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SauriCas9 is a compact Cas9 nuclease showing promise for
in vivo therapeutic applications. However, concerns about
off-target effects necessitated improvements in specificity. We
addressed this by introducing mutations to eliminate polar
contacts between Cas9 and the target DNA, resulting in the
SauriCas9-R253A variant with enhanced specificity. To vali-
date its efficacy, we employed SauriCas9-R253A to disrupt
three genes (B2M, TRAC, and PDCD1), a strategy integral to
the development of allogeneic chimeric antigen receptor
T cell (CAR-T) therapies. Our results demonstrated that the
most efficient single-guide RNAs for SauriCas9-R253A ex-
hibited comparable activity to SpCas9 and showed no detect-
able off-target effects in the disruption of these genes, high-
lighting its therapeutic potential.

INTRODUCTION

RNA-guided CRISPR-Cas9 is a microbial adaptive immune system
that has been extensively utilized for genome editing. This system
comprises three crucial components: a Cas9 nuclease, a CRISPR
RNA (crRNA), and a trams-activating crRNA (tracrRNA).!
Together, they assemble into a ribonucleoprotein complex in which
the crRNA specifies the target DNA by pairing with the target
sequence, while the tracrRNA serves as a binding scaffold for the
Cas9 nuclease.” The crRNA and tracrRNA can be fused together
via a short linker to form a single-guide RNA (sgRNA)." Once the
Cas9-sgRNA complex recognizes a target DNA, Cas9 initiates a
cleavage of the DNA, generating a double-stranded DNA break
(DSB). The DSB is repaired by either the non-homologous end
joining or the homology-directed repair pathway, resulting in mod-
ifications to the genomic DNA.” In addition to conventional genome
editing, the CRISPR-Cas9 system has been engineered for base edit-
ing®” and prime editing.’

Several CRISPR-Cas9 nucleases derived from different microor-
ganisms have been employed for genome editing. Among them,
SpCas9 is the most widely used due to its high activity and simple

SpCas9 possesses a large genome size of approximately 4.1 kb,
which, when combined with the sgRNA, exceeds the packaging
capability of a single adeno-associated virus (AAV). As a response
to this challenge, researchers have developed several compact
CRISPR-Cas9 systems, including SaCas9,” Nme2Cas9,'® CjCas9,"’
SauriCas9,'” SlugCas9,"> SchCas9,"* Nsp2Cas9,'”> SpeCas9,'
and Hsp1Cas9.'” These compact systems can be efficiently deliv-
ered using a single AAV vector for in vivo genome editing. In
addition, several compact CRISPR-Casl2 systems, including
CasX,'® Cas12f1,"" %' and Cas12j,°>*’ have been used for genome
editing.

Addressing off-target effects is a significant concern in genome
editing. CRISPR-Cas9 systems can tolerate some mismatches be-
tween the crRNA and the target DNA, leading to unintended
DNA cleavage at sequences resembling the intended target.** In
the realm of research, off-target effects can complicate result inter-
pretation, while in clinical applications, they may disrupt crucial
coding regions, potentially causing genotoxic effects such as can-
cer. To enhance the specificity of CRISPR-Cas9, both rational
design®*** and molecular-directed evolution approaches*® have
been employed. We previously developed a compact SauriCas9
with high activity and a simple dinucleotide PAM requirement.'”
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Figure 1. Influence of mutations on SauriCas9
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(A) Schematic of the SauriCas9 structure highlighting the

R253A N421A T427A R662A

positions of four mutations. The sequence alignment of
SaCas9 and SauriCas9 is shown below. (B) Evaluation
of Cas9 specificity using the GFP-activation assay. The
top section illustrates the schematic of the GFP-
activation reporter, wherein the GFP expression is
interrupted by the insertion of a target sequence
(protospacer + PAM) between the ATG start codon and
the coding sequence. A series of sgRNAs with
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dinucleotide mutations (depicted in red) is displayed
below. The percentage of GFP* cells for each sgRNA is
indicated at right. The on-target sgRNA is included for
reference. Ctr, reporter cells without Cas9-expressing
plasmid transfection. (C) PAM sequence analysis for
SauriCas9-R253A. WeblLogo is generated from deep

R253A sequencing data.

