffer for 1 h at room tem-
perature, the membrane was incubated in the primary an-
tibody (Anti-HA tag (1:1000; ab236632, Abcam) and anti
GAPDH (1:2000; 5174s, Cell Signaling)) at 4°C overnight.
TBS-T was used to wash three times for 5 min each time.
The second antibody (1:10 000; ab6721, Abcam) was incu-
bated for 1 h at room temperature, and then washed three
times and imaged.

Test of gRNA activity in mouse cells

Six gRNAs targeting mouse Myh6 Exon 3 were selected and
each of them was cloned into Bsal-digested Sa-SlugCas9
expression vector. Each gRNA activity was tested in the
N2a cells. Transfection was performed with Lipofectamine
2000 according to the manufacturer’s instructions (Thermo
Fisher Scientific). In brief, N2a cells were seeded onto a 48-
well plate one day before transfection, and transfection was
performed at about 70-80% confluency. Sa-SlugCas9 with
gRNA plasmid (500 ng) were transfected.

Preparing of Cas9 and gRNA mRNA

Sa-SlugCas9 and gRNA DNA templates containing a
T7 promoter were obtained by PCR-amplification on Sa-
SlugCas9 plasmid using NEB Q5®) High-Fidelity DNA
Polymerase. Purified PCR products were used as templates
for in vitro transcription using HiScribe™ T7 High Yield
RNA Synthesis Kit (NEB, New England Biolabs). Cas9
mRNA and gRNAs were then purified using RNAClean
XP Beckman Coulter, and resuspended in RNase-free wa-
ter. Both of them were stored in -80°C. Oligonucleotides
used for cloning and amplification are listed in Supplemen-
tary Table S2.

Microinjection of mouse zygotes

All the experiments and animal care procedures were ap-
proved by the Animal Ethical and Welfare Committee
of Fudan University, Shanghai, China. C57BL/6 female
mice for oocyte generation and male mice for mating
were purchased from Shanghai SLAC Laboratory Animal.
C57BL/6 mice (4 weeks old) were used for zygote collection.

Mouse zygotes were obtained from super-ovulated 3-
week-old C57BL/6 females submitted to intra-peritoneal
injection of pregnant mare serum gonadotropin (PMSG 5
units/mouse) followed by human chorionic gonadotropin
(hCG, 5 units/mouse) 42-48 h later and then mated
overnight with C57BL/6 males. After 2 h of incubation,
the fertilized eggs were microinjected with a mixture of Sa-
SlugCas9 mRNA (100 ng/pl) and individual gRNA (50
ng/pl). We performed pronuclear injections and cultured
the zygotes to the morula stage in KSOM, CO,; incuba-
tor at 37°C for 3 days. Embryos were collected into 10 wl
QuickExtract™ DNA Extraction Solution (Epicentre) and
incubated at 65°C for 6 min then incubated at 98°C for 2
min. The target sites were PCR-amplified and extracted by
Gel Extraction Kit (QIAGEN). The PCR products were se-
quenced by Sanger sequencing.



Quantification and statistical analysis

All the data are shown as mean 4 SD. Statistical analyses
were conducted using Microsoft Excel. Two-tailed, paired
Student’s z-tests were used to determine statistical signif-
icance when comparing two groups, whereas analyses of
variance (ANOVA) is used for comparisons between for
three or more groups. A value of P < 0.05 was considered
to be statistically significant. (*P < 0.05, **P < 0.01, ***P
< 0.001). All the data are listed in Supplementary Data S1.

