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enAsCas12a Enables CRISPR-Directed Evolution
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While drug resistance mutations provide the gold standard
proof for drug target engagement, target deconvolution of in-
hibitors identified from a phenotypic screen remains chal-
lenging. Genetic screening for functional in-frame drug resis-
tance mutations by tiling CRISPR-Cas nucleases across
protein coding sequences is a method for identifying a drug’s
target and binding site. However, the applicability of this
approach is constrained by the availability of nuclease target
sites across genetic regions that mediate drug resistance upon
mutation. In this study, we show that an enhanced AsCas12a
variant (enAsCas12a), which harbors an expanded targeting
range, facilitates screening for drug resistance mutations with
increased activity and resolution in regions that are not acces-
sible to other CRISPR nucleases, including the prototypical
SpCas9. Utilizing enAsCas12a, we uncover new drug resistance
mutations against inhibitors of NAMPT and KIF11. These
findings demonstrate that enAsCas12a is a promising new
addition to the CRISPR screening toolbox and allows targeting
sites not readily accessible to SpCas9.
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INTRODUCTION
One of the bottlenecks of (phenotypic) drug discovery is the subse-
quent identification and validation of the cellular target of candidate
hit molecules.1 Knowledge on the cellular target of identified hits is
critical for predicting side effects and the validity and tractability of
interfering with the target in the disease context, and it supports
hit-to-lead optimization and biomarker development.2 However,
target deconvolution and target confirmation for hit molecules
remain challenging. There is no clear go-to, off-the-shelf methodol-
ogy. Nevertheless, genetic approaches provide particularly powerful
tools for the drug mechanism of action studies considering that the
discovery of mutations conferring drug resistance within a cellular
context is viewed as the gold standard proof for target engagement.3,4

Recently, we have developed a CRISPR-directed evolution approach
that allows for target deconvolution based on targeted and rapid gen-
eration of functional drug resistance mutations in protein coding re-
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gions (CRISPR-induced resistance in essential genes [CRISPRres]).5

In human cells, CRISPR-Cas-induced DNA double strand breaks
(DSBs) are mainly repaired by non-homologous end joining
(NHEJ), generating insertion and deletion mutations (indels).6

Within protein coding sequences, these indels lead to a variety of
both out-of-frame and in-frame mutations.7–10 Out-of-frame (frame-
shift) indels severely disrupt protein synthesis and are commonly
used to generate loss-of-function alleles.11,12 CRISPRres, however, le-
verages in-frame mutations to derive gain-of-function protein vari-
ants that confer drug resistance. Drug-resistant cells generated
through this approach typically contain a variety of genetic mutations
around the DSB, resulting in amino acid deletions, insertions, and
substitutions that keep the protein’s translational frame intact.
Indeed, DNADSBs introduced by single guide RNA (sgRNA)-guided
SpCas9 targeted to resistance hotspots allowed for rapid selection of
drug-resistant cells across multiple independent studies.5,13–19 An
important strength of CRISPRres is that the sgRNA sequences used
to target the CRISPR nuclease directly annotate the genomic sequence
containing the drug resistance-conferring mutations, allowing a sin-
gle readout based on a simple targeted amplicon sequencing reaction
of the sgRNA cassette. In addition, CRISPRres not only allows for
identification of a drug’s target protein, but it also provides informa-
tion on the drug-protein binding interface with amino acid resolu-
tion.5,13 We previously showed an SpCas9 sgRNA library tiling 64
genes that correctly identified PSMB5 as the target of bortezomib.5

It also identified the bortezomib binding interface with amino acid
resolution and uncovered novel resistance mutations. Moreover,
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tiling of another 75 genes with SpCas9 sgRNAs identified a binding
site within the enzymatic pocket of NAMPT as the molecular target
for the antineoplastic compound KPT-9274.

Target binding and enzymatic activity of the CRISPR-SpCas9 endo-
nuclease requires recognition of the 3-nt protospacer-adjacent motif
(PAM) 50-NGG.20,21 Tiling with SpCas9 is thus limited by the avail-
ability of NGG motifs across the targeted coding sequences. If no
NGG PAM sites near resistance hotspots for the investigated com-
pound are available, it is unlikely the approach will generate resistance
mutations. The sparsity of PAMs further limits the approach when
the sequence context of the genetic target regions favor only certain
major mutational outcomes.7,8 To partially mitigate these constraints,
we previously showed that CRISPRres-based target deconvolution is
compatible with the class 2 type V CRISPR-Cas AsCas12a,5 which
utilizes the relatively rare TTTV PAM.22 However, the combination
of AsCas12a with canonical SpCas9 is still insufficient to reach target-
ing saturation of many protein coding sequences, highlighting the
need for additional CRISPR endonucleases utilizing new PAM recog-
nition sites to identify resistance mutations in genomic regions that
lack NGG and TTTV PAMs. In this study, we demonstrate that the
recently reported enhanced AsCas12a variant (enAsCas12a)23 is
compatible with CRISPRres and allows for identification of new
drug resistance mutations in previously inaccessible genomic regions,
thanks to its substantially expanded targeting range.

RESULTS
Engineered CRISPR Nucleases Complement the Targetable

Genetic Space of SpCas9 and AsCas12a

To determine the fraction of protein coding sequences that are acces-
sible for mutagenesis by the canonical SpCas9 CRISPR endonuclease,
we set out to examine the outcome of DNA repair of SpCas9-induced
DNA DSBs. We utilized CrispRVariants24 to analyze existing refer-
ence-aligned targeted amplicon next-generation sequencing reads
to determine the mutational spectra and outcome at 71�78
CRISPR-SpCas9 cut sites in human HCT116, HEK293T and K562
cells 11 days after lentiviral transduction of the CRISPR machinery.9

Across all 223 samples (4,000–20,000 sequencing reads/sample), we
detected a total of 127,186 unique mutated sequence variants (Table
S1), indicating robust editing. However, the fraction of unaltered se-
quences varied between cell lines: HCT116, 3.5% ± 12.6%; HEK293T,
39.0% ± 20.5%; K562, 8.1% ± 12.8% (mean ± SD). Most altered se-
quences consisted of 1- to 30-bp deletions or a single nucleotide inser-
tion, although some larger variants were also observed (Figure 1A).
Regardless of sequence context, we categorized deletions and inser-
tions as in-frame or out-of-frame mutations and included nucleotide
variants as in-frame mutations. Although the fraction of in-frame and
out-of-frame variants varied heavily between sgRNAs, on average
35.7% ± 16.5% (mean ± SD) of variants at each target site consisted
of in-frame mutations (Figure 1B). To spatially examine the variants
at the nucleotide level, we utilized the DeepSNV package.25We exam-
ined a region of 46 nt surrounding the genomic sgRNA target
sequence for each sgRNA independently across the three cell lines.
For each sample, we normalized all DeepSNV nucleotide calls
(from all in-frame, out-of-frame, and wild-type reads) to the positive
orientation and normalized call positions relative to the SpCas9 cut
site. We then summed the results to obtain a cumulative average of
variant calls. Interestingly, a skewed normal distribution was
observed for each cell type, with deletions making up most of the var-
iants (Figure 1C; insertions incorporated as mutations). Nucleotides
upstream of the PAM sequence appeared altered more often than
did downstream nucleotides (Figure 1C). Of note, when examining
individual target sites in individual samples, the mutational spectrum
varied wildly, indicating that the sequence context and the function of
each genomic target site strongly influence the DNA repair outcome
(Table S2), in line with previous observations.7,8 When nucleotide
calls for only in-frame variants where examined, the overall muta-
tional spectrum remained similar (compare Figure S1A with Fig-
ure 1C), while the spectrum in individual samples differed substan-
tially and was characterized by more nucleotide variants (compare
Table S2 with Table S3), as might be expected.

