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RNA-guided CRISPR-Cas12a endonucleases are promising
tools for genome engineering. Here we demonstrate that
LbCas12a variants derived from Lachnospiraceae bacterium
show a broad PAM preference, recognizing certain non-canon-
ical PAMs with high efficiency. Furthermore, we engineered
LbABE8e to carry G532R and/or K595R mutations, altering
its original PAM specificities; these variants exhibited superior
base editing activity in human cells compared with wild-type
LbABE8e at sites with non-canonical PAMs. Based on this
finding, we utilized the most effective LbCas12a and
LbABE8e variants to demonstrate multiplexed and mutant-
allele-specific gene editing in oncogenes, made possible by the
variant’s recognition of non-canonical PAMs. Importantly,
LbCas12a-G532R/K595R and LbABE8e-G532R/K595R with
optimized crRNA arrays targeted to triple oncogenic muta-
tions inhibited colon cancer cell proliferation. Taken together,
these results demonstrate the potential of engineered LbCas12a
and LbABE8e as tools for targeting sites with alternative
PAMs for genome engineering and therapeutic editing in
cancer cells.

INTRODUCTION
The clustered regularly interspaced short palindromic repeats
(CRISPR)-associated proteins (Cas) system, an adaptive immune sys-
tem used by bacteria and archaea to defend against viral infections,
offers an attractive platform for genome editing and holds promise
for therapeutic applications.1–10 One type of Cas protein, Cas12a
endonuclease (also called CRISPR from Prevotella and Francisella 1
[Cpf1]) is derived from a type V CRISPR system and differs from
SpCas9 in several respects.11 The Cas12a crRNA array is processed
by Cas12a ribonuclease activity to generate mature crRNAs without
the need for a tracrRNA.11 Given this characteristic, Cas12a can be
used for multiplexed genome engineering, in which multiple sites
are simultaneously edited using a CRISPR array that encodes several
crRNAs in a single transcript.12 In addition, Cas12a can be used as
a gene therapy tool with the advantage of a smaller gene size
(3.7 kbp encoding 1,299 amino acids) compared with SpCas9
(4.1 kbp encoding 1,368 amino acids).13 Furthermore, Cas12a recog-
nizes T-rich PAMs, canonically, TTTV at the 50-end of a protospacer,
and generates a staggered double-strand break (DSB) distal to the
PAM site.11,14
Molecular Therap
This is an open access article under the CC BY-NC-
Recent studies revealed that members of the Cas12a family can also
recognize suboptimal PAMs such as TCCV, CTTV, TCTV, and
TTCV, in which one or more T nucleotides are replaced with C,
although the editing activity is lower at such sites compared with sites
with a TTTV PAM.15,16 This behavior occurs because the PAM-bind-
ing channels of Cas12a are more loosely aligned than those of SpCas9,
causing the channel to open slightly during suboptimal PAM bind-
ing.15 Several attempts have been made to engineer Cas12a to
improve its ability to recognize suboptimal PAMs; these attempts
have been based on studies showing that mutating Cas9 residues
that come in close proximity to the PAM-DNA duplex can alter the
PAM preference.17–20 It has been reported that the introduction of
S542R/K607R or S542R/K548V/N552R mutations into Acidamino-
coccus sp. BV3L6Cas12a [AsCas12a] can extend the PAMpreferences
of Cas12a, respectively allowing it to recognize TYCV and TATV
PAMs in human cells.21,22 In addition, AsCas12a Ultra carrying the
M537R/F870L mutations showed enhanced genome editing activity
at sites with TTTN PAM.23

Similarly, the introduction of G532R/K595R (RR) or G532R/K538V/
Y542R (RVR) mutations into Lachnospiraceae bacterium ND 2006
Cas12a [LbCas12a] altered its PAM specificity, respectively allowing
it to recognize TYCV and TATV PAMs.21 Two other reports have
demonstrated that LbCas12a-RR, -RVR, and -RVRR variants respec-
tively recognize TYYV, TWTV and TNTN PAMs.24,25 However, the
PAM preferences of the LbCas12a variants were mostly studied with
PAMs containing V at the fourth position. Further investigation of
PAM specificity could expand the targeting scope of LbCas12a.