RESULTS
Identification of SaCas9 orthologs for genome editing

To identify novel compact Cas9 nucleases for genome edit-
ing, we used Staphylococcus aureus Cas9 (SaCas9) as a ref-
erence and searched for related orthologs from UniProt
(20). We focused on Cas9 nucleases with relatively high
identity (at least 50%) to SaCas9 and subsequently se-
lected five orthologs for characterization, including Staphy-
lococcus equorum Cas9 (SeqCas9, 1053 aa, 97.1% iden-
tity), Staphylococcus lugdunensis Cas9 (SlugCas9, 1054 aa,
63.2% identity), Staphylococcus epidermidis Cas9 (SepCas9,
1099 aa, 64.2% identity), Staphylococcus haemolyticus Cas9
(ShaCas9, 1055 aa, 63.2% identity) and Staphylococcus lu-
trae Cas9 (SlutrCas9, 1054 aa, 59.1% identity). Importantly,
these Cas9 orthologs differ in at least one residue located at
the protein domain that is important for PAM recognition,
corresponding to residues N986 and R991 in SaCas9 (Fig-
ure 1A) (21), suggesting that these orthologs may recognize
different PAMs.

We first used a previously reported GFP-activation PAM
screening assay (Figure 1B) (16) to evaluate active genome
editing and to identify the Cas9s’ respective PAMs. In this
assay, a protospacer followed by a 7-bp random sequence
is inserted between the translation initiation codon (ATG)
and GFP coding sequence, inducing frameshift mutation.
The reporter library is stably integrated into HEK293T
cells. Genome editing can induce in-frame mutations in a
portion of cells, resulting in GFP-positive cells. Each Cas9
ortholog was human-codon optimized, synthesized and
cloned into a mammalian SaCas9 expression plasmid con-
struct. The canonical SaCas9 gRNA scaffold was used for
gRNA expression (2). Transfection of SlugCas9, ShaCas9
or SlutrCas9 with gRNAs could induce GFP expression
(Figure 1C, upper panel), suggesting that they indeed en-
abled active genome editing in mammalian cells. Transfec-
tion of SeqCas9 or SepCas9 with gRNAs could not induce
GFP expression (Figure 1C, lower panel). GFP-positive
cells were subsequently isolated by flow cytometry and the
target DNA was PCR-amplified for deep-sequencing. Se-
quencing results revealed that insertions and deletions (in-
dels) occurred at the target sites for these three Cas9 nucle-
ases at sites encoded in their respective protospacers (Fig-
ure 2A). WebLogo revealed that SlugCas9 preferred G-rich
PAM (Figure 2B), and a PAM wheel revealed that SlugCas9
preferred an NNGG PAM (Figure 2C). Both WebLogo and
the PAM wheel revealed that ShaCas9 and SlutrCas9 pre-
ferred an NNGGV (V = A or C or G) and NNGRR (R =
A or G) PAM, respectively (Figure 2D-G).
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SaCas9 orthologs enable genome editing for endogenous loci

In this study, we used the SaCas9 construct that developed
by Ran et al. (2) to express all Cas9 nucleases so that the
expression level is comparable (Figure 3A). Similar expres-
sion level of SaCas9 and SlugCas9 was confirmed by west-
ern blot (Figure 3B). To test the genome editing capability
of these three Cas9 nucleases, we selected a panel of endoge-
nous targets loci. All three Cas9 nucleases efficiently gener-
ated indels in HEK293T cells (Figure 3C, Supplementary
Figure S1A and B) at the respective sites. We focused fur-
ther analysis on SlugCas9 due to its short and simple PAM.
Selected target sites in Figure 3C contained an NNGRRT
PAM that can be edited by SaCas9, allowing for a side-by-
side comparison of editing efficiency at the same site. The
editing results revealed that SlugCas9 and SaCas9 displayed
similar efficiency at 14 endogenous loci (Figure 3C and D).

We further tested the genome editing capacity of Slug-
Cas9 in additional cell types, including A375, HCTI116,
HeLa, human foreskin fibroblast (HFF, primary cells) cells
and N2a (mouse neuroblastoma cell line) cells. SlugCas9
generated indels in all these cell types with varying effica-
cies (Supplementary Figure S2A-E). To facilitate delivery
efforts, we packaged SlugCas9 together with its gRNA into
AAV?2 and infected HEK293T, A375, HCT116, HeLa and
HFF cells. Indels were detected in all cell types, but frequen-
cies varied depending on the loci and cell types (Supplemen-
tary Figure S3A-E).