Based on these observations, we set an effective window of mutagen-
esis after NHEJ repair to 14 bp around the SpCas9 cut site, including
the PAM site, and extrapolated this window to AsCas12a (Fig-
ure 2A). We then calculated the targetable genetic space within
entire protein coding sequences for 190 human anticancer drug
target genes (Table S4) as a fraction using CRISPR RNAs (crRNAs)
designed for the canonical 50-NGG (SpCas9) and 50-TTTV (As-
Cas12a) PAMs (Table S5). SpCas9 was able to cover 83.0% ± 9.5%
(mean ± SD) of the examined coding sequences with 65,841 unique
sgRNAs, while AsCas12a only covered 29.7% ± 13.6% (mean ± SD)
with 10,498 crRNAs (Figure 2B). Combining SpCas9 and AsCas12a
only increased coverage marginally, indicating strong overlap and
highlighting the need for additional CRISPR endonucleases with
different PAM recognition to expand the targetable genetic space.
In recent years, new CRISPR nucleases have been engineered for
increased activity and relaxed PAM recognition. Applying the
same 14-bp window to calculate the mutable window for two
SpCas9 variants, xCas9-3.7 (PAM: 50-NG, 50-GAT, 50-GAA, or 50-
CAA)26 and SpCas9-NG (PAM: 50-NG),27 highlighted that these
two variants cover close to 100% of coding sequences, albeit with
a steep increase in the amount of sgRNAs (xCas9-3.7: 99.8% ±

0.4% (mean ± SD), 317,915 sgRNAs; SpCas9-NG: 99.7% ± 0.5%
(mean ± SD), 220,102 sgRNAs) (Figure 2B; Table S5). Utilizing
the top 23 different PAMs associated with enAsCas12a, an engi-
neered variant of AsCas12a with increased activity and relaxed
PAM recognition,23 showed that a total of 73,802 crRNAs cover
80.9% ± 9.1% (mean ± SD) of the coding sequences (Figure 2B; Ta-
ble S5). Interestingly, when combining SpCas9 and enAsCas12a,
97.4% ± 1.1% (mean ± SD) of the coding sequences was covered
(Figure 2B), indicating that not all SpCas9 and enAsCas12a target
spaces are mutually accessible. Analysis of the targetable space in in-
dividual genes, such as NAMPT, further illustrated that the target-
able space of a given coding sequence can vary between Cas effector
endonucleases (Figure 2C; Table S6). As the broadened PAM
compatibility of xCas9-3.7, SpCas9-NG, and enAsCas12a allow tar-
geting of previously inaccessible sites within the genome, we set out
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Figure 1. SpCas9-Induced NHEJ Repair Leads to In-Frame and Out-of-Frame Mutations Localized in Front of the 50-NGG PAM

(A) Boxplots showing the fraction of all mutated genetic variants (left y axis) of a certain indel size (x axis) as determined by CrispRVariants analysis of targeted amplicon

sequencing of 223 SpCas9 sites across three human cancer cell lines. Samples were analyzed on day 11 after lentiviral transduction of the SpCas9 machinery. Boxes

indicate the 25th to 75th percentiles with the median (horizontal black line), and whiskers indicate the 10th to 90th percentiles. Indels that are multiples of 3 nt are indicated as

in-frame (blue). Deletions are indicated by negative values, while insertions are represented by positive values (x axis). Mutations with a size of 0 indicate single or multiple

nucleotide variants. The two overlaying lines indicate the cumulative fraction of out-of-frame (orange) and in-frame (blue) mutations (right y axis). All values are wild-type

corrected, meaning that they are relative to only the total number of variants excluding wild-type alleles. (B) Scatterplots showing the fraction of in-frame (blue) and out-of-

frame (orange) genetic variants detected at the cut site of individual SpCas9 sgRNAs (y axis) grouped by cell line (x axis). Horizontal lines indicate means. Each dot represents

a different cut site at a specific SpCas9 sgRNA. Fractions are wild-type corrected and only include sequences that are different from the reference (e.g., mutated). N: 78

(HCT116), 74 (HEK293T), and 71 (K562) sgRNAs. (C) Barplots showing single-nucleotide variant occurrence at the sgRNA target site (y axis) at each nucleotide position

relative to the SpCas9 cut site (x axis) observed across all target sequences grouped by mutation type for each of three cell lines. Values represent means. Mutation types

include N (gray; unclear), mutation (pink; SNVs, multiple-nucleotide variants [MNVs], and insertions) and deletions (blue). Values were obtained by DeepSNV analysis of

targeted amplicon sequencing of SpCas9 target sites. PAM, protospacer-adjacent motif. See also Figure S1 and Tables S1, S2, and S3.
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to determine whether these CRISPR endonucleases would permit
the discovery of new drug resistance mutations previously uniden-
tified with SpCas9.

Mutagenesis ScanningwithSpCas9-NG IdentifiesNew, but Few,

Drug Resistance Hotspots

We first wanted to investigate the ability of alternative SpCas9 nucle-
ases to generate resistance mutations in NAMPT, the target gene of
210 Molecular Therapy Vol. 29 No 1 January 2021
the antineoplastic agents FK866 (Figure S1B)28,29 and KPT-9274 (Fig-
ure S1C).5,30–34 Using SpCas9 and a large, multi-gene tiling sgRNA
library at a coverage of 5,000 cells/sgRNA, we previously identified
three coding regions in NAMPT that confer KPT-9274 and FK866
resistance when mutated: I11 to Y18 (exon 1), P236 to Y240 (exon
6), and G381 to G384 (exon 9).5 FK866 and KPT-9274 bind the
same enzymatic pocket of NAMPT, although KPT-9274 is branched
and binds two different patches, whereas FK866 only occupies a single



Figure 2. Engineered CRISPR Nucleases Complement the Targetable Genetic Space of SpCas9 and AsCas12a

(A) Graphical illustration of the theoretical mutable window in which in-frame mutations are still expected at a reasonable frequency for a given crRNA. Red arrowheads

highlight cut sites of the shown CRISPR endonucleases. (B) Violin plot showing the theoretical targetable genetic space (y axis) of various CRISPR guide tiling libraries (x axis)

covering the coding sequences of 190 human anticancer drug target genes. Values were calculated using the 14-bp mutable range defined in (A). Horizontal lines represent

the median, and each dot represents a gene. The number of crRNAs for each tiling library is indicated in brackets (x axis). (C) Estimates of themutational coverage for SpCas9

(beige), xCas9-3.7 (brown), SpCas9-NG (red), AsCas12a (pink), and enAsCas12a (blue) using a 14-bp mutational window within the coding sequence of NAMPT, the target

gene of the anticancer agents KPT-9274 and FK866. Colored regions indicate the region of the coding sequence that falls within a mutable range, while white areas indicate

regions that fall outside. See also Tables S4, S5, and S6.
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site.5 FK866 failed to progress to phase 2 clinical trials due to on-
target dose-limiting toxicity (thrombocytopenia) and lack of effi-
cacy.35 KPT-9274 is less potent than FK866 and can be dosed more
frequently. It is currently entering clinical trials but still elicits gastro-
intestinal toxicities and non-clinically observed cardiac and retinal
toxicities. KPT-9274 is also reported to bind PAK4, although the clin-
ical relevance of this activity remains unclear30,36.

Recent reports demonstrated that xCas9-3.7 shows strongly reduced
DNA cleavage activity at canonical 50-NGG PAMs and even at some
non-canonical PAMs (50-NGA, 50-SAG, 50-NGA) when compared
to SpCas9.27,37–39 This observation was supported by colleagues
(unpublished data), and hence we did not further explore xCas9-
3.7. Instead, we focused on SpCas9-NG, which has been shown to
have higher DNA cleavage activity than xCas9-3.7 at most PAMs,
but it is still known to have lower activity at canonical 50-NGG
PAMs than does SpCas9.27,37–39 To determine whether SpCas9-
NG allows screening for drug resistance against KPT-9274, we
generated a library of 50-NG PAM sgRNAs tiling the entire coding
sequence of NAMPT (Table S7). In addition, we also designed a
50-NG PAM sgRNA library tiling KIF11 to scan for resistance
against the antineoplastic agent ispinesib (Table S7; Figure S1D).
Ispinesib is a small molecule antineoplastic agent that binds an
allosteric site in the N-terminal motor domain of the essential pro-
tein kinesin-5 (KIF11).40,41 Binding of this site inhibits KIF11 func-
tion, which leads to impaired mitotic spindle formation and eventu-
ally to cell death. Cellular resistance against ispinesib can be
conferred by mutations in the drug’s binding pocket in KIF11,41

and we previously identified four sgRNAs that confer ispinesib
resistance mutations in KIF11 exons 4 and 5, which encode the
majority of the ispinesib binding pocket, by applying a SpCas9
mutagenesis scan.5
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Figure 3. enAsCas12a Enables Efficient Mutagenesis Scanning for Resistance against FK866

(A) Workflow of the chemical resistance mutagenesis screening experiment to compare AsCas12a with enAsCas12a using the NAMPT-KPT-9274/FK866 drug-target in-

teractions. A lentiviral crRNA tiling library based on the indicated PAMs was generated to cover the coding sequence of human NAMPT. AsCas12a- or enAsCas12a-stable

HAP1 cells were transduced with the lentiviral library and allowed to generate mutations for a period of 3 days under puromycin selection. Cells were then treated with 300 nM