Recently, several DNA base editors have been developed that enable
the direct conversion of a targeted single base in cells and organisms
with great potential for targeted base mutagenesis. Among them,
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LbABE8e, which consists of an evolved version of Escherichia coli
tRNA deaminase (a monomeric TadA-8e variant) fused with catalyt-
ically dead LbCas12a, showed efficient adenine base editing at sites
with TTTV PAMs.26 However, its narrow targeting window and
limited PAM specificity restricts the use of this base editor for thera-
peutic editing. Expanding the targeting range of the LbABE8e base
editor by altering its PAM specificities would broaden its therapeutic
usefulness.

Colorectal cancer (CRC) is the third most common malignancy, ac-
counting for about 10% of all cancers.27 Several genomic alterations
that cause CRC have been identified; in one study of 145 patients,
97.2% showed somatic mutations with high frequency in genes
including TP53 (70%), APC (60%), KRAS (49%), and PIK3CA
(23%).28,29 It has been reported that the development of most cancers
require carcinogenic mutations in more than two genes.4 In CRC pa-
tients, different combinations of mutation types were observed,
affecting RNA expression levels, the tumor environment, and immu-
nocyte infiltration.5 These multiple CRC-associated mutations could
be targetable using either LbCas12a or LbABE8e, given their ability
for multiplexed editing, if their PAM specific could be broadened
so that non-canonical PAMs were recognized.

Here, we demonstrated an extended PAM specificity for LbCas12a
and its variants with no preference for T or V nucleotides in the fourth
position of non-canonical PAMs, as well as PAM-dependent
enhanced activity of these variants. In addition, we engineered
LbABE8e to carry G532R and/or K595R mutation(s) for altering its
PAM preference. We then utilized LbCas12a and LbABE8e variants
with multiplexed crRNAs to simultaneously edit three oncogenic mu-
tations, in the TP53, APC, and PIK3CA genes, associated with non-ca-
nonical PAMs in cells derived from CRC patients. These findings sug-
gest the potential of engineered LbCas12a and LbABE8e as alternative
genome editing and therapeutic tools in the treatment of cancers and
other polygenic disorders.

RESULTS
Non-canonical PAM-dependent activity of LbCas12a

In our previous study, we demonstrated nuclease-digested whole-
genome sequencing (Digenome-seq) for profiling genome-wide off-
target sites of LbCas12a30 and found that �10% of in vitro cleavage
sites (4/41 sites) involved non-canonical PAMs, whereas 90% of
such sites (37/41 sites) involved TTTN PAMs (Table S1). Based on
this finding, we further examined the genome editing activity of
LbCas12a at sites containing various non-canonical PAMs.We gener-
ated a total of 60 crRNAs targeting the TP53, APC, and PIK3CA
genomic loci at sites containing non-canonical PAMs (TCTN,
TTCN, TCCN, and CTCN) and canonical TTTN PAMs (Table S2).
Then, plasmids encoding LbCas12a and the corresponding crRNAs
were transfected into HEK293T cells, and the resulting genome edit-
ing efficiencies were measured. Targeted deep sequencing determined
that LbCas12a exhibits activity at sites with TCTN, TTCN, TCCN,
CTCN, and TTTN PAMs at frequencies of 2.7% ± 1.0%, 10.1% ±

3.6%, 2.1% ± 0.7%, 0.4% ± 0.1%, and 29.9% ± 3.5%, respectively (Fig-
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ure 1A). Interestingly, among the tested non-canonical PAMs,
LbCas12a recognized TTCN the best.

Next, we investigated whether a single crRNA together with
LbCas12a could target both canonical and non-canonical PAMs,
simultaneously. First, we designed a 23-nucleotide crRNA that in-
cludes an extra guanine (G) relative to the target site because
crRNAs are transcribed under the control of the U6 promoter,
which requires a guanine at the 50 end; the remaining nucleotides
in the crRNA hybridize with a 23-nucleotide region downstream
of a TTTA PAM, and a 20-nucleotide region downstream of a
TCCA PAM. Cell-free human genomic DNA was digested in vitro
using an LbCas12a-crRNA ribonucleoprotein complex targeting
the sites with TTTA and TCCA PAMs and then subjected to Dige-
nome-seq. LbCas12a-mediated cleavage occurred at the sites con-
taining the TTTA and TCCA PAMs and at an additional site down-
stream of a GTTT sequence (Figures 1B and 1C). To examine the
cleavage activity at these three sites in cells, we transfected plasmids
encoding LbCas12a and the crRNA into HEK293T cells and
sequenced the target loci. LbCas12a induced indels with frequencies
of 96.6% ± 0.8% and 12.7% ± 1.1% at the sites containing the TTTA
and TCCA PAM sequences, respectively, but not at the site contain-
ing the GTTT sequence (Figure 1D). Note that a high DNA cleavage
score does not mean a high mutation frequency. For example, the
DNA cleavage score was high in OT-II site containing the GTTT
PAM, but no mutation frequency was observed, indicating a
discrepancy between in vitro cleavage and cellular mutation. These
results demonstrate that the canonical and non-canonical PAMs
were both recognized by a single crRNA together with LbCas12a,
despite the lower activity at the site with the non-canonical versus
the canonical PAM.