We further identified the SlugCas9 trans-activating
CRISPR RNA (tracrRNA) and established a single guide
RNA (sgRNA). The secondary structure of SlugCas9
sgRNA was similar to that of SaCas9 sgRNA except that
the forth thymine cannot pair with guanine (Supplemen-
tary Figure S4A). We changed the forth thymine to cytosine
so that it can pair with guanine. SlugCas9 was transfected
together with SaCas9 sgRNA, wild-type SlugCas9 sgRNA
or engineered SlugCas9 sgRNA into HEK293T cells for
genome editing. These three sgRNAs displayed compara-
ble activity (Supplementary Figure S4B). In the follow-
ing experiments, we used SaCas9 sgRNA for SlugCas9.
We further identified SlutrCas9 and ShaCas9 tracrRNAs
and established sgRNAs whose secondary structures were
similar to that of SaCas9 sgRNA (Supplementary Figure
S5A). When ShaCas9 and SlutrCas9 were used with SaCas9
sgRNA or their own sgRNA, the editing efficiencies were
comparable (Supplementary Figure S5B and C). Taken to-
gether, we recommend SlugCas9, ShaCas9 and SlutrCas9
as minimal and efficient enzymes for genome editing.

Base editing with SlugCas9

Base editing is a powerful technology that enables the pro-
grammable conversion of an A:T base pair to G:C or a
C:G base pair to T:A in the mammalian genome (22-25).
This technology utilizes the fusion of a catalytically disabled
Cas9 nuclease to a nucleobase deaminase enzyme. To de-
crease protein size and facilitate delivery efforts, SaCas9,
which is ~1 kb smaller than SpCas9, has been used for
base editing (26). To test whether SlugCas9 can be em-
ployed for base editing, we generated a nickase form of
SlugCas9 (SlugCas9n) by introducing a D10A mutation.
We replaced the nickase form of SpCas9 with SlugCas9n
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A WT ATGGAACGGCTCGGAGATCATCATTGCGNNNNNNNGTGAGCAAG
ATGGAACGG. . ... AG......... GCGTTGGTATGTGAGCAAG
ATGGAACGGCTCGGAGATCA. ....GCGGTGGTCGGTGAGCAAG
ATGGAACGGCTCGGAGATCATCA. . GCGAAGGGGTGTGAGCAAG

SlugCas9 ATGGAACGGCTCGGAGATCA. . ...GCGGGTAGGAGTGAGCAAG
ATGGAACGGCTCGGAGATCATCATTTGCGGACGGTGGTGAGCAAG
ATGGAACGGCTCGGAGA. . ... ... GCGGCGACACGTGAGCAAG
ATGGAACGGCTCGGAGA. . ... ... GCGTTGGATTGTGAGCAAG
ATGGAACGGCTCGGAGATCATCA. . GCGGGGGACAGTGAGCAAG

ShaCas9 ATGGAACGGCTCGGAGATCAT. AT. GCGCCGGCGCGTGAGCAAG
ATGGAACGGCTCGGAGATCATCACCAGCGTGGGCTGGTGAGCAAG
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in BE4max (27) to generate APOBECI1-SlugCas9n—-UGI
(SlugBE4max, Supplementary Figure S6A). We tested the
editing capability of SlugBE4max at a panel of 34 endoge-
nous sites. SlugBE4max and the respective gRNA plasmid
DNA was transfected into HEK293T cells. Five days af-
ter transfection, targeted deep sequencing revealed C to
T base editing ranging from 2.5% to 43.8% (Supplemen-

tary Figure S6A). We also replaced the nickase form of Sp-
Cas9 with SlugCas9n in the ABEmax (27) plasmid to gener-
ate TadA-TadA*-SlugCas9n (SlugABEmax) (Supplemen-
tary Figure S6B). SlugABEmax and the respective gRNA
plasmid DNA were transfected into HEK293T cells. Five
days after transfection, targeted deep sequencing revealed
that A to G base editing ranging from 2.1% to 42.4% (Sup-



4014 Nucleic Acids Research, 2021, Vol. 49, No. 7

A B X
e &
CMV promoter bGH poly (A) 059 Rl
S P @
- e—— & &<
Cas9 - e vt
— D — T ——— —_— .