KPT-9274 or 10 nM FK866 for 2 weeks. Following treatment, the gDNA from resistant colonies was harvested and subjected to next-generation sequencing. The experiment

was repeated once. (B) Enrichment scores (adjusted fold change over day 0 representation) for crRNAs present in transduced AsCas12a+ HAP1 cells after treatment

with 10 nM of the NAMPT inhibitor FK866. Fold change was determined by taking the log2 of the reads per million (RPM) after treatment added by 1. This value was then

divided by the +1 adjusted RPM before treatment. Both replicate screens are shown (x and y axis). Read counts were determined using EdgeR. Each dot represents

a different crRNA, which are divided into three categories, including scrambled control (white), canonical TTTV PAM (orange), and non-canonical PAM (pink). (C) Enrichment

scores (adjusted fold change over day 0) for crRNAs present in transduced enAsCas12a+ HAP1 cells after treatment with FK866, visualized as in (B). See also Figure S3

and Tables S10 and S11.
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We transduced both libraries, in duplicate, at a depth-coverage of
20,000 (KPT-9274) or 10,000 (ispinesib) cells per sgRNA into
HAP1 cells stably expressing SpCas9-NG to screen for drug resistance
against KPT-9274 and ispinesib (Figure S2A). Our original results
with SpCas9 indicated that canonical SpCas9 was more efficient at
generating drug resistance mutations across NAMPT and KIF11
than was SpCas9-NG, even though we originally only used 5,000 cells
per sgRNA for SpCas9.5 In more detail, across both replicate screens
with SpCas9-NG, three sgRNAs were enriched after KPT-9274 treat-
212 Molecular Therapy Vol. 29 No 1 January 2021
ment (Figure S2B; Table S8), while we previously identified six
sgRNAs conferring KPT-9274 resistance with SpCas9.5 Interestingly,
the three sgRNAs utilized the non-canonical NGA/NGT PAMs and
targeted codons (K84, Y87, F91) at a new resistance hotspot site in
exon 3. Unexpectedly, none of the sgRNAs associated with an NGG
PAM that we previously identified was enriched with SpCas9-NG,
although these sgRNAs were present in the library (Table S8). Simi-
larly, for ispinesib, only two sgRNAs were enriched (Figure S2C; Ta-
ble S9). One utilized the non-canonical 50-GGA PAM (KIF11_1153)
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and the other utilized a 50-GGG PAM (KIF11_1154). Both sgRNAs
mapped to codon L132 at the beginning of KIF11 exon 5. Mutations
in this exon, and in particular around codons D130–A133, are well
known to confer ispinesib resistance, and we previously identified
resistance mutations at this site with SpCas9.5,40,41 In conclusion,
SpCas9-NG showed less overall mutational activity than did canoni-
cal SpCas9 in our experimental setup and identified less KPT-9274
and ispinesib resistance hotspots than did SpCas9, although for
KPT-9274 it did identify a new site in exon 3. This highlights that
SpCas9-NG supports CRISPR-directed evolution and allows
screening mutations in regions inaccessible to SpCas9, albeit at an
overall lower efficiency.

enAsCas12a Enables Efficient Screening For Resistance against

NAMPT Inhibitors

We next turned to the class 2 type V CRISPR-Cas nuclease AsCas12a
(AsCpf1) and an engineered variant, enAsCas12a.22,23 We cloned a
crRNA library targeting the top 23 enAsCas12a compatible PAMs
across the NAMPT coding sequence and screened in duplicate for
FK866 and KPT-9274 resistance mutations using HAP1 cells stably
expressing AsCas12a or enAsCas12a (Figure 3A). This crRNA library
contained 398 targeted crRNAs covering 92% of NAMPT the coding
sequence (Figure 2C: enAsCas12a), and 30 scrambled control
crRNAs.

For FK866, only two crRNAs (NAMPT_93 and NAMPT_116) were
enriched in both replicate screens with AsCas12a (Figure 3B; Table
S9), and both associated with a canonical TTTV PAM. For enAs-
Cas12a, nine crRNAs were enriched in both replicate screens (Fig-
ure 3C; Table S10). Of these, seven targeted a non-canonical
PAM, while the other two were the ones that were also enriched
with AsCas12a. To validate the screening hits, all nine enriched
guides were cloned into plasmids individually and co-transfected
transiently into parental HAP1 cells with a plasmid encoding As-
Cas12a or enAsCas12a. Using AsCas12a, only NAMPT_116 and
NAMPT_93 clearly conferred FK866 drug resistance (Figure S3A),
although a marginal number of resistant colonies appeared with
the TTTT PAM-associated crRNAs NAMPT_92 and NAMPT_115
(Figure S3A). These crRNAs target similar sites as NAMPT_93 and
NAMPT_116, indicating that AsCas12a showed residual activity for
TTTT PAMs, which is a known phenomenon.22 Transfections with
enAsCas12a validated that all enriched guides were able to induce
drug resistance against FK866 (Figure S3B). The enriched guides
targeted NAMPT either in exon 3 (NAMPT_115, 116, 199, 257)
or in exon 6 (NAMPT_91, 92, 93, 329, 371). Although both regions
were uncovered in the AsCas12a screen with a single crRNA,
screening with enAsCas12a strengthened this finding by three or
four additional crRNAs, highlighting that the increased targeting
space of enAsCas12a allows for more robust identification of drug
resistance hotspots.

The site in exon 3 was not identified in our previous SpCas9-muta-
genesis screen and harbors the D93 residue, previously reported to
confer resistance to FK866 and other NAMPT inhibitors upon muta-
tion.42 This site was probably not identified in the SpCas9 screen
because it is only covered by a single sgRNA targeting its boundary.
Additionally, the abundance of this sgRNA in our original screen
was low, possibly due to a technical reason. The site at exon 6 spans
the G239 to P243 amino acid stretch, which we previously identified
as a KPT-9274 resistance hotspot, and a new site at A245. Although
we were unable to sequence exon 1 and 2 of NAMPT due to high GC
content, we uncovered 61 unique in-frame mutations and 9 out-of-
frame mutations in the other exons across all four samples (Table
S11). Although out-of-frame mutations were not abundant, NAMPT
is essential for HAP1 survival, suggesting that some cells had turned
diploid during the experiment, which is known to occur spontane-
ously in HAP1 cells.43 As expected, most in-frame mutations local-
ized to exon 3 and 6 and mainly consisted of deletions in the D85
to D93 (exon 3) and G239 to E246 (exon 6) amino acid stretches (Ta-
ble S11). These results show that genetic screening with (en)AsCas12a
enables identification of resistance mutations that were unachievable
with SpCas9.

When performing the screen with KPT-9274, 19-fold more KPT-
9274-resistant colonies were derived from enAsCas12a+ cells than
from AsCas12a+ cells (Figure 4A). Both populations were highly
resistant to treatment with KPT-9274, showing a 350- to 500-fold in-
crease in the 50% effective concentration (EC50) (Figure S4). In
AsCas12a+ cells, six crRNAs were enriched in both replicate experi-
ments (Figure 4B; Table S12). Of these, three crRNAs utilized a ca-
nonical PAM while the remaining three crRNAs required a non-ca-
nonical PAM, TTTT (NAMPT_115), TTCT (NAMPT_202), or
TACC (NAMPT_369). As NAMPT_202 and NAMPT_369 were
only enriched slightly and were not enriched in enAsCas12a+ cells
(Figure 4C; Table S12), these are likely false positives. In contrast,
22 crRNAs were enriched in both replicate experiments using
enAsCas12a+ cells (Figure 4C; Table S12). Many of these crRNAs
required a non-canonical PAM, demonstrating the advantages of
the broadened PAM compatibility of enAsCas12a in a lentiviral tiling
screening setting using human cells.

Individual validation transfections with AsCas12a demonstrated that
only 2 of 24 crRNAs (NAMPT_93 and 116) were able to confer clear
resistance to KPT-9274 (Figure S5). Not surprisingly, these two
crRNAs utilized a canonical TTTV PAM and were also the most en-
riched screening hits in AsCas12a+ cells (Figure 4B). We did observe
outgrowth of a minor number of resistant colonies with other guides,
including guides associated with non-canonical PAMs (Figure S5; Ta-
ble S12). However, it remains unclear whether these arose from
incomplete selection, background-resistant cells, or from bona fide
resistant mutations induced by the transfected guide. Individual vali-
dation experiments with enAsCas12a showed that 13 of 24 crRNAs
(NAMPT_53, 91, 92, 93, 115, 116, 164, 199, 224, 253, 257, 310, and
371) clearly conferred KPT-9274 resistance (Figure S6). These
crRNAs were also the ones that were enriched the most in the screens
(Figure 4C; Table S12), with top enriched guides generating a high
number of resistant colonies (Figure S6). The crRNAs that did not
validate mainly included very poorly enriched guides and scrambled
Molecular Therapy Vol. 29 No 1 January 2021 213
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Figure 4. enAsCas12a Enables Efficient Mutagenesis Scanning for Resistance against KPT-9274

(A) Visualization of KPT-9274-resistant colonies obtained during the screen after 12-day treatment with KPT-9274 using 0.5% gentian violet. The total amount of resistant

cells harvested from replicate 1 from both the AsCas12a (pink) and enAsCas12a (blue) mutagenesis scanning experiments for KPT-9274 resistance are shown on the right. A