Non-canonical PAM-dependent enhanced genome editing by

engineered LbCas12a variants

We then investigated whether the increased genome editing activ-
ities caused by LbCas12a-engineering are PAM dependent. To
generate LbCas12a variants, we introduced mutation(s) into human
codon-optimized LbCas12a (LbCas12a harboring the G532R muta-
tion [LbCas12a-G532R], the K595R mutation [LbCas12a-K595R],
or G532R/K595R double mutations [LbCas12a-G532R/K595R]).21

Then, we transfected plasmids encoding the LbCas12a variants
and the corresponding crRNAs into HEK293T cells and measured
mutation frequencies at 60 endogenous target sites containing
non-canonical PAMs (TCTN, TTCN, TCCN, and CTCN) and ca-
nonical TTTN PAMs (Table S2). LbCas12a-G532R showed
enhanced genome editing activities at sites with TCTN, TTCN,
TCCN, and CTCN PAMs (indel frequencies of 5.5% ± 1.4%,
23.5% ± 5.1%, 13.9% ± 3.1%, and 6.9% ± 2.0%, respectively)
(Figures 2A–2D). In particular, LbCas12a-G532R-induced indel fre-
quencies at sites containing TCCN PAMs were increased by 6.8-fold
compared with indel frequencies induced by wild-type LbCas12a
(Figure 2C). LbCas12a-K595R also exhibited enhanced genome ed-
iting at sites with TCTN PAMs, compared with wild-type LbCas12a
(Figure 2A). In addition, the effects of the double mutations in



Figure 1. Activity of wild-type LbCas12a at sites with non-canonical and canonical PAMs

(A) LbCas12a-induced indel frequencies at 60 endogenous target sites containing non-canonical and canonical PAMs in HEK293T cells. Indel frequencies weremeasured by

targeted deep sequencing. Black arrows indicate target sites containing TTTT PAM. Data points (n = 12) are plotted as dots representing the crRNAs indicated in Table S2.

Each dot represents the mean of biologically independent triplicates. (B) Genome-wide Circos plot representing DNA cleavage scores. Intact genomic DNA (gray) and

genomic DNA digested with LbCas12a (blue) were subjected to whole-genome sequencing and Digenome-seq analysis. (C) On-target and off-target sites identified by

Digenome-seq analysis. The chromosome location and DNA sequences at in vitro cleavage sites are shown together with the DNA cleavage score. PAM sequences are

shown in blue. Target sequences that hybridize with the crRNA are underlined and mismatched nucleotides are shown in red. (D) Comparison of the activity of LbCas12a at

sites containing TTTA, TCCA, andGTTT sequences in HEK293T cells. Indel frequencies weremeasured by targeted deep sequencing. Each dot represents an individual data

point. Error bars indicate SEM (n = 3).
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LbCas12a-G532R/K595R were additive at sites with TCTN PAMs
(indel frequencies of 12.4% ± 2.6% for LbCas12a-G532R/K595R,
5.5% ± 1.4% for LbCas12a-G532R, and 9.6% ± 2.5% for
LbCas12a-K595R) (Figure 2A). Nevertheless, the indel frequencies
induced by LbCas12a-G532R/K595R at target sites containing
TTCN, TCCN, and CTCN PAMs were similar to those induced
by LbCas12a-G532R (Figures 2B–2D). Interestingly, introduction
of mutation(s) into wild-type LbCas12a did not enhance TTTN
PAM recognition (Figure 2E). Taken together, these results indicate
that the G532R and/or K595R mutations in the engineered
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LbCas12a variants seem to alter nucleotide preferences in non-ca-
nonical PAMs, particularly at the second position (Table S3), a
result similar to previously published findings.24,25

