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SUMMARY

Standard CRISPR-mediated gene disruption strate-
gies rely on Cas9-induced DNA double-strand breaks
(DSBs). Here, we show that CRISPR-dependent base
editing efficiently inactivates genes by precisely con-
verting four codons (CAA, CAG, CGA, and TGG) into
STOP codons without DSB formation. To facilitate
gene inactivation by induction of STOP codons
(iISTOP), we provide access to a database of over
3.4 million single guide RNAs (sgRNAs) for iSTOP
(sgSTOPs) targeting 97%-99% of genes in eight eu-
karyotic species, and we describe a restriction frag-
ment length polymorphism (RFLP) assay that allows
the rapid detection of iISTOP-mediated editing in cell
populations and clones. To simplify the selection of
sgSTOPs, our resource includes annotations for off-
target propensity, percentage of isoforms targeted,
prediction of nonsense-mediated decay, and restric-
tion enzymes for RFLP analysis. Additionally, our
database includes sgSTOPs that could be employed
to precisely model over 32,000 cancer-associated
nonsense mutations. Altogether, this work provides
a comprehensive resource for DSB-free gene disrup-
tion by iSTOP.

INTRODUCTION

CRISPR-Cas9 technology allows the precise modification of
genomic sequences and interrogation of gene function at un-
precedented speed (Barrangou and Doudna, 2016; Komor
et al., 2017). This technology relies on the ability of CRISPR
single guide RNAs (sgRNAs) to target the Cas9 endonuclease
to precise genomic locations, where Cas9 introduces DNA
double-strand breaks (DSBs) (Hsu et al., 2014). Current gene
disruption strategies depend on the repair of Cas9-induced
DSBs by non-homologous end joining (NHEJ) or homology-
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directed repair (HDR) (Jasin and Haber, 2016). During DSB
repair, NHEJ occasionally introduces nucleotide insertions and
deletions (indels) that result in frameshift mutations, thus disrupt-
ing gene open reading frames (ORFs), while HDR can lead to the
integration of gene disruption cassettes at targeted loci (Ran
et al., 2013). Gene disruption by NHEJ is efficient, although it
does result in the generation of mosaic knockout (KO) alleles
due to the variable number of nucleotides inserted or deleted
prior to DSB end joining (van Overbeek et al., 2016). On the other
hand, gene disruption by HDR is an accurate but inefficient pro-
cess that requires exogenous DNA donor sequences as a tem-
plate for DSB repair. One common limitation of both NHEJ-
and HDR-dependent gene editing approaches is their reliance
on the formation of DSBs, which are toxic DNA lesions that
can cause genomic rearrangements and translocations, activate
DNA damage checkpoints, and induce cell death (Aguirre et al.,
2016; Choi and Meyerson, 2014; Frock et al., 2015; Ghezraoui
et al.,, 2014; Roukos and Misteli, 2014; Torres et al., 2014).
Furthermore, while NHEJ and HDR have both been exploited
to modify precise genomic sequences with CRISPR-Cas9 tech-
nology (Cong et al., 2013; Mali et al., 2013), these gene editing
approaches can occasionally alter non-targeted genomic loci
due to Cas9-induced DSB formation at off-target sites (Hsu
et al., 2013).

As an alternative to NHEJ- and HDR-dependent genome edit-
ing, CRISPR-dependent editing strategies that entail direct
modification of DNA bases have recently been developed
(Hess et al., 2016; Komor et al., 2016; Ma et al., 2016; Nishida
et al., 2016; Plosky, 2016; Yang et al., 2016). Distinct from stan-
dard CRISPR-Cas9-dependent genome editing, CRISPR-medi-
ated base editing avoids DSB formation and displays reduced
genome-wide off-targeting (Kim et al., 2017a). CRISPR-depen-
dent base editors consist of a catalytically inactive form of
Cas9 or a Cas9 nickase mutant fused to cytidine deaminases,
such as APOBEC1 or AID. For example, the CRISPR-dependent
base editor BES is a fusion of rat APOBEC1 (rAPOBECH1), a uracil
glycosylase inhibitor (UGI) and the Cas9-D10A nickase mutant
(Komor et al., 2016). Following BE3 binding to target sites medi-
ated by sgRNAs, rAPOBEC1 converts a targeted cytosine (C)
into uracil (U) and UGI inhibits U removal by DNA glycosylases
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(Komor et al., 2016). The resulting G:U mismatch is then con-
verted into an A:T base pair upon Cas9-mediated nicking of
the G-containing DNA strand followed by DNA synthesis. This
process generates permanent modifications of DNA bases
within a window of high BE3 activity (13-17 nucleotides from
the Cas9 protospacer adjacent motif or PAM) (Komor et al.,
2016). Although recent studies have narrowed the activity win-
dow of BE3 variants from 5 to 1-2 nucleotides (Kim et al.,
2017c), the presence of more than one cytosine within the BE3
activity window can result in the modification of multiple bases,
causing potentially undesirable base substitutions (Kim et al.,
2017c; Komor et al., 2016).