B SiugCaso-HE Sl

Indels (%)
N

c 3 8 8
E0 gATAGGGTTAGGGGCCCCAGGCCGGGGT
E4 gAAAGGTGAAAGAGAGATGGCTGGGGGT
E5 gGGAGATGGCACAGGAGAAGATTGGGGT
E6 gGCCTTTCTGCGGCCTCGAAGGTGGGGT
E7 gCAACTCTGCGGGGACTCCAGGCCGGGT
G1 gAGATGCGGGTGATGATGCTCTTTIGGGT 3 SaCas9
B3 SlugCas9

G2 gACTTCCGACGAGGTGGCCATCAAGGAT
G3 gCCACCATCTCTCCGTGGTACCCCGGGT
G4 gAGAGTAGGCTGGTAGATGGAGTTGGGT
G5 gGTCAGACATGAGATCACAGATGCGGGT
G6 gTTCATGGCTACCAGTTCCACCCGGGGT
G7 gAGGCTCAAAGGGAAGATACATCTGGGT
G9 gAAGGCTCATAGTAATCGTCTGAAGGAT
S3 gAAGAATACTAAGCATAGACTCCAGGAT

D
ns
601 [ e ]
ns [ ]
401 ® -
(=]
S . » .
n [ [ [ ]
o 207 _—
(0]
7| = Te? — =
ol 00,0 o ®00000°
1 T ]
o o) S
%l Nl oX
o O 4
3 §
AV
)

B SlugCas9-HF

Figure 3. Genome editing for endogenous sites. (A) Schematic of the Cas9 expression constructs. All Cas9 expression constructs have the same backbone
as SaCas9 construct. (B) Protein expression level of SaCas9, SlugCas9 and SlugCas9-HF was measured by western blot. NC: negative control cells without
Cas9 transfection. (C) Comparison of SaCas9, SlugCas9 and SlugCas9-HF efficiency for genome editing at 14 endogenous loci. Additional ‘g’ is added

for U6 promoter transcription (n = 3). (D) Quantification of editing efficiency for SaCas9, SlugCas9 and SlugCas9-HF.



plementary Figure S6B). Collectively, these data demon-
strated that SlugCas9 can be used for base editing at varying
efficiencies.

Engineering of SlugCas9 for improved specificity

Next, we evaluated the specificity of SlugCas9 by using
a previously developed GFP-activation approach (16). We
generated a panel of gRNAs with dinucleotide mutations
along the protospacer to detect the specificity of Slug-
Cas9. SlugCas9 showed robust activity for both on-target
and off-target cleavage (Figure 4A), indicating that it has
strong off-target effects. We also evaluated the specificity of
ShaCas9 and SlutrCas9, both of which displayed substan-
tial off-target effects (Supplementary Figure S7). Recently,
Tan et al. introduced quadruple mutations into SaCas9
to generate a highly specific SaCas9 variant (SaCas9-HF)
(28). To improve the specificity of SlugCas9, we used pair-
wise alignment and introduced the corresponding quadru-
ple mutations (R247A, N415A, T421A and R656A) into
SlugCas9 to generate SlugCas9-HF (Figure 4B). Interest-
ingly, SlugCas9-HF dramatically improved specificity (Fig-
ure 4A).

To compare genome-wide off-target effects of SlugCas9
and SlugCas9-HF, GUIDE-seq was performed (19). Fol-
lowing transfection of SlugCas9 variants, the gRNA plas-
mid, and the GUIDE-seq oligos, we prepared libraries
for deep sequencing. Sequencing and analysis revealed
that on-target cleavage occurred for both Cas9 nucleases,
reflected by the high GUIDE-seq read counts (Figure
4C). Four off-target sites were identified for SlugCas9 but
no off-target sites were identified for SlugCas9-HF with
this particular protospacer. In summary, these data indi-
cated that the specificity of SlugCas9-HF was significantly
improved.