19-fold increase in resistant cells was obtainedwith enAsCas12a. Cells were counted using trypan blue exclusion and a Luna II automated cell counter. (B) Enrichment scores

for crRNAs (log2-adjusted fold change over day 0 representation) present in transduced AsCas12a+ HAP1 cells after treatment with 300 nM KPT-9274. Fold change was

determined by taking the log2 of the RPM after treatment added by 1. This value is then divided by the +1 adjusted RPMbefore treatment. Both replicate screens are shown (x

and y axis). Read counts were determined using EdgeR, and each dot represents a different crRNA, which are divided into three categories, including scrambled control

(white), canonical TTTV PAM (orange), and non-canonical PAM (pink). (C) Enrichment scores for crRNAs present in transduced enAsCas12a+ HAP1 cells after treatment with

KPT-9274, visualized as in (B). The blowup highlights the cluster of poorly enriched crRNA guides. (D) Genetic target locations for the validated crRNAs enriched in

AsCas12a+ (pink) and enAsCas12a+ (blue) HAP1 cells after treatment with KPT-9274. The x axis denotes the location within the NAMPT coding sequence with exons

indicated by numbered yellow arrows. A schematic showing the overall structure of NAMPT is shown below the exons. NAMPT contains two annotated protein domains

(PFAM v33.1; N-terminal: domain of unknown function 5598 (DUF5598); C-terminal: nicotinate phosphoribosyltransferase family [NAPRTase]). The residues that surround

the active and drug binding site in the NAMPT enzyme are highlighted by dark blue boxes. See also Figures S4–S7 and Tables S12 and S13.
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controls (Figure 4C, enlarged box; Figure S6). Consistent with the
expanded PAM preference of enAsCas12a, several crRNAs designed
for a TTTT PAM (NAMPT_91, 92 and 115) were validated in
enAsCas12a+ cells but not in AsCas12a+ cells, highlighting the
increased compatibility of enAsCas12a with TTTT PAMs (Figures
S5 and S6; Table S12). Finally, as the NAMPT_329 crRNA was able
to induce drug resistance against FK866 (Figure 3C) but did not
214 Molecular Therapy Vol. 29 No 1 January 2021
enrich with KPT-9274, we also tested this guide against KPT-9274
and found that it induced robust drug resistance when coupled to
enAsCas12a (Figure S3C).

Mapping of the 13 validated crRNAs to the NAMPT coding sequence
revealed two major target sites at exon 3 and exon 6 (Figure 4D),
similar to the results with FK866. These sites span the residues E89
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to D93 and G239 to P243 in the KPT-9274 binding pocket. Both sites
were only identified by a single crRNA in AsCas12a+ cells, while seven
and five crRNAs targeting these regions were enriched and validated
in enAsCas12a+ cells. One crRNA targeting exon 9 (NAMPT_310)
was also enriched and validated only in enAsCas12a+ cells (Fig-
ure 4D). This crRNA targets the L387 codon, which is located just
behind the G383 to G385 stretch we previously identified with
SpCas9, further strengthening the finding that mutations in this re-
gion can confer KPT-9274 resistance. These results highlight the su-
periority of enAsCas12a over AsCas12a for identifying resistance hot-
spots with high precision and efficiency. Of note, however, both (en)
AsCas12a tiling screens for FK866 and KPT-9274 resistance failed to
nominate exon 1, although with SpCas9 we previously identified this
site as a NAMPT inhibitor resistance hotspot.5 Examination of the
mutational window across NAMPT of the (en)AsCas12a and SpCas9
tiling libraries revealed that AsCas12a does not cover any of the first
29 codons of NAMPT (exon 1 and parts of exon 2) and that enAs-
Cas12a only covers the first 10 codons (start of exon 1), but then
shows a gap in mutational coverage until codon 30 (halfway exon
2) (Figure 2C; Table S6). In contrast, SpCas9 sgRNAs cover the first
13 codons, then show a small gap for codons 14–17, and continue
covering codon 18 onward. Mutation of the Y18 codon in exon 1 is
likely to generate KPT-9274/FK866 drug resistance due to its role
in PI stacking of the pyridyl groups of KPT-9274/FK866,5 explaining
why SpCas9, but not (en)AsCas12a, identified this resistance site.

Deep sequencing of NAMPT uncovered a total of 81 in-frame muta-
tions and 8 out-of-frame mutations across replicates, with most mu-
tations consisting of deletions of a single to a few amino acids (Table
S13). Most in-frame mutations localized to exon 3 and 6, right next to
the cut sites of the enriched crRNAs (Table S13). enAsCas12a+ cells
also carried a wider spectrum of mutations at exon 3. The most com-
mon mutations were similar as observed for FK866 (Table S11), and
they consisted of deletions in the E89 to D93 (exon 3) and G239 to
P243 (exon 6) amino acid stretches, which both map to the KPT-
9274 binding site (Figure S7). Moreover, a L387del mutation at
exon 9 was identified in enAsCas12a+ cells. We also identified a few
single point mutations in exons 4 (T133K, G148V), 5 (A173D), and
8 (P346H), and a silent SNP (R429R) in exon 10 (Table S13), although
their relevance remains uncertain, as these were only enriched in sin-
gle replicates and are not clearly related to the target site of any of the
enriched crRNAs.

An enAsCas12a Multi-gene Tiling Library Enables Efficient

Target Deconvolution

To investigate whether enAsCas12a can be utilized in a larger
deconvolution screening setting, we applied a multigene targeting
crRNA library to scan for resistance against the antineoplastic agent
ispinesib.5,40,41 For this purpose, HAP1 cells stably expressing
enAsCas12a were transduced with a crRNA library containing
3,838 different crRNAs tiling 10 genes (Figure 5A; Table S14). After
selection for transduction, cells were pulsed twice with 15 nM ispine-
sib during a period of 14 days and the experiment was carried out in
duplicate. Many colonies rapidly formed, and these cells were highly
resistant to ispinesib treatment (Figure S8A). Sequencing revealed
that 10 crRNAs were enriched in both replicate experiments (Fig-
ure 5B; Table S14). Of these, nine crRNAs targetedKIF11 and one tar-
geted RPS3A (Table S14). All KIF11-targeting crRNAs except
KIF11_192 could be validated to confer ispinesib resistance (Fig-
ure S8B). The RPS3A crRNA (RPS3A_98) failed validation, suggest-
ing that this crRNA may have been derived from inherently resistant
cells or co-enriched with the one of the other crRNAs, a phenomenon
we previously observed.5

The validated crRNAs mapped to exons 4, 5, and 6 of KIF11 (Fig-
ure 5C; Table S14). These exons encode the majority of the ispinesib
binding pocket within KIF11, whichmainly consists of a helices 2 and
3 and loop 5 (Figure S8C).44 The site in exon 4 encompasses loop 5
and was identified by four crRNAs (KIF11_172 [TTTA], 286
[TTCC], 753 [TCCC], and 802 [TACC]) targeting codons for S120,
P121, and N122, highlighting the broadened PAM compatibility of
enAsCas12a allowed for efficient identification of this resistance hot-
spot. The second resistance hotspot localized around codon A133 at
the end of loop 5 encoded by exon 5 and was identified by two
crRNAs (KIF11_463 [ATTA] and KIF11_658 [TATA]) (Table S14).
Mutations of A133 are well known to confer ispinesib resistance.5,40,41

One enriched crRNA (KIF11_706 [CTTC]) targeted a region of loop
6 encoded by codons N173 to E180 in the second half of exon 5. Loop
6 is next to a helix 3, and mutations in loop 6 might disrupt the orien-
tation of a helix 3, which could disturb the conformation of the ispi-
nesib binding site (Figure S8C). A resistance hotspot surrounding
codon R221 in exon 6 was also identified by one guide (KIF11_190
[TTTA]). R221 localizes to the center of a helix 3 and is in proximity
with ispinesib, again suggesting that mutations in this region are likely
to disrupt binding of ispinesib (Figure S8C). Finally, the last enriched
crRNA (KIF11_192 [TTTC]), which failed validation, targeted codon
F239 in exon 7 (Table S14). F239 maps to a b sheet closing the ispi-
nesib binding pocket at the core of the motor domain and its side
chain is in proximity (±2 Å) to ispinesib (Figure S8C). Thus, it re-
mains unclear why KIF11_192 failed validation. We next sequenced
the underlying hotspots and uncovered various mutations around
residues 117 to 124, 132 and 133, 173 to 180, and 217 to 232 (Table
S15). Only in a single replicate did we uncover a large multi-nucleo-
tide variation consisting of S237I, V238C, F239Y, S240N, and V241I.
Most other mutations consisted of single or multiple amino acid de-
letions and often affected residues within the ispinesib binding site.
We also uncovered two mutations, G117V and D149Y, which did
not associate with any enriched crRNA sequence. Interestingly, the
G117V mutation localizes to the beginning of loop 5 and is likely to
confer ispinesib resistance. In contrast, the D149Y mutation maps
to the end of the second a helix, away from the ispinesib binding site.