LbCas12a variants exhibit no preference for the fourth

nucleotide in non-canonical PAMs

We next examined whether the fourth nucleotide of the PAM affects
the activities of LbCas12a and its variants. We included two addi-
tional target sites with TTTT PAMs to identify more statistically
meaningful differences in PAM preferences. In line with previous re-
ports,11,14 we found that wild-type LbCas12a exhibited a preference
for TTTV versus TTTT PAMs (Figure 3A). However, neither
LbCas12a-G532R nor -G532R/K595R exhibited a preference for the
fourth nucleotide in canonical PAMs. Moreover, LbCas12a variants
showed higher activity than wild-type LbCas12a at sites containing
all tested non-canonical PAMs with a T at the fourth position (Fig-
ure 3A). More interestingly, LbCas12a and its three variants showed
no preference for the fourth nucleotide in non-canonical PAMs
(Figure 3B).

We further investigated the editing activities at 32 sites in TP53, APC,
CTNNB1, and SRSF3 genes with non-canonical PAMs harboring a T
at the fourth position (Table S4). We did not analyze editing in the
PIK3CA gene further, because the editing efficiency was low at all
tested target sites. With the exception of the CCCT PAM, the remain-
ing seven non-canonical PAMs (TCCT, TTCT, TCTT, CTCT, CCTT,
CTTT, and TTTT) were recognized by wild-type LbCas12a, which
induced mean indel frequencies ranging from 1.8% to 21%
(Figures 3C and 3D). Strikingly, LbCas12a-G532R/K595R induced
mean indel frequencies ranging from 8.7% to 35.8%; at sites with
CCCT PAMs, the activity of this variant was increased 51-fold
compared with that of wild-type LbCas12a (Figures 3C and 3D).

LbABE8e variants induce efficient adenine base editing at sites

with non-canonical PAMs

Next, we investigated whether LbABE8e can induce adenine base ed-
iting at sites with non-canonical PAMs. Plasmids encoding wild-type
LbABE8e and the corresponding crRNAs were transfected into
HEK293T cells to determine the resulting base editing efficiencies
at the 22 endogenous target sites at which indels were generated by
LbCas12a-G532R/K595R at frequencies above 20% (Table S5). The
base editing efficiency of wild-type LbABE8e ranged from 0% to
5.3% at these sites with non-canonical PAMs (Figure 4A).

To overcome the low efficiency of wild-type LbABE8e in recognizing
non-canonical PAMs, the PAM preferences were altered by suitable
amino acid changes that loosen PAM constraints. The G532R and/
or K595Rmutations were incorporated into human codon-optimized
Figure 2. Activity of engineered LbCas12a variants at sites with non-canonical

(A–E) Comparison of the genome editing activities of wild-type LbCas12a and LbCas

targeted deep sequencing at 60 endogenous target sites in HEK293T cells. Data points

represents themean of biologically independent triplicates. (A) TCTN, (B) TTCN, (C) TCC

60 target sites with TCTN, TTCN, TCCN, CTCN, and TTTN PAMs.
LbABE8e to generate LbABE8e-G532R, LbABE8e-K595R, and
LbABE8e-G532R/K595R. Introduction of a G532R mutation into
wild-type LbABE8e increased base editing efficiencies at sites with
several different PAMs (Figures 4B). However, the effect of the
K595Rmutation in LbABE8ewasminimal (Figure 4C). Incorporation
of double mutations to generate LbABE8e-G532R/K595R further
increased base editing efficiencies, up to 14-fold compared with that
of wild-type LbABE8e, at sites with all tested PAM sequences
(Figures 4A, 4D, and 4E). The effect of the double G532R/K595Rmu-
tations was striking for the site with a TTCC PAM; the wild-type
LbABE8e-induced editing efficiency at this site was low (3.8% ±

0.9%), but LbABE8e-G532R/K595R showed an editing efficiency of
15.3%± 1.3% (Figures 4D and 4G).Next, we examined the base editing
window of LbABE8e variants at the six genomic sites at which A-to-G
conversions were generated by LbABE8e-G532R/K595R at fre-
quencies above 5%. The editing window for LbABE8e-G532R/
K595R is similar to that of wild-type LbABE8e: the protospacer spans
positions 8–14 (counting downstream of the PAM) (Figure 4F and
Table S6). Of special interest, LbABE8e-G532R/K595R, which
induced the highest frequency of base editing among all LbABE8e var-
iants tested, was used for correcting oncogenic mutations in the
studies described below.