RESULTS

A previous study identified four amino acid res-
idues (R245, N413, N419, and R654) forming
polar contacts with the target DNA strand by
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However, this system exhibited moderate specificity. In this
study, we engineered SauriCas9 for improved specificity. In addi-
tion, we showed that SauriCas9 can efficiently disrupt -2 micro-
globulin (B2M), programmed cell death 1 (PDCDI), and T cell
receptor o constant (TRAC) genes with undetectable off-target
effects.
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R253A-N421A

| i i analyzing the crystal structure of the SaCas9/

sgRNA-target DNA complex.”® The replace-
ment of these amino acid residues with alanine
improved SaCas9 specificity.”> Given the 62.4%
sequence identity between SauriCas9 and Sa-
Cas9,"? we sought to examine whether the cor-
responding residues could enhance SauriCas9
specificity. Through pairwise alignment, we
identified the corresponding residues (R253,
N421, T427, and R662) on SauriCas9 (Fig-
ure 1A). Each residue was replaced with
alanine, and its impact on specificity was tested
using a GFP-activation assay.'” In this assay, a
protospacer followed by a CTGG PAM was in-
serted between the ATG start codon and GFP
coding sequence, inducing a frameshift muta-
tion (Figure 1B). The reporter was stably inte-
grated into the HEK293T cell genome via lenti-
virus. If a Cas9-sgRNA complex edits the
protospacer and induces indels, then a portion
of reporters will restore GFP expression.

We designed a set of off-target sgRNAs
featuring dinucleotide mismatches targeting
the protospacer. The efficiency of these sgRNAs
is reflected by the percentage of GFP™ cells. Cas9 specificity is deter-
mined by normalizing the efficiency of off-target sgRNAs against that
of the on-target sgRNA. Three days post-transfection of sgRNA- and
Cas9-expressing plasmids, GFP™ cells were quantified using fluores-
cence-activated cell sorting. Wild-type SauriCas9 induced a 19.1%
GFP* cell population, signifying efficient genome editing. The
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Figure 2. Evaluation of specificity for each SauriCas9 variant using the GUIDE-seq assay
(A) Schematic of the GRIN2B exon 3. Yellow boxes indicate the sgRNA targeting sites. (B-D) GUIDE-seq analysis of genome-wide off-target effects for three sgRNAs
targeting the GRIN2B gene. The on-target sequences are presented at the top, while mismatches compared with the on-target sequence are depicted below. The read

numbers for both on- and off-targets are provided at right.

sgRNAs with mismatches also led to up to 10.9% GFP" cells (Fig-
ure 1B), aligning with our previous findings. Intriguingly, all four mu-
tations reduced off-target effects, with R253A and N421A exhibiting
more substantial reductions (Figures 1B and S1A). Introducing dou-
ble mutations (R253A and N421A) into SauriCas9 further reduced
off-target effects. The specificity of six SauriCas9 variants ranked as
R253A-N421A > R253A > N421A > R662A > T427A > SauriCas9
(Figure S1B). To investigate whether the mutations affect SauriCas9
PAM recognition, we employed a previously established GFP-activa-
tion assay'~ to assess the recognition pattern of the SauriCas9-R253A
PAM. The results revealed that the R253A mutation did not alter
SauriCas9 PAM preference (Figure 1C). Subsequent investigations

focused on the Cas9 variants with R253A, N421A, and R253A +
N421A mutations.