DISCUSSION
In humans, DNADSBs are often repaired by non-homologous or mi-
crohomology-mediated end joining, which are regarded as error-
prone processes that lead to nucleotide indels.6,45 In coding se-
quences, these indels may result in a frameshift of the reading frame,
causing loss of protein function due to premature stop codons and
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Figure 5. An enAsCas12a Multi-gene Tiling Library Enables Deconvolution of the Target of Ispinesib

(A) Workflow of the chemical resistance mutagenesis screening experiment to determine whether enAsCas12a can correctly identify the target of ispinesib using the known

KIF11-ispinesib drug-target interaction from a set of 10 genes. A lentiviral crRNA tiling library based on the indicated PAMs targeting the coding sequence of 10 different

human genes was generated. The lentiviral library was then transduced into HAP1 cells expressing enAsCas12a. Cells were selected with puromycin for a period of 3 days

and then pulsed twice with 15 nM ispinesib during a period of 2 weeks. Following treatment, the DNA from resistant colonies was harvested and subjected to next-generation

sequencing. The experiment was repeated once. (B) Enrichment scores for crRNAs present in transduced enAsCas12a+ HAP1 cells after treatment with ispinesib from both

replicate screens (x and y axis). Fold change was determined by taking the log2 of the RPM after treatment added by 1. This value was then divided by the +1 adjusted RPM

before treatment. Read counts were determined using EdgeR, and each dot represents a different crRNA, divided into three categories, including control (white), canonical

PAM (orange), and non-canonical PAM (pink). (C) Genetic target locations for the validated crRNAs enriched in enAsCas12a+ HAP1 cells after treatment with ispinesib. The x

axis denotes the location within the KIF11 coding sequence with exons indicated by yellow arrows and red numbers. The overall structure of KIF11 is shown as a schematic

below the exons. KIF11 contains three annotated protein domains (PFAM v33.1; the N-terminal kinesin motor domain, the linear coiled-coil region, and the C-terminal

kinesin-associated microtubule-binding domain). The residues that encompass the ispinesib drug binding site in the N-terminal domain are highlighted (red, a helix 2; yellow,

loop 5; green, a helix 3). See also Figure S8 and Tables S14 and S15.
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nonsense-mediated decay. Based on this concept, targeted endonucle-
ases have been used extensively to generate loss-of-function alleles of
a desired genetic locus.46 With the establishment of RNA-guided
CRISPR endonucleases, such approaches have become main-
stream.47,48 However, indels may also resolve in in-frame mutations,
changing only a few amino acids within the protein sequence. By
analyzing the repair outcome at 223 canonical SpCas9 CRISPR endo-
nuclease target sites 11 days after lentiviral transduction,9 we
observed that such in-frame mutations on average comprise about
one-third of the introduced variants. This might have been expected
considering the triplet nature of the genetic code. For individual target
sites, however, the results are unique and much more variable. In-
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frame variants account for 8% of variants at some sites, while they
make up 90% of variants at other sites. The outcome of DNA repair
at a given CRISPR-SpCas9 DSB target site has been shown to be
reproducible and can be predicted based on the local DNA sequence
context and occurrence of microhomology regions.7–10,49,50 Although
not examined in this study, CRISPR sites in protein coding sequences
might be predisposed to the selection of in-frame mutations, espe-
cially when the targeted sequence encodes for essential genes.

Exon-intron boundaries might further limit the diversity of sequence
variants detected at such loci. Indeed, various studies have demon-
strated that the likelihood to observe triplet-conserving variants in
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protein coding sequences is slightly higher than in non-coding re-
gions.7,8 Interestingly, more than 80% of the variants generated at
the 223 examined target sites consisted of deletions below 30 bp, while
insertion of a single base pair (often A or T) on the SpCas9 cut site was
by far the most observed insertion.

When in-frame amino acid substitutions occur within a binding
pocket of a small molecule inhibitor, these mutations can confer resis-
tance against this molecule by preventing the inhibitor from engaging
the target protein. Previously, we demonstrated that this principle can
be harnessed for target deconvolution of antineoplastic drugs. We
showed that tiling of targeted CRISPR-Cas guide RNAs across coding
sequences of a set of protein targets allows for rapid generation of
functional drug-resistant protein variants, allowing us to uncover
the target and mechanism of action of small molecule inhibitors.5

This approach allows mutagenesis of endogenous alleles in their
native context, and because RNA-guided nucleases introduce a
DNA DSB at a specific genomic sequence defined by the guide
RNA and the presence of a PAM, the location of gain-of-functionmu-
tations can be easily retrieved based on the target sequence of the
crRNA. However, such CRISPR mutagenesis approaches require
PAMs inside genetic loci of drug resistance hotspots. If the required
PAM is unavailable near the resistance hotspot, CRISPR-based muta-
genesis will be unable to generate the required resistance mutations,
preventing the identification of the molecule’s protein target.

In this study, we calculated that the canonical and widely used
CRISPR-SpCas9 endonuclease, which utilizes the NGG PAM, covers
between 55% and 95% of a set of 190 human protein coding se-
quences. The AsCas12a endonuclease, which uses the less prevalent
TTTV PAM,22 only covers between a few percent and 65% of the
same protein coding sequences. Combining AsCas12a and SpCas9 in-
creases the coverage to 75%–97%, but on average 12% of the coding
sequences remains unreachable. enAsCas12a, an engineered endonu-
clease with expanded PAM recognition,23 covered a similar percent-
age of protein coding sequences as SpCas9. However, combining
SpCas9 with enAsCas12a allowed targeting of 95%–100% of coding
sequences, finally reaching saturation. This saturation can also be
achieved by newly developed SpCas9 endonucleases that are being en-
gineered or evolved at a rapid speed for relaxed PAM require-
ments.26,27,39,51 In particular, we observed that xCas9-3.7 and
SpCas9-NG26,27 allow covering of 99%–100% of the examined coding
sequences. However, recent reports indicated that these variants can
show decreased DNA cleavage activity (especially xCas9-3.7) and
increased off-target activity when compared to SpCas9.37–39,52

When we applied SpCas9-NG to develop drug resistance against the
antineoplastic agent KPT-9274, which targets the NAD+-generating
enzyme NAMPT,31,33,34 and ispinesib, which inhibits the mitotic
function of KIF11 (ispinesib),44,53 we observed that SpCas9-NG was
less efficient than canonical SpCas9 at generating drug resistance mu-
tations for these two drugs. However, SpCas9-NG, through sgRNAs
associated with a non-canonical PAM, did identify a new KPT-
9274 resistance site in exon 3 of NAMPT. This highlights that
SpCas9-NG supports CRISPR-directed evolution and allows
screening mutations in regions inaccessible to SpCas9, albeit at an
overall lower efficiency. Together with recent reports, this highlights
that new SpCas9 variants can be utilized for their additional targeting
space, but their utility should be examined on a case-by-case basis.

In a search for additional alternatives, we then experimentally
demonstrated that enAsCas12a allowed for the detection of FK866,
another NAMPT inhibitor,28,29,35 KPT-9274, and ispinesib resistance
hotspots that were not accessible to canonical SpCas9.28,29,31,33–35,44,53

In line with our previous observations with SpCas9, most in-frame
resistance mutations generated by enAsCas12a consisted of deletions
of one or more amino acids inside or close to the drug binding pocket.
For both NAMPT inhibitors, we identified an additional amino acid
stretch around the D85 to D93 residues that can drive drug resistance
upon mutation. Due to the limited availability of NGG PAM sites in
this region, this site was previously not identified with SpCas9.5 Of
note however, this site was the only one identified by SpCas9-NG.
When using enAsCas12a, we also observed a striking increase in
drug-resistant colonies when compared to AsCas12a. This difference
could be attributed to the increased accessibility of the enAsCas12a
endonuclease to drug resistance hotspots due to increased compati-
bility with non-canonical PAMs. We note that our results with
KPT-9274 were less clear than with FK866. This can be explained
by the observation that KPT-9274 is a weaker inhibitor than
FK866. Whereas a low nanomolar dose of FK866 killed most cells
within 2 days, KPT-9274 required a 10-fold higher dose to kill most
cells during 3–5 days. Moreover, KPT-9274 was originally identified
as a PAK4 binder and is labeled as a dual inhibitor of PAK4 and
NAMPT,31,34 although the relevance of KPT-9274’s proposed activity
against PAK4 remains unclear in our context.