Editing of triple oncogenic mutations using engineered

LbCas12a and LbABE8e

To investigate oncogenic mutations present in HCT-15 CRC cells, we
isolated genomic DNA from the cells and analyzed the sequences of
cancer-associated genes using targeted deep sequencing. We found
missense mutations in APC (6496C-to-T), PIK3CA (1633G-to-A),
and TP53 (722C-to-T) that were present in 48% ± 0.2%, 41% ±

1.2%, and 50% ± 0.8% of the alleles, respectively (Figures 5A and
S1). To evaluate LbCas12a-mediated editing of these triple oncogenic
mutations, in each case we designed several crRNAs that would hy-
bridize with these mutant target sequences located downstream of
various non-canonical and canonical PAMs; editing occurred at
different frequencies depending on the PAM (Figure S2 and Table
S7). Each crRNA that resulted in the highest indel frequencies in
the APC, PIK3CA, and TP53 genes was transfected into HCT-15 cells
along with LbCas12a-G532R, LbCas12a-K595R, or LbCas12a-
G532R/K595R to compare genome editing efficiencies of the
LbCas12a variants (Figure S2). Of note, LbCas12a-G532R/K595R
complexed with crRNAs induced mutant-allele-specific gene editing
at frequencies up to 47% ± 0.9% (Figure S2).

Next, we combined the respective crRNA-encoding sequences that
resulted in the highest indel frequencies in each oncogene (Table
S7) to generate a CRISPR array targeting APC, PIK3CA, and TP53
simultaneously. The three crRNA-encoding sequences were arranged
and canonical PAMs

12a variants harboring G532R, K595R, or G532R/K595R mutations measured by

(n = 12) are plotted as dots representing the crRNAs indicated in Table S2. Each dot

N, (D) CTCN, and (E) TTTN PAMs. The heatmap shows the mean indel frequencies at
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according to the GC content in the spacers, from lowest to highest:
that targeting the APC (35% GC content), PIK3CA (39%), and
TP53 (52%) genes. The first CRISPR array we generated, multiplexed
crRNA-V1, contains three spacer sequences; multiplexed crRNA-V2
contains separators31 between the spacers. We further designed mul-
tiplexed crRNA-V3 that includes an extra separator downstream of
the promoter (Figure 5B and Table S8). After CRISPR array- and
LbCas12a-G532R/K595R-encoding plasmids were transfected into
HCT-15 cells, we found that multiplexed crRNA-V3 was associated
with the highest activity, resulting in indel frequencies of 25.9% ±

2.4%, 32.6% ± 2.9%, and 43.3% ± 0.5% in mutant APC, PIK3CA,
and TP53 alleles, respectively, representing a 1.7-fold and 1.3-fold in-
crease compared with the activity associated with multiplexed
crRNA-V1 and -V2, respectively (Figure 5C). However, indels were
also generated in the corresponding wild-type alleles with frequencies
ranging between 0.9% and 3.3%.

In addition, treatment of HCT-15 cells with multiplexed crRNA-V3
and LbABE8e-G532R/K595R-encoding plasmids induced adenine
base editing with frequencies of 2.3% ± 0.5% in APC, 12.8% ± 2.9%
in PIK3CA, and 3.3% ± 0.4% in TP53, resulting in correction of onco-
genic missense mutations (Figure 5D and Table S6). These results
suggest that LbCas12a- or LbABE8e-G532R/K595R together with a
multiplexed CRISPR array with three separators can successfully
induce multiplexed gene editing.

Inhibition of cancer cell proliferation mediated by LbCas12a-

and LbABE8e-G532R/K595R

To investigate whether LbCas12a-induced indels or LbABE8e-
induced base editing of these triple oncogenic mutant alleles could
reduce cancer cell proliferation, we conducted an MTT cell prolifer-
ation assay. Treatment of HCT-15 cells with multiplexed crRNA-
V3- and LbCas12a-G532R/K595R-encoding plasmids led to killing
of HCT-15 cells, with an 11.1% reduction in cell viability compared
with that in a mock transfection experiment (Figure 5E). Moreover,
cells treated with LbABE8e-G532R/K595R showed a greater decrease
in viability (a 39.1% decrease compared with mock) (Figure 5E).
Taken together, these data show that LbABE8e-mediated correction
of multiple oncogenic mutations with a multiplexed CRISPR array
efficiently inhibits abnormal cancer cell proliferation.