Next, we investigated the genome-wide off-target effects of SauriCas9,
R253A, N421A, and R253A + N421A using the genome-wide, unbi-
ased identification of DSBs enabled by sequencing (GUIDE-seq)
assay”’ with three sgRNAs targeting the GRIN2B gene (Figure 2A).
Upon transfection of the Cas9 variants, sgRNA plasmid, and
GUIDE-seq oligos, we generated libraries for deep sequencing.
The sequencing results and subsequent analysis demonstrated on-
target cleavage for all Cas9 variants, evident from the elevated
GUIDE-seq read counts (Figures 2B-2D). SauriCas9, N421A, and
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hU6 promoter terminator
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S1 AAGAATACTAAGCATAGACTC CAGGAT
E1 ATAGGGTTAGGGGCCCCAGGCCGGGGT
E2 CCTGAGTCCGAGCAGAAGAAGAAGGGC
E3 AAAGGTGAAAGAGAGATGGCT GGGGGT
E4 GGAGATGGCACAGGAGAAGATTIGGGGT
E5 GCCTTTCTGCGGCCTCGAAGGIGGGGT
E6 CAACTCTGCGGGGACTCCAGGCCGGGT
E7 gCTAGCTGGGCTGTTCTAACTGCAGGGA
E8 gTTGAGACAGGCGCTGTGGGTAGAGGCT

E9 GGACCCAGGGGTAGAAATGGAGAGGGT
C1 AAGGACTCAGGTAAACAGGCTGAGGGT

A1 gCTTGTGATGGCAGCTACTCTAGAGGCT

A2 GAGAGGGACAGTGAGTTCTCC AAGGTC

A3 gCTGGTAGCTGCCACCTGAGCTGTGGCC
A4 AGGAGGAAACCCAGGCTCAGAGTGGTG
A5 gTCGCAAGGGAGGGACAGAGAGAAGGAA
N1 AGTGAGGGGAACAAAGTGGACGTGGAC
N2 AGTGAGGGGAACAAAGTGGACATGGCT
H1 gCGTGGCATGGAAAACCTGCTGGAGGTG
H2 gTGGACCCCGACAGGTGAAGCCCAGGGC
G1 AGATGCGGGTGATGATGCTCTITGGGT
G4 AAGGCTCATAGTAATCGTCTGAAGGAT
G5 ACCCAGATGTATCTTCCCTTTGAGCCT
G6 gCATCTAACAAGGGAGAAAGTGAAGGGT
G7 GTCAGACATGAGATCACAGATGCGGGT
G8 AGAGTAGGCTGGTAGATGGAGITGGGT
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R253A + N421A exhibited the detection of eight, three, and one off-
target sites, respectively. Notably, no off-target sites were identified
for R253A. In summary, these findings strongly suggest that the mu-
tations R253A, N421A, and R253A + N421A contribute to the
enhanced specificity of SauriCas9.

Next, we evaluated the activity of SauriCas9, R253A, N421A, and
R253A + N421A across a panel of 26 endogenous loci. All Cas9 var-
iants and sgRNAs were expressed using identical constructs, and
comparable protein expression levels were confirmed by western
blot analysis (Figures 3A and 3B). Five days post-transfection of
Cas9 and sgRNA-expressing plasmids into HEK293T cells, genomic
DNA was extracted for targeted deep sequencing. The results revealed
variable editing efficiencies depending on the targeted sites (Fig-
ure 3C). Specifically, high indel efficiencies (>30%) were observed
at sites E2, E4, C1, A5, H1, H2, G4, G5, G7, and G8, while low indel
efficiencies (<30%) were observed at the remaining sites. The activity
of SauriCas9 was dramatically impacted by the double mutations, re-
sulting in very low efficiencies (<5%) at sites E1, E5, E6, E8, N1, and
Al. In contrast, both SauriCas9 and N421A exhibited indel
efficiencies exceeding 5% at all sites, and R253A achieved indel effi-
ciencies over 5% at 25 sites. Overall, the ranking of editing efficiencies
was SauriCas9 > N421A > R253A > R253A + N421A. In addition, we
compared the activity of R253A with that of two previously reported
high-fidelity variants, N269D and D270N,*® across a panel of 16
endogenous loci (Figure S2). The results showed variable editing effi-
ciencies depending on the targeted sites. Among the 16 loci, 10 ex-
hibited no significant difference in editing efficiency between
R253A and N269D. Similarly, eight loci showed no significant differ-
ence between R253A and D270N. However, three sites (H1, G7, G8)
displayed significantly lower editing efficiencies for N269D and
D270N compared to R253A.