To ensure no other effects were the cause of increased
specificity, we compared the SlugCas9-HF activity side-by-
side to SlugCas9. The SlugCas9-HF expression construct
was the same as SlugCas9 and their protein expression level
was similar, revealed by western blot (Figure 3A and B). The
editing results revealed that SlugCas9 and SlugCas9-HF
displayed similar efficiency although efficiencies varied for
specific loci (Figure 3C and D). These data demonstrated
that SlugCas9-HF improved specificity without compro-
mising activity.

Engineering of SlugCas9 for expanding targeting scope

A previous study has shown that a SaCas9 variant (SaCas9-
KKH) with triple mutations (E782K /N968K /R1015H) re-
lieved the PAM sequence requirement at position 3 of the
6 base pair PAM (17). SlugCas9 already contained a K967
residue, which correlates to position N968 of SaCas9. To
broaden the targeting scope of SlugCas9, we introduced two
mutations (Q782K/R1014H) that correspond to E782K
and R1015H on SaCas9, resulting in SlugCas9-KH. We
performed a PAM screening assay to reveal that SlugCas9-
KH preferred an NNRG (R = A or G) PAM (Supple-
mentary Figure S8A). Next, we introduced the correspond-
ing triple mutations (Q783K/Y968K/R1015H) into Sha-
Cas9, resulting in ShaCas9-KKH. The PAM screening as-
say also revealed that ShaCas9-KKH had relieved PAM

Nucleic Acids Research, 2021, Vol. 49, No. 7 4015

preference and now preferred an NNRRC PAM (Supple-
mentary Figure S§B). Next, we introduced triple muta-
tions (Q782K/Y966K/R1013H) into SlutrCas9, resulting
in SlutrCas9-KKH. Interestingly, SlutrCas9-KKH relieved
PAM restriction at position 3. The PAM screening assay re-
vealed that the SlutrCas9-KKH now preferred an NNNRR
PAM (Supplementary Figure S8C). Since all these modified
Cas9 nucleases are restricted by two or three nucleotides at
PAM, we did not further test their activity.

A chimeric Cas9 nuclease for specific and efficient genome
editing

We previously replaced the SaCas9 PAM interacting (PI)
domain with the Staphylococcus Auricularis Cas9 (Sauri-
Cas9) PI domain to generate a chimeric Cas9 nuclease
(Sa-SauriCas9, 1056 aa), which displayed high fidelity and
broad targeting scope (16). In this study, we used the same
approach to generate a chimeric Sa-SlugCas9 (1055 aa, Fig-
ure 5A). The GFP-activation PAM screening assay revealed
that the Sa-SlugCas9 preferred an NNGG PAM (Figure
5B and C). The GFP-activation assay also revealed that
the Sa-SlugCas9 specificity was similar to SaCas9 (Figure
SD). We tested the activity of Sa-SlugCas9 at a panel of
endogenous loci in HEK293T cells and efficient editing
was observed (Figure SE). To compare the ability of Sa-
SlugCas9, SlugCas9-HF, SlugCas9 and SaCas9 for stim-
ulating homologous directed repair (HDR), we designed
gRNAs targeting GRIN2B gene and single-stranded DNA
oligonucleotides containing an EcoRI restriction site that
serve as the donor fragments (Supplementary Figure S9A).
The HDR products can be detected by restriction frag-
ment length polymorphism (RFLP). Five days after trans-
fection of Cas9/gRNA with oligonucleotides in HEK293T
cells, genomic DNA was isolated and target sites were
PCR-amplified. The digestion results revealed that these
four Cas9 nucleases displayed similar ability for stimulating
HDR (Supplementary Figure S9B).