DISCUSSION
In this report, we have shown that LbCas12a and LbABE8e variants
can recognize a diversity of suboptimal PAMs and induce efficient
gene editing in human cells. The ability of LbCas12a and
LbABE8e variants to recognize alternative PAMs with high effi-
ciency offers the advantage of being able to correct a broader range
Figure 3. Activity of engineered LbCas12a variants at sites with non-canonical

Representative graphs show the activities of LbCas12a and its variants at 62 target sites

(B) non-canonical PAMs. (C) Activities of LbCas12a and its variants at 32 target sites co

mean indel frequencies measured by targeted deep sequencing. Mean indel frequen

representing the crRNAs indicated in Tables S2 and S4. Each dot represents the mean

tailed t test. *p < 0.05; NS, not significant.
of disease-causing mutations. Based on this finding, we suggest a
novel therapeutic strategy that uses these nucleases and alternative
PAMs to target multiple oncogenic mutations for the treatment
of CRC.

We previously showed that LbCas12a induces precise editing of tar-
geted oncogenes in non-small cell lung cancer cells and tumor xeno-
grafts, leading to efficient tumor regression.8 We speculated that the
development of a mutant form of LbABE8e consisting of dLbCas12a
fused to a deaminase would potently augment the therapeutic effect.
Moreover, the unique ability of LbABE8e to induce multiplexed base
editing offers the possibility of targeting various genetic alterations
with a single CRISPR array, an ability that would be particularly use-
ful for treating polygenic disorders such as cancers, which are primar-
ily caused by multiple genetic mutations.32 However, the ability of
LbCas12a or LbABE8e to edit combinations of mutations in thera-
peutic application is limited by their requirement for a TTTV PAM
at the desired position. Broadening its PAM specificity would extend
usefulness for such an approach.

Here, we provide an in-depth demonstration that variants of
LbCas12a and LbABE8e exhibit an enhanced ability to recognize sub-
optimal PAMs compared with the wild-type version. Furthermore,
we use these variants to edit previously non-targetable mutations in
CRC.

We observed, in contrast to previous studies,21,24,25 that LbCas12a
and its variants exhibit no preference for the fourth nucleotide in
non-canonical PAMs. In addition, the enhancement of activity ex-
hibited by engineered LbCas12a was shown at target sites containing
TCTN, TTCN, TCCN, and CTCN PAMs. Of note, LbCas12a variants
recognize CTCN PAMs with highly improved efficiency, broadening
target availability. Interestingly, this enhanced effect caused by
LbCas12a engineering was not observed at sites with canonical
PAMs. Based on this finding, we engineered LbABE8e by introducing
the identified PAM-interacting mutation (G532R and/or K595R) to
alter its non-canonical PAM specificity and showed an improvement
in base editing activity compared with that of wild-type LbABE8e.
Most notably, we observed superior base editing efficiencies when
G532R/K595R double mutations were incorporated into wild-type
LbABE8e. The activity of this variant was increased up to 14-fold
compared with that of LbABE8e at sites containing these non-canon-
ical PAMs; the base editing window remained the same. We also
improved the effectiveness of crRNA array sequences by introducing
separators31 between the spacers, resulting in an improvement in
genome editing efficacy compared with that obtained with crRNAs
with fewer than three separators.
and canonical PAMs with a T or V nucleotide at the fourth position

according to the type of nucleotide (V or T) at the fourth position in (A) canonical and