Next, we tested whether SauriCas9-R253A could be employed for
base editing. To do this, we generated the nickase form of
SauriCas9-R253A (SauriCas9n-R253A) by introducing the D15A
mutation. We then replaced SpCas9 with SauriCas9n-R253A in ABE-
max to create an adenine base editor, which we named Sauri-R253A-
ABEmax (Figure S3A). We transfected HEK293T cells with plasmids
encoding Sauri-R253A-ABEmax and sgRNAs targeting seven human
genomic loci (Figure S3B). After 7 days of editing, targeted deep
sequencing revealed successful A-to-G base editing, with an editing
efficiency reaching 40.7% (Figure S3C). These results demonstrate
that SauriCas9-R253A can be effectively utilized for base editing.

Next, we assessed the knockout capability of SauriCas9-R253A target-
ing the B2M, TRAC, and PDCDI genes in HEK293T cells, using

SpCas9 as a control. These genes play a pivotal role in the develop-
ment of universal chimeric antigen receptor T (CAR-T) cells.”
Specifically, targeting B2M and TRAC aims to mitigate the risk of
graft-versus-host disease by reducing the immune response when em-
ploying CAR-T cells from a healthy donor for patient treatment.”
Additionally, the exploration of PDCDI gene knockout is aimed at
potentially enhancing the anti-tumor responses of CAR-T cells.”’
For each gene, we designed five to six sgRNAs for SauriCas9-
R253A (Figure 4A). In addition, we selected three to four sgRNAs
from the literature for SpCas9.”” While SauriCas9-R253A sgRNAs
generally exhibited lower activity than SpCas9 sgRNAs, the most effi-
cient SauriCas9-R253A sgRNAs (Sa-sg3 for B2M, Sa-sgl for TRAC,
and Sa-sg3 for PDCDI) displayed comparable efficiency to the
SpCas9 sgRNAs (Figure 4B).

Finally, we evaluated the specificity of SauriCas9-R253A and SpCas9
in knocking out B2M, TRAC, and PDCDI genes using the GUIDE-seq
assay. We selected three sgRNAs for both Cas9 nucleases. SpCas9
induced two off-targets on the B2M gene, two off-targets on the
PDCDI gene, and no off-targets on the TRAC gene. In contrast, we
did not detect off-targets for SauriCas9-R253A (Figure 4C). These
data underscore the safety and precision of SauriCas9-R253A in
genome editing applications.

DISCUSSION

SauriCas9, a compact Cas9 nuclease recognizing a straightforward
NNGG PAM,'” has demonstrated promising outcomes in preclinical
evaluations. It efficiently edits the aberrant donor splice site in the
LZTRI gene, resulting in the restoration of LZTR1 expression in car-
diomyocytes derived from patients with Noonan syndrome.’
Furthermore, the SauriCas9-based adenine base editor (SauriABE)
showcases considerable potential for in vivo genome editing. When
packaged into a single AAV, SauriABE efficiently disrupts Psck9
expression in the mouse liver, leading to a reduction in plasma choles-
terol and triglyceride levels.”” Notably, SauriABE also demonstrates
the capability to correct an LMNA mutation associated with dilated
cardiomyopathy in mouse hearts.™

While SauriCas9 holds promise, concerns about off-target effects have
been acknowledged. In this study, we sought to enhance the safety pro-
file of SauriCas9 by introducing mutations designed to eliminate polar
contacts between Cas9 and the target DNA. Intriguingly, SauriCas9-
R253A emerged as a variant with notably high specificity. Upon assess-
ing its functionality in disrupting B2M, TRAC, and PDCD1 expres-
sion, SauriCas9-R253A exhibited comparable activity to SpCas9,
particularly when optimized sgRNA designs were employed. Impor-
tantly, the application of three selected sgRNAs revealed no detectable