Mutagenesis scanning of 10 different genes by enAsCas12a correctly
led to identification of KIF11 as the target of ispinesib. In addition,
four different hotspots in KIF11 relevant for ispinesib resistance
were identified. These included residues surrounding S120, A133,
N173 to E180, and R221. Using SpCas9, we previously only identified
three hotspot sites for ispinesib resistance, namely residues around
T126, A133, and S175, demonstrating that enAsCas12a was able to
uncover more sites than SpCas9.5 Notably, both endonucleases iden-
tified unique sites and, as such, they are complementary to one
another. Moreover, although various studies have previously reported
drug resistance mutations against ispinesib,41,53 some of the detected
mutations using enAsCas12a are new and locate to different domains
in the protein. Therefore, CRISPR tiling screens enable the identifica-
tion of novel drug resistance mutations located farther away from the
direct drug binding pocket.

Although CRISPR-directed evolution using DNA DSBs is very
feasible, other CRISPR systems are available to perform targeted
mutagenesis at endogenous loci (Figure 6). Base editors use
nuclease-deficient CRISPR endonucleases to target cytosine and
adenosine deaminases to genetic sequences and allow for site-specific
mutagenesis without introducing a DSB.54–57 Originally, these
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Figure 6. Overview of Currently Available Approaches for CRISPR-Directed Evolution

Five classes of CRISPR-based genome editing systems are highlighted. A schematic is shown for each class to highlight the basic principle underlying each method, using

canonical SpCas9 as the example CRISPR endonuclease. For each method, a generalized plot is also shown below the schematic to provide a sense of the mutational

window for effective edits. sgRNA, single-guide RNA; pegRNA, prime editing guide RNA; HDR, homology-directed repair; UGI, uracil glycosylase inhibitor; M-MLV, Moloney

murine leukemia virus.
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utilized a nuclease-dead version of the canonical SpCas9, but they
have since expanded to different nuclease-dead and nickase endonu-
cleases with increased targeting range, including enAsCas12a.23,58

Different base editors have now also been successfully combined in
a single experiment.51,59–61 However, the experimental setup of these
deaminase fusions is different from the NHEJ-based mutagenesis
approach described herein. Base-editor approaches are logically not
suited to derive deletions or insertions. We note that in-frame indels
seem to provide a major mechanism for drug resistance, even in func-
tionally important protein domains. In addition, base editors are
generally optimized for therapeutic use and often generate single, spe-
cific cytosine or adenine transition point mutations in a narrow win-
dow, limiting their potential to generate genetic variation. A high ge-
netic variation is essential to uncover new drug resistance mutations,
as it is often unknown which mutations will confer drug resistance or
218 Molecular Therapy Vol. 29 No 1 January 2021
even which gene should be targeted. For this purpose, hyperactive
base editors have been developed to successfully screen for drug resis-
tance mutations, although these studies were limited to screeningmu-
tations on single well-known drug target genes.62–64 Base-editing ap-
proaches might also be less probable to recover recessive drug
resistance mutations, as this requires the same mutation to be present
in both alleles. Nevertheless, we think that the development of base
editors for use of rapid mutagenesis and directed evolution will prove
useful and complementary. Besides base editors, it is also possible to
utilize homology-directed repair, or more recently, prime editing, to
insert desired mutations at a given target site using targeted endonu-
cleases.65–68 These approaches, however, require up-front develop-
ment of a template sequence carrying the desired mutation of interest.
Although useful for validation studies, targetedmutations, and single-
site saturation,69 it remains difficult to envision the successful use of
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such approaches in a large-scale directed evolution screening setting.
In this light, the coupling of DNA polymerases to targeted endonucle-
ases shows promise, as it has been shown to enable diversification of
all nucleotides in a predefined window at single sites.70 However, so
far, this approach remains limited to bacteria and yeasts.70,71

In summary, our findings highlight the efficiency and increased res-
olution of mutagenesis screening with enAsCas12a, demonstrating
that enAsCas12a forms a great addition to the CRISPR toolbox. We
did not assess off-target activity of enAsCas12a in this study, but
enAsCas12a previously showed a slightly increased off-target activity
when compared with AsCas12a, and a high-fidelity version of enAs-
Cas12a was generated to counteract this constraint.23 Although we
did not perform any explicit measurements, we did not encounter
any problems with DNA cleavage activity for enAsCas12a. Further-
more, enAsCas12a was recently utilized successfully for large-scale
loss-of-function screening.72 Based on our observations, enAsCas12a
shows all of the required features to become a standard tool for
CRISPR-based mutagenesis screens.

Conclusions

In this work, we demonstrate that the recently engineered CRISPR-
Cas enAsCas12a endonuclease allows for rapid and straightforward
genetic screening for gold standard drug resistance mutations and
can be applied in a target deconvolution setting. The increased
PAM recognition of enAsCas12a enables it to uncover new resistance
mutations in previously undetected loci against the antineoplastic
agents FK866, KPT-9274, and ispinesib. These uncovered mutations
provide additional insight into the drug-target interaction profile of
these compounds. Our findings further highlight that the expanded
PAM recognition of enAsCas12a opens up new possibilities and ap-
plications for CRISPR genetic screening by allowing efficient target-
ing of genetic regions that are difficult to reach with canonical
CRISPR-Cas endonucleases. Based on this, we envision that enAs-
Cas12a will provide a strong standard for CRISPR-based mutagenesis
scanning, in which target saturation of large genetic regions with
crRNAs is critical.

MATERIALS AND METHODS
SpCas9 Mutational Outcome Analysis

To improve our understanding of the occurrence of in-frame muta-
tions after NHEJ repair of CRISPR-SpCas9 DNA DSBs in human
cells, we obtained reference-aligned targeted amplicon sequencing re-
sults from 223 different single sgRNA-SpCas9 mutagenesis experi-
ments across three different human cell lines (HCT116, HEK293T,
K562) from a previous study uploaded to the NCBI Sequence Read
Archive (SRA) (project SRP076796).9 Specifically, we obtained
sequencing data for all three cell lines 11 days after they were infected
with the SpCas9 machinery by lentiviral transduction. Previously,
these sequences were aligned to the human reference genome hg19,
and pre-aligned BAM files (not SRA files) were downloaded through
direct URL links to the NCBI SRA project using the Google Chrome
web browser (v80.0.3987.132) equipped with the Simple mass down-
loader plugin (by George Prec, v0.831) on a personal computer
running Windows 10. BAM files were then sorted and indexed using
the Rsamtools Bioconductor package (v2.2.3) in RStudio with R
(v3.6.2). These sorted and indexed BAM files were then analyzed us-
ing a custom R script utilizing the R package CrispRVariants
(v1.14).24 Briefly, we used the sequence “CIGAR” string output
from CrispRVariants to determine the size of deletions, insertions,
and nucleotide variants for each sgRNA sample and saved these re-
sults together with the occurrence of each variant into a table (Table
S1). This table was then analyzed in Microsoft Excel 365 by hand to
determine the frequencies of different variant types, e.g., in-frame
or out-of-frame for each sgRNA sample. For these analyses, the “no
variant” sequences were excluded, and the results were visualized in
GraphPad Prism v8.3.0. Following determination of the in-frame
and out-of-frame occurrences, we next applied a custom R script us-
ing the DeepSNV package25 on the BAM files to determine single-
nucleotide occurrences around the SpCas9 target sites. We initially
performed this analysis on all sequencing reads for each sgRNA sam-
ple independently (Table S2) by setting the orientation in the positive
direction for each sample, and then normalizing the results relative to
the position of the SpCas9 cut site (3 nt before the PAM) to obtain
relative normalized values. We repeated the analysis using only in-
frame sequencing reads (Table S3) by, prior to BAM sorting and in-
dexing, filtering the associated BAM files for in-frame reads using a
custom Python script. After these individual analyses, we then accu-
mulated all nucleotide occurrences for each position across samples
into a single value grouped by cell line and averaged these out by
dividing by the number of samples (Figure 1C; Figure S1A). For
this purpose, we categorized all nucleotide variants and insertions
into one class called mutations, while we kept deletions as a separate
class. These results were then saved into a table and visualized using
GraphPad Prism v8.3.0.