ntaining a T at the fourth position in non-canonical PAMs. (D) The heatmap shows

cies ± SEM are shown in the graphs. Data points (n = 4–36) are plotted as dots

of biologically independent triplicates. p values were derived from a Student’s two-
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We then utilized this system to inducemultiplexed andmutant-allele-
specific gene editing by targeting three oncogenes using LbCas12a or
LbABE8e variants in cells derived from CRC patients. Interestingly,
mutant-allele-specific knockout by LbCas12a-G532R/K595R reduced
abnormal cancer cell proliferation. However, it should be also consid-
ered that the tolerance of LbCas12a for mismatched spacer sequences
could lead to the induction of DSBs in the wild-type alleles, although
at low frequencies. Interestingly, correction of triple oncogenic muta-
tions by LbABE8e-G532R/K595R led to a more substantial reduction
of cancer cell proliferation compared with that seen with LbCas12a-
G532R/K595R, despite the lower frequencies of gene editing induced
by the LbABE8e variant. These results are in line with those from pre-
vious studies, showing that a low level of base editing can lead to sub-
stantial reduction of protein levels and altered disease phenotypes in
cells.33–35 We speculated that the correction of triple oncogenic mu-
tations, albeit at a low frequency, would be sufficient to reduce
abnormal cancer cell proliferation. Further studies are needed to eval-
uate the synergetic effects of multiplexed compared with single base
editing to correct oncogenic mutations in vitro and in vivo. The small
sizes of LbCas12a and LbABE8e confer the advantage of efficient de-
livery using adeno-associated viral or adenoviral vectors in vivo. As a
next step, the therapeutic effects of multiplexed gene editing using
LbCas12a or LbABE8e variants delivered by viral vectors in an animal
model should be thoroughly investigated. Our results support that
application of LbCas12 or LbABE8e variants as a gene editing tool
will be an effective strategy for treating cancers and other diseases
associated with mutations.

MATERIALS AND METHODS
Cell lines and cell culture

HEK293T cells (a human embryonic kidney cell line) were purchased
from American Type Culture Collection (CRL-3216, Manassas, VA,
USA) and HCT-15 cells (a human colon cancer cell line) were pur-
chased from Korean Cell Line Bank (KCLB, No. 10225). HEK293T
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Welgene, Korea) supplemented with 10% fetal bovine serum (FBS,
Welgene, Korea) and 1% antibiotics (100 units/mL of penicillin
and 100 mg/mL streptomycin) (Welgene, Korea). HCT-15 cells
were cultured in RPMI-1640 medium with 10% FBS and 1% antibi-
otics. All cells were maintained at 37�C in a humidified 5% CO2

atmosphere.

Construction of plasmids encoding LbCas12a, LbABE8e, and

crRNA

A human codon-optimized LbCas12a coding sequence, derived from
Lachnospiraceae bacterium ND 2006, was cloned into a pcDNA3.1
vector plasmid. A plasmid encoding LbABE8e was purchased from
Figure 4. Adenine base editing with engineered LbABE8e variants at sites with

Adenine base editing efficiencies induced by (A) wild-type LbABE8e and engineered L

endogenous target sites, at which indels were generated by LbCas12a-G532R/K595R a

Mean base editing frequencies ± SEM are shown in the graphs. (E) A representative heat

(F) The base editing window within the protospacer at six genomic sites in HEK293T ce

G532R/K595R mutations. (G) The enhanced editing window of LbABE8e variants at sit
Addgene (plasmid #138504). LbCas12a and LbABE8e sequences
were modified to encode G532R, K595R, and G532R/K595R muta-
tions via site-directed mutagenesis (Q5 Site-Directed Mutagenesis
Kit, New England Biolabs). Plasmid DNA was extracted using an Ex-
prep Plasmid SV miniprep kit (Geneall) and a NucleoBond Xtra Midi
EF kit (MACHEREY-NAGEL) according to the manufacturer’s in-
structions. Sequences of the crRNAs targeting theTP53, APC,
PIK3CA, CTNNB1, and SRSF3 genes are listed in Tables S1, S2, S4,
S5, and S7. The crRNA-encoding sequences were subcloned into
the pU6-Lb-crRNA vector plasmid (Addgene, #78957) digested
with BsmB1 (New England Biolabs). The crRNAs were transcribed
under the control of the U6 promoter, and LbCas12a and LbABE8e
expression was controlled by the cytomegalovirus promoter.

Transfection and genomic DNA extraction

HEK293T and HCT-15 cells were seeded into 24-well plates 1 day
prior to transfection and then transfected with the crRNA plasmid
(1,500 ng) and the LbCas12a or LbABE8e variant plasmid (500 ng)
using 4 mL of jetPRIME (Polyplus). Cells were maintained in
DMEM or RPMI-1640 supplemented with 10% FBS. After 48 h of
transfection, genomic DNA was extracted using an AccuPrep
Genomic DNA Extraction Kit (Bioneer, Korea). Extracted genomic
DNA was then used for targeted deep sequencing.