Figure 3. Analysis of activity for each Cas9 variant

(A) Schematic representation of the Cas9 expression constructs, where Cas9 and sgRNA are expressed on separate plasmids. (B) Measurement of Cas9 protein expression
levels via western blot. “Blank” denotes cells without Cas9 transfection. (C) Evaluation of the activity of four Cas9 variants at 26 endogenous loci. For sgRNAs initiated with “C”
or “T,” an additional “g” is included for U6 promoter transcription (n = 3). The data are presented as mean + SD. Two-tailed, paired Student’s t tests were utilized to determine
statistical significance when comparing two groups, whereas ANOVAs were employed for comparisons involving three or more groups. A value of p < 0.05 was deemed

statistically significant (o < 0.05; **p < 0.01; **p < 0.001).
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Figure 4. Genome editing of B2M, TRAC, and PDCD1 genes with SauriCas9-R253A

(A) Schematic representation of sgRNA design targeting exon 1 of B2M, TRAC, and PDCD1. (B) Evaluation of genome editing efficiency for each sgRNA. (C) GUIDE-seq
analysis of genome-wide off-target effects for three sgRNAs targeting the B2M, TRAC, and PDCD1 genes. The on-target sequences are presented at the top, while
mismatches compared with the on-target sequence are depicted below. The read numbers for both on- and off-targets are provided at right. The GUIDE-seq data are
accessible on NCBI (BioProject: PRUNA1187307).
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off-target effects, underscoring the safety credentials of SauriCas9-
R253A. In addition to SauriCas9-R253A, a previous study identified
two amino acid mutations, N269D and D270N, that can improve
the specificity of SauriCas9.”® These discoveries further augment the
suitability of SauriCas9 for therapeutic applications.

MATERIALS AND METHODS

Plasmid construction

The plasmid pAAV-CMV-SauriCas9-puro (Addgene plasmid no.
135965) served as the platform for expressing both the wild-type
SauriCas9 and various mutated versions. Mutant SauriCas9 expres-
sion plasmids listed in Table S1 were created through targeted muta-
genesis, with pAAV-CMV-SauriCas9-puro as the template. The spe-
cific sgRNA target locations can be found in Table S3. The sgRNA
expression plasmids for SauriCas9 were generated by inserting the
sgRNA into the Bsal-digested hU6-Sa_tracr plasmid. The primer se-
quences are listed in Table S2. The sequence of each Cas9 construct
was validated through Sanger sequencing at GENEWIZ in Suzhou,
China. Subsequently, all plasmids underwent purification using the
TIANprep Mini Plasmid Kit from TTANGEN and were quantified us-
ing NanoDrop 2000.

Cell culture and transfection

Culturing of HEK293T cells involved using DMEM (Gibco) with 10%
fetal bovine serum (Gibco) and 1x penicillin-streptomycin (Gibco),
grown at 37°C with 5% CO,. The cells were then transfected with Lip-
ofectamine 2000 (Life Technologies) following the provided instruc-
tions. In the context of Cas9 genome editing comparisons, 10° cells
were transfected with a total of 300 ng Cas9 plasmid and 200 ng
sgRNA plasmid in 48-well plates.

Test of Cas9 specificity

To determine the specificity of Cas9, we created one GFP reporter cell
line with the CTGG PAM. Subsequently, the cells were distributed
into 48-well plates and then transfected with 300 ng Cas9 plasmids
and 200 ng sgRNA plasmids using Lipofectamine 2000. After
5 days of editing, the GFP" cells were examined using a Calibur in-
strument (BD Biosciences), and the resulting data were analyzed
with Flow]Jo.

PAM library screening experiments

The PAM library cells were plated into a 10-cm dish at ~25% conflu-
ence. At 24 h later, the PAM library cells were transfected with Cas9-
gRNA expressing plasmid (10 pg). Five days after editing, the GFP*
cells were sorted by the MoFlo XDP machine, and the genomic
DNA was isolated using the TIANamp Genomic DNA Kit
(TTIANGEN) following the manufacturer’s instructions. PCR frag-
ments for deep sequencing were generated in two-step PCR reactions.
First, the target region was PCR amplified using primers Deep-F1/R1
with 25 cycles using Q5 High-Fidelity 2x Master Mix (NEB). Second,
3 pL PCR products from the first step was amplified by primer P5-
adapter-F and P7-adapter-R for 15 cycles (Table S2). The PCR prod-
ucts were purified using the Qiagen Gel Extraction Kit and were
sequenced on Illumina HiSeq X by 150-bp paired-end sequencing.