Cut Window Analysis

Based on our SpCas9 mutational outcome analysis, we set a window
of 14 bp around the SpCas9 and AsCas12a cut sites (Figure 1D), in
which we expect, on average, frequent occurrence of in-frame muta-
tions. We then applied a custom R script to design SpCas9, xCas9-3.7,
and SpCas9-NG sgRNA and (en)AsCas12a crRNA libraries targeting
their associated PAMs across the protein coding sequences of 190
well-known human anticancer target genes. We used the web-based
Ensembl BioMart datamining tool (https://www.ensembl.org/
biomart/martview) to obtain the genomic location of each coding
exon of a list of 190 genes (Table S4). For this purpose, we used the
human genes genome reference Ch38.p13 dataset and applied the
BioMart filter tool to select genes of interest using the “Input External
References List – gene names” function. For the BioMart output attri-
butes, we selected “Structures” with, under the “Gene” subheading,
the “Gene name,” “Chromosome/scaffold name,” and “Strand” attri-
butes and, under the “Exon” subheading, the “Genomic coding start,”
“Genomic coding end,” “CDS start,” and “CDS end” attributes. The
BioMart “Results” output was then downloaded as a Microsoft Excel
.xls file with the “unique results” checkbox selected. The resulting .xls
file was cleaned up by removing duplicate entries, empty rows, rows
with emtpy “CDS start”/“CDS end” values, and rows with gene
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mappings to alternative haplotypes (e.g., the major histocompatibility
complex [MHC] region of chromosome 6). The file was then sorted
by the “Genomic coding start” column followed by the “Gene
name” column using Microsoft Excel 365 and saved as an .xlsx file.
This cleaned .xlsx file was then used in a custom R script (created
in RStudio with R 4.0.0) to design the CRISPR sgRNAs/crRNAs.
For each sgRNA and crRNA in our libraries we saved the genomic co-
ordinates of the endonuclease cut site and extended these with the 14-
bp mutational window to obtain mutational genomic coordinate
ranges. These extended coordinate ranges were then compared to
the genomic coordinate ranges for each exon of the protein coding se-
quences of the target genes to determine the fraction of the protein
coding sequences that fall into the mutational window of the sgRNA
and crRNA libraries. These values were then saved, extracted, and
visualized using GraphPad Prism v8.3.0.

Cell Lines

Human parental HAP1 cells were obtained from Horizon Discovery,
which validated the parental cell line in-house. HEK293T cells were
obtained from ATCC (CRL-3216). Cells were grown at 37�C and
5% CO2 and passaged every 2–3 days in Iscove’s modified Dulbecco’s
medium (IMDM) (HAP1) or DMEM (HEK293T) supplemented with
10% fetal bovine serum and 20 mg/mL gentamicin. The cells were
regularly checked for mycoplasma contamination using the Venor
GeM OneStep PCR kit (Minerva Biolabs).

Compounds

KPT-9274 was provided by Karyopharm Therapeutics (Newton, MA,
USA). FK866 and ispinesib were obtained from Selleck Chemicals. All
compounds were dissolved in DMSO (Sigma-Aldrich).

Generation of AsCas12a and enAsCas12a Stable HAP1 Cell

Lines

HAP1 cells stably expressing SpCas9-NG, AsCas12a, or enAsCas12a
were generated using the CRISPaint principle.73 Briefly, the AAVS1
locus (19q13) was targeted for insertion by transient transfection of
HAP1 cells plated into a six-well plate (TPP, 150,000 cells/well) using
TurboFectin (OriGene) according to the manufacturer’s instructions.
Transfection was done with a plasmid encoding for an sgRNA under
an hU6 promotor together with active SpCas9 under a cytomegalo-
virus (CMV) promotor and coupled to mCherry through a T2A
(1 mg, pU6-sgRNA-AAVS1-CMV-1� FLAG-mCherry-T2A-
SpCas9-NLSSV40) in addition to a donor plasmid containing a sgRNA
target site followed by a CMV promotor sequence with the SpCas9-
NG or (en)AsCas12a coding sequence coupled to a P2A-hygromycin
resistance gene (1 mg, pGL4-AAVS1-CMV-SpCas9-NG/[en]As-
Cas12a-P2A-HygroR) and a sgRNA plasmid with an hU6-expressed
sgRNA targeting the donor plasmid (500 ng, pFrame0 GGG sgRNA
donor). Following transfection, cells were incubated for 2 days and
then selected over a period of 2 weeks with 300 mg/mL hygromycin
B. Resistant cells from all wells were harvested and pooled and then
plated as small pools at low density (�100 cells) in 48-well plates to
screen for functional SpCas9-NG/(en)AsCas12a clones using green
fluorescence on an Incucyte ZOOM after transfection with an in-
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house-developed SpCas9/AsCas12a traffic-light reporter containing
a CMV promotor followed by a mRFP cassette separated from an
out-of-frame mNeonGreen cassette by a tandem mirrored SpCas9
or AsCas12a crRNA target sequence (pGL4_CMV-mRFP-2� AsCa-
s12atarget site-mNeonGreen-T2A-PuroR) and a hU6-coupled crRNA-
expressing plasmid targeting this traffic light reporter. Cutting of this
site by active endonuclease brings mNeonGreen back into frame, re-
sulting in green fluorescent cells.

Design and Cloning of the Lentiviral Tiling crRNA Libraries

To obtain the KIF11,NAMPT, and 10-gene crRNA tiling libraries, the
coordinates for the NAMPT, ABL1, ACTB, ERCC3, H2BFM2, KIF11,
PAK4, RPS3A, TP53, TUBB, and XPO1 coding sequences were ex-
tracted from Ensembl BioMart (https://www.ensembl.org/biomart/
martview, retrieved December 2017). Duplicate coordinates associ-
ated with different gene isoforms were removed and each coordinate
was shifted by addition or subtraction of 9–20 additional bases to
allow for the design of crRNAs spanning intron-exon boundaries.
For SpCas9-NG, these extended coordinates were used to design
20-base-long crRNAs on both the forward and reverse strand using
a custom R script utilizing the following PAM sites: AG, TG, CG,
GG. In addition, using these extended coordinates, 23-base-long
crRNAs for use with (en)AsCas12a were designed on both the for-
ward and reverse strand utilizing the following PAM sites: TTTA,
TTTT, TTTG, TTTC, TTCA, TTCT, TTCG, TTCC, TGTC, ATTA,
ATTG, ATTC, ATCC, TGTA, CTTA, CTTC, CTCC, GTTA,
TACC, GTTC, TCCC, TATC, TATA. crRNA sequences containing
a BfuAI recognition site (ACCTGC) or TTTTT repeat were removed
from all lists, 30 scrambled crRNAs were added as negative controls,
and the remaining crRNAs were then appended, when needed, with
the AsCas12a crRNA backbone and additional adaptor sequences
to facilitate PCR and BfuAI-mediated cloning (total oligonucleotide
length 85 bases [SpCas9-NG] or 129 bases [(en)AsCas12a]). All
sequence lists (SpCas9-NG KIF11, 1,034 sgRNAs; NAMPT, 565
sgRNAs; [en]AsCas12a NAMPT, 428 crRNAs; and 10-gene library,
3,838 crRNAs) of appended crRNAs were then sent to CustomArray
(Bothell, WA, USA) to synthesize the oligonucleotide pools separately
on a 12K chip. The oligonucleotide pools were then amplified in five
parallel PCR reactions using 5 ng per reaction in 25-mL reactions with
the Phusion high-fidelity PCR master mix with HF buffer (NEB).
PCR products were purified with the QIAquick nucleotide removal
kit (QIAGEN). Purified PCR products were then subjected to restric-
tion digestion with BfuAI (NEB) overnight at 50�C. Following diges-
tion, 33 ng of the crRNA products was ligated into 500 ng of BfuAI
and NsiI predigested pLCKO (Addgene 73311) overnight at 16�C
with T4 DNA ligase (NEB). The ligated mixtures were purified with
the QIAquick nucleotide removal kit (QIAGEN) and then electropo-
rated into Endura competent cells (Lucigen) with a Gene Pulser Sys-
tem (Bio-Rad) using recommended settings. Electroporated cells were
incubated for 1 h in recovery medium (Lucigen) and then plated in
15-cm diameter Petri dishes with prewarmed Luria-Bertani (LB)
agar containing 100 mg/mL ampicillin. Cells were grown overnight
at 32�C and colonies were counted to estimate the fold representation.
All colonies were collected and pooled to perform plasmid extraction
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with the PureLink HiPure plasmidmaxiprep kit (Invitrogen). The pu-
rified pLCKO-U6-crRNA plasmid libraries were then transfected into
HEK293T cells together with the lentiviral packaging plasmids
pMD2.G (Addgene 12259) and psPAX2 (Addgene 12260) to generate
lentiviral particles coated with the vesicular stomatitis virus glycopro-
tein G (VSV-G) protein. HEK293T cells were plated in 40 mL of
supplemented DMEM in T150 (TPP) flasks at 45% confluency and
incubated overnight. The following afternoon cells were transfected
using X-TremeGENE 9 (Roche) and incubated overnight. The me-
dium was replaced with DMEM supplemented with serum-free
BSA growth media (DMEM + 1.1 g/100 mL BSA and 20 mg/mL
gentamicin) the next morning to facilitate efficient harvest of the len-
tiviral particles the following day. Lentiviral stocks were frozen and
kept at�80�C. Lentiviral stocks were titrated on wild-type HAP1 cells
using the puromycin resistance marker to estimate the multiplicity of
infection (MOI).