Base substitutions in the codons of ORFs can potentially cause
amino acid substitutions (missense mutations) or generate pre-
mature STOP codons (nonsense mutations). Nonsense mutations
can lead to the synthesis of truncated proteins or the degradation
of mMRNA transcripts by nonsense-mediated decay (NMD) and are
often associated with human disease (Lykke-Andersen and Jen-
sen, 2015). In particular, inherited nonsense mutations in tumor
suppressor genes are observed in 10%-30% of patients that
suffer from hereditary cancer syndromes (e.g., familial breast
and ovarian cancer, hereditary non-polyposis colorectal cancer,
familial adenomatous polyposis) (Bordeira-Carrico et al., 2012).
In addition, nonsense mutations account for 12% of sporadic
non-silent mutations in tumor suppressors, as reported by the
catalog of somatic mutations in cancer (COSMIC) (Forbes et al.,
2017). Despite their importance in the pathogenesis of human
cancer, strategies to accurately and efficiently model tumor-asso-
ciated nonsense mutations remain to be developed.

In this manuscript, we develop an application of CRISPR-medi-
ated base editing for gene disruption studies. We show that
CRISPR base editors efficiently inactivate human genes through
the induction of STOP codons (iISTOP) in gene ORFs. This system
relies on the ability of CRISPR-Cas9-dependent base editors to
precisely convert four codons (CAA, CAG, CGA, and TGG) into
STOP codons (TAG, TAA, or TGA) (Figures 1B, 1C, S1A, and
S1B). The occurrence of ISTOP-mediated editing in sgRNA-trans-
fected cellular populations or single clones can be rapidly moni-
tored by restriction fragment length polymorphism (RFLP) assay
using restriction enzymes that recognize bases targeted by iSTOP
(Figures 2B and 3D). To facilitate the use of iISTOP, we have gener-
ated an online database (http://www.ciccialab-database.com/
istop) of all sgRNAs for iISTOP (sgSTOPs) in eight eukaryotic spe-
cies. Notably, 94%-99% of genes in the analyzed eukaryotic
genomes can be targeted with multiple sgSTOPs, highlighting
the genome-wide potential of iISTOP. Furthermore, iSTOP can
be employed to model over 32,000 nonsense mutations observed
in human cancer. Altogether, our studies establish iISTOP as a
gene disruption technology to study gene function and model
human disease.

RESULTS

CRISPR-Mediated Base Editing Precisely Converts Four
Codons into STOP Codons

To study the mutagenic properties of cytidine deaminase-
dependent CRISPR base editors, we investigated the reper-
toire of mutations that can be generated by these enzymes

from the conversion of cytosine to thymine (C > T) on the
coding or non-coding strand (Figures S1A and S1B; Table
S1). This analysis revealed that 87.5% (56/64) of the codons
can be mutated by CRISPR-dependent base editors in either
the coding or non-coding strand and 27% (20/74) of the
changes introduced by these gene editing enzymes generate
silent mutations (Figure S1C; Table S1). Despite the fact that
CRISPR-dependent base editors can only generate 7.6%
(82/420) of all the possible 420 non-silent substitutions (Fig-
ures 1A, 1B, and S1D), these enzymes can convert four
different codons (CAA, CAG, CGA, and TGG) encoding for 3
amino acids (glutamine [GIn], arginine [Arg], tryptophan [Trp])
exclusively into the TAA, TAG, and TGA STOP codons (Figures
1B, 1C, and S1D). CAA, CAG, and CGA triplets can be con-
verted into STOP codons when modified by CRISPR-depen-
dent base editors on the coding strand, while TGG can be
converted into STOP codons if targeted on the non-coding
strand (Figures 1C, S1A, and S1B).

CRISPR-Mediated Base Editing Efficiently Disrupts
Human Genes through iSTOP

To determine whether CRISPR-mediated base editing could be
effectively used in human cells to convert CAA, CAG, CGA, and
TGG into STOP codons, we designed sgSTOPs to target these
four codons in the SPRTN, FANCM, TIMELESS, and CHEK2
genes within the window of high activity (13-17 nucleotides
from the PAM) of the CRISPR-dependent base editor BE3 (Komor
et al., 2016) (Figure 1C). To simplify the detection of base editing,
we targeted codons containing cytosines within the recognition
sequences of restriction enzymes, thus allowing us to monitor
base mutations that rendered restriction sites refractory to restric-
tion digestion (Figure 2A). In these experiments, the sgSTOPs
were transfected into HEK293T cells together with a DNA plasmid
encoding the BE3 enzyme (Figure 2A). Three days after transfec-
tion, the genomic DNA of the transfected cell populations was
extracted and the targeted genomic loci of SPRTN, FANCM,
TIMELESS, and CHEK2 were PCR-amplified. The amplicons
were subsequently digested with restriction enzymes recognizing
the targeted sites (Figures 2A, 2B, S2A, and S2B). Remarkably,
restriction fragment length polymorphism (