In order to get a whole picture of the editing activity for
the Cas9 nucleases developed in this study (including Slug-
Cas9, ShaCas9, SlutrCas9, SlugCas9-HF and Sa-SlugCas9)
and in our previous study (including SauriCas9 and Sa-
SauriCas9) (16), we calculated the endogenous editing ef-
ficiencies for each Cas9 and compared them to SaCas9
(Supplementary Figure S10A). Notably, the SauriCas9 and
Sa-SauriCas9 data was generated in a previous study (16).
SlugCas9, SlugCas9-HF, Sa-SlugCas9 and SauriCas9 dis-
played similar activity to SaCas9, whereas Sa-SauriCas9,
ShaCas9 and SlutrCas9 displayed lower activity compared
to SaCas9. We also calculated the relative editing efficiencies
(off-target efficiency normalized by on-target efficiency) at
off-targets obtained from GFP-based specificity assay for
each Cas9 and compared them to SaCas9 (Supplementary
Figure S10B). SlugCas9-HF and Sa-SauriCas9 displayed
higher specificity (lower editing efficiency at off-targets)
compared to SaCas9. Sa-SlugCas9 displayed similar speci-
ficity compared to SaCas9. Other Cas9 nucleases displayed
lower specificity compared to SaCas9. We also showed all
the Cas9 variant maps used in this study for easy of com-
parison (Supplementary Figure S11).
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To test whether Sa-SlugCas9 enabled efficient editing
in mouse zygotes, we targeted the myosin heavy chain 6
(Myho6) gene, a bi-allelic disruption of which induces a car-
diac phenotype (29). We designed a list of six gRNAs tar-
geting exon 3 and tested activity in mouse N2a cells (Sup-
plementary Figure S12A). The T7EI digestion assay re-
vealed that all gRNAs efficiently edited the gene (Supple-

mentary Figure S12B) at an average of 18.3% indel rate.
Next, we coinjected Sa-SlugCas9 mRNA with in vitro tran-
scribed gRNA into mouse zygotes (Supplementary Figure
S12C and D). Interestingly, we observed that 3 out of 13 the
embryos were edited 3 days after injection (Supplementary
Figure SI12E). These data demonstrated that Sa-SlugCas9
enabled efficient genome editing in mouse zygotes.
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DISCUSSION

Small Cas9 nucleases together with their gRNA and a
full-length promoter can be packaged into the size-limited
AAV vector and hold great promise for gene therapy. Al-
though several small Cas9 nucleases have been developed
for genome editing, many genomic sites cannot be edited
due to low activity or PAM limitation. Three type I1-C Cas9
orthologs have been used for mammalian genome editing,
including Neisseria meningitidis Cas9 (NmeCas9) (7,13),
Campylobacter jejuni Cas9 (CjeCas9) (14) and N. menin-
gitidis Cas9 (Nme2Cas9) (15). However, type II-C Cas9
nucleases generally display low editing efficiency (30-32).
In addition, NmeCas9 and CjeCas9 require longer PAMs,
N4GAYW/N4GYTT/ N4GTCT and N4RYAC, respec-
tively. SaCas9 belonging to type II-A ortholog displayed
higher activity (31), but it has limited utility due to its
long PAM sequence requirement (NNGRRT). Engineered
SaCas9 variants have increased the targeting scope (recog-
nizing NNNRRT PAM) (17,33), but it still requires a triple
nucleotide PAM.

Our group have developed five small Cas9 nucleases,
including SauriCas9 (16), Sa-SauriCas9 (16), SlugCas9,
Sa-SlugCas9 and SlugCas9-HF, which recognize a simple
NNGG PAM. To facilitate to select an optimal Cas9 nucle-
ase for genome editing, we compare the activity and speci-
ficity of these Cas9 nuclease to SaCas9. SauriCas9, Slug-
Cas9, Sa-SlugCas9, SlugCas9 and SaCas9 display similar
activity, while Sa-SauriCas9 displays lower activity. Sauri-
Cas9 and SlugCas9 display lower specificity compared to
SaCas9. Sa-SlugCas9 displays similar specificity compared
to SaCas9. SlugCas9-HF and Sa-SauriCas9 display higher
specificity compared to SaCas9. Considering both activity
and specificity, we suggest that SlugCas9-HF is first choice
among these five Cas9 nucleases for genome editing.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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