Mutagenesis Screens to Obtain Drug Resistance

HAP1 cells stably expressing SpCas9-NG, AsCas12a, or enAsCas12a
were passaged and cultured in T150 flasks under 300 mg/mL hygrom-
ycin B selection prior to lentiviral transduction. Upon the day of
transduction, HAP1 cells were collected by trypsin detachment fol-
lowed by centrifugation at 400 � g, resuspended in supplemented
IMDM, and then counted using a Luna II automated cell counter
(Westburg). For both AsCas12a and enAsCas12a cells, 24 � 106 cells
(KPT-9274 and FK866) or 128 � 106 cells (10-gene ispinesib screen)
were diluted to 1 � 106 cells/mL in IMDM supplemented with 10%
fetal bovine serum (FBS), 20 mg/mL gentamicin, and 8 mg/mL Poly-
brene. The lentiviral libraries were then transduced at an estimated
MOI of 0.3 by 2-h spinfection at 2,000 rpm, 37�C in 12-well tissue cul-
ture plates with 2 � 106 cells/well (coverage of ±16,000� per crRNA
for KPT-9274/FK866, ±10,000� for ispinesib). After spinfection, cells
were cultured overnight at 37�C and 5% CO2. The next morning,
transduced cells were collected by trypsin detachment and plated in
supplemented IMDMwith 1 mg/mL puromycin in five tissue-cultured
TPP T150 flasks with 7.5 � 106 cells/flask (KPT-9274 and FK866) or
in a single (FK866/KPT-9274 replicate experiments) or four (ispine-
sib, both replicates) tissue-cultured 500-cm2 Nunc square bioassay
dishes (Thermo Fisher Scientific) at 37.5 � 106 cells/dish. Cells
were allowed to develop mutations for a period of 4–5 days under pu-
romycin selection. Following this period, cells were collected by
trypsin detachment and 2 � 106 cells (KPT-9274 or FK866) or
10 � 106 cells (ispinesib) were harvested for genomic DNA
(gDNA) extraction at the early time point (day 0). The remaining
AsCas12a+ and enAsCas12a+ cells were plated at even amounts while
maintaining the desired coverage (10,000–16,000 cells per crRNA) in
T150 flasks or 500-cm2 Nunc square bioassay dishes in supplemented
IMDM containing 300 nM KPT-9274, 10 nM FK866, or 15 nM ispi-
nesib. Drug treatment was maintained for 2 weeks, and the medium
was refreshed twice to refresh the drug and to remove dead cells.
Following this period, surviving colonies were harvested by trypsin
detachment and counted. Cells were then pelleted by centrifugation
at 400 � g and the pellet was reserved for gDNA extraction. Two
flasks containing resistant AsCas12a or enAsCas12a colonies ob-
tained during the initial KPT-9274 resistance screen were washed
with PBS and the surviving colonies were stained for 1 h with 0.5%
(w/v) gentian violet in 50% (v/v) methanol in water. Stained colonies
were extensively washed with demineralized water and then visual-
ized using a smartphone-integrated photo camera.

gDNA Extraction and PCR Amplification

gDNA from drug-resistant cells was extracted using the QIAamp
DNA mini kit (QIAGEN). To amplify enriched crRNAs, 1,400 ng
of DNA was subjected to a 100-mL 24-cycle PCR reaction using Phu-
sion high-fidelity PCR master mix with HF buffer (NEB) coupled
with pLCKO primers carrying Nextera adaptor sequences. 5 mL of
the PCR-amplified DNA was then amplified in a second PCR using
the CloneAmp HiFi polymerase kit (Clontech) during 18 cycles
with Nextera XT indexing primers (Illumina). The indexed PCR
products were purified using magnetic Agencourt AMPure XP beads
(Beckman Coulter) according to the manufacturer’s instructions. For
targeted amplicon next-generation sequencing, the region of interest
was first amplified during 24 cycles in 25-mL PCR reactions contain-
ing 50 ng of gDNA with Phusion high-fidelity PCR master mix with
HF buffer (NEB) and with custom primers containing adaptor re-
gions for Nextera indexes (Integrated DNA Technologies). Amplified
DNA was purified with the QIAquick PCR purification kit
(QIAGEN), and 1.5–2 mL of this DNA was PCR amplified during
25 cycles with CloneAmp HiFi PCR premix (Clontech) using index-
ing primers containing P5 and P7 Illumina adapters in 25-mL reac-
tions to index the samples. Indexed samples were purified using mag-
netic Agencourt AMPure XP beads (Beckman Coulter) and eluted in
Tris-EDTA (TE) buffer. Samples were then diluted to 2–4 nM and
pooled to form the initial library.

Three-Day Cell Viability Assay

3,000 HAP1 cells/well were plated in 96-well plates containing a log10
dilution series of KPT-9274, ispinesibm or DMSO in supplemented
IMDM. Cells were incubated for 72h at 37�C and 5% CO2. After in-
cubation, cell viability was measured using the CellTiter 96 AQueous
non-radioactive cell proliferation Assay (Promega) according to the
manufacturer’s instructions, and colorimetric signals were measured
with a Safire2 (Tecan). The assay was performed in triplicate and each
experiment was repeated at least once. Signals were adjusted by the
background signal and normalized to the DMSO control. Relative
data values were then visualized and analyzed using a log-based
four-parameter model (GraphPad Prism v8.3.0).

Individual Validation of Enriched crRNAs

For individual validation of guides enriched during the drug resis-
tance screens, each enriched crRNAwas appended with the AsCas12a
crRNA backbone and a terminator (TTTTTT) and adaptor sequences
to facilitate cloning into the pLentiGuide plasmid (Addgene 52963)
following the standard cloning protocol. HAP1 cells were plated
into a six-well plate containing supplemented IMDM and incubated
overnight at 37�C and 5% CO2. The next day, cells were cotransfected
transiently with TurboFectin (OriGene) with the individually cloned
crRNAs and a plasmid expressing (en)AsCas12a from a CMV
Molecular Therapy Vol. 29 No 1 January 2021 221
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promotor according to the manufacturer’s instructions. After 3 days,
cells were washed with PBS and then incubated with the desired drug
(300 nMKPT-9274, 10 nM FK866, 15 nM ispinesib) in supplemented
IMDM for a period of 5 days. Cells were then washed with PBS and
resistant colonies were imaged with an IncuCyte S3. Images were ex-
tracted and converted to black-and-white images with increased
contrast using the. GNU Image Manipulation Program (GIMP 2.8)
Visualization of the Drug Binding Site of KPT-9274 and Ispinesib

To visualize the drug-binding site and the uncovered resistance mu-
tations within this site, the co-crystal structures of KPT-9274 with
NAMPT (Protein Data Bank [PDB]: 5NSD) and ispinesib with
KIF11 (PDB: 4AP0) were downloaded from the RCSB PDB (http://
www.rcsb.org/).5,44,74 The crystal structures were visualized manually
using YASARA View75 and exported as ray-traced images in the .png
format.
Next-Generation Sequencing

The concentration of purified Nextera-indexed PCR samples was
measured using a NanoPhotometer small-volume spectrophotometer
(Westburg). Indexed samples were diluted to 4 nM. Compatible in-
dexed PCR products were then pooled at 4 nM. This library was
then denatured and diluted (12.5 pM) according to the instructions
for paired-end sequencing on a MiSeq (Illumina) with a MiSeq v2,
500-cycle kit (Illumina) and 10% PhiX v3 (Illumina) spike-in.
Sequencing reads of the genetic screens were obtained by next-gener-
ation sequencing on a MiSeq (Illumina) machine using 250-bp
paired-end sequencing with Nextera XT indexes (Illumina). Raw
Fastq files were trimmed for adapters using the MiSeq Reporter soft-
ware (Illumina). The R package EdgeR was used to count crRNA se-
quences,76,77 and the fold change of enriched sgRNAs was calculated
as follows:

Log2

 
1 + ðReadCountperMillionReadsÞaf terdrugtreatment

1 + ðReadCountperMillionReadsÞafterpuromycinselection

!
:

Targeted exon sequencing was performed by mapping paired FastQ
reads to the reference sequence with Geneious R11.4.78 Mappings
were extracted as BAM files and analyzed using the R package Crisp-
RVariants to determine and count nucleotide variants.24 Nucleotide
variants (detection threshold 0.1%) were then imported into Genei-
ous R11.4 to determine amino acid changes. Visualizations of all ge-
netic screening results was done using GraphPad Prism v8.3.0.
Data Availability

The used R scripts (Data S1) and plasmidmaps (Data S2) are available
in Supplemental Information. Next-generation sequencing data files
are available upon request.
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