Digenome sequencing

Digenome-seq was performed as described previously.36 Genomic
DNA was isolated using a DNeasy Tissue kit (Qiagen) according to
the manufacturer’s instructions. Genomic DNA (8 mg) was mixed
with LbCas12a protein (300 nM) and crRNA (900 nM) in a 400-mL
reaction volume (100 mM NaCl, 50 mM Tris-HCl, 10 mM MgCl2,
and 100 mg/mL BSA), and the mixture was incubated for 8 h at
37�C. Digested genomic DNA was then incubated with RNase A
(50 mg/mL) for 30 min at 37�C and purified again with a DNeasy Tis-
sue kit (Qiagen). Digested DNA was fragmented using the Covaris
system and ligated with adaptors for library formation. DNA libraries
were subjected to whole-genome sequencing using an Illumina HiSeq
X Ten Sequencer at Macrogen.We used the Isaac aligner to generate a
Bam file using the following parameters: ver. 01.14.03.12; Mouse
genome reference, mm10 from UCSC; Base quality cutoff, 15; Keep
duplicate reads, yes; Variable read length support, yes; Realign gaps,
no; and Adaptor clipping, yes (adaptor: AGATCGGAAGAGC*,
*GCTCTTCCGATCT).

Mutation analysis

On-target sites were amplified from genomic DNA using Phusion
High-Fidelity DNA Polymerase (Thermo Fisher Scientific Korea)
for targeted deep sequencing. The region of interest was amplified
non-canonical PAMs

bABE8e containing (B) G532R, (C) K595R, or (D) G532R/K595R mutations at 22

t frequencies above 20%,measured by targeted deep sequencing in HEK293T cells.

map shows mean base editing frequencies measured by targeted deep sequencing.

lls for wild-type LbABE8e and engineered LbABE8e containing G532R, K595R, or

e 13. Each dot represents an individual data point. Error bars indicate SEM (n = 3).
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using the primer pairs listed in Table S9. Illumina TruSeq HT dual in-
dex primers were used to label each PCR amplicon. The PCR prod-
ucts were purified using Expin PCR SV (Geneall Biotechnology, Ko-
rea). Pooled libraries were sequenced using MiniSeq (Illumina, San
Diego, CA). Substitutions and indel frequencies were calculated by
MAUND, which is available at https://github.com/ibs-cge/maund.
Wild-type and mutant sequences were discriminated based on the
presence of the single nucleotide missense mutation in the allele. Se-
quences carrying indels were counted as genome edited sequences.
Indel-harboring sequences that could not be discriminated as wild-
type or mutant sequences were counted as mutant sequences, because
the percentage of wild-type-specific indels among all alleles was low.
A-to-G conversion ratios in themutant sequences were determined to
calculate base editing frequency.

MTT assay

To evaluate the effect of editing mediated by LbCas12a or LbABE8e
variants on cell proliferation, HCT-15 cells were plated onto a
24-well plate and then transfected with plasmids encoding an
LbCas12a variant and the triplex crRNA or a non-targeting crRNA
in the mock control. At 72 h after treatment, the MTT assay was
carried out. 200 mL of a solution of MTT (Sigma, St. Louis, MO,
USA) in phosphate-buffered saline (2 mg/mL) was added to each
well. After a 4 h incubation at 37�C, the supernatant was discarded,
and the precipitate was dissolved in 1 mL of dimethyl sulfoxide. The
absorbance of the samples at 540 nm was then measured on a mi-
croplate reader.

Statistical analysis

All results are expressed as the mean ± SEM unless indicated other-
wise. Statistical significance as compared with untreated controls is
denoted with *p < 0.05, **p < 0.01, and ***p < 0.001 in the
figures and figure legends. Statistical analysis was performed in
GraphPad Prism 9.1.1. p values were derived from a Student’s two-
tailed t test.
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Figure 5. Editing of triple oncogenic mutations by engineered LbCas12a inhibi

(A) Schematic diagram of oncogenic mutations in HCT-15 colon cancer cells. Oncogeni

representation of vectors encoding LbCas12a-G532R/K595R, LbABE8e-G532R/K595

shown. Multiplexed crRNA-V2 and -V3 contain separators between spacer sequences a

promoter. (C) Activities of LbCas12a-G532R/K595R with multiplexed crRNA-V3 target

crRNA-V3 targeting APC, PIK3CA, and TP53 in HCT-15 cells. Mean base editing freque

assay after transfection of plasmids encoding LbCas12a-G532R/K595R or LbABE8e

plasmids encoding LbCas12a-G532R/K595R or LbABE8e-G532R/K595R and a non-ta

from a Student’s two-tailed t test. *p < 0.05, **p < 0.01, and ***p < 0.001; NS, not sign
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