PAM sequence analysis

Twenty base pair sequences (5-AAGCCTTGTTTGCCACCATG/
GTGAGCAAGGGCG AGGAGCT-3') flanking the target sequence
(5'-GAACGGCTCGGAGATCATCATTGCG NNNNNNN-3') were
used to fix the target sequence. 5'-GCG-3’ and 5-GTGAGCAAG
GGCG AGGAGCT-3' were used to fix the 7-bp random sequence.
Target sequences with in-frame mutations were used for PAM anal-
ysis. The 7-bp random sequence was extracted and visualized by
WebLog3.”

GUIDE-seq

GUIDE-seq experiments were conducted following previously estab-
lished procedures with slight modifications. In brief, 2 x 10°
HEK293T cells were transfected with 500 ng Cas9, 500 ng sgRNA
plasmids, and 100 pmol annealed GUIDE-seq oligonucleotides via
electroporation and subsequently distributed into 6-well plates. The
electroporation settings used were 1,150 V for voltage, 30 ms for
width, and 1 pulse for the number of pulses. Genomic DNA was ex-
tracted 6 days post-transfection using the DNeasy Blood and Tissue
kit (Qiagen) in accordance with the manufacturer’s protocol, followed
by preparation of the genome library for deep sequencing.

Genome editing for endogenous sites

The experimental procedure involved seeding HEK293T cells into
48-well plates, followed by transfection with a combined total of
300 ng Cas9 plasmid and 200 ng sgRNA plasmid using Lipofectamine
2000. Cells were harvested after a 5-day incubation post-transfection.
Subsequently, genomic DNA was extracted, and the target sites were
PCR amplified and isolated using QuickExtract DNA Extraction So-
lution (Epicentre) for deep sequencing analysis. Detailed primer se-
quences can be found in Table S2.

Base editing with Sauri-R253A-ABEmax

HEK293T cells were seeded into 48-well plates and transfected
with Sauri-R253A-ABEmax and hU6-Sa_tracr-gRNA. Cells were
collected, and the genomic DNA was isolated 7 days after transfec-
tion. The target sites were PCR amplified and extracted by a Qiagen
Gel Extraction Kit. The efficiency of the base editing was measured
by deep sequencing.

Western blotting

On day 0, HEK293T cells were plated in a 6-well dish. On day 1, each
well received 2 pg Cas9-expressing plasmid, which was transfected
using 4 pL Lipofectamine 2000. Three days post-transfection, cell
samples were collected and total proteins were extracted using NP-
40 buffer (Beyotime) supplemented with 1 mM phenylmethanesul-
fonyl fluoride (Beyotime). The proteins were then separated by
SDS-PAGE and transferred onto a polyvinylidene fluoride membrane
(Thermo Fisher). Following the transfer, the membrane was blocked
with 5% (w/v) BSA (Sigma) in 0.1% Tween 20 in 1 x Tris-buffered sa-
line (TBS-T) buffer. Membranes were blotted with antibodies directed
at the following proteins: anti-hemagglutinin tag (1:1,000; ab236632,
Abcam) and anti-GAPDH (1:2,000; 5174s, Cell Signaling Technol-
ogy) at 4°C overnight. The membrane was washed three times in
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TBS-T for 5 min each. Subsequently, the secondary antibody
(1:10,000; ab6721, Abcam) was incubated for 1 h at room tempera-
ture, followed by three washes. Finally, protein expression levels
were quantified using Image].

Statistical analysis

The data are presented as mean * SD. Statistical analyses were con-
ducted using GraphPad Prism. Two-tailed, paired Student’s t tests
were utilized to determine statistical significance when comparing
two groups, whereas analyses of variance (ANOV As) were employed
for comparisons involving three or more groups. A value of p < 0.05
was deemed statistically significant (*p < 0.05; **p < 0.01;
#0p < 0.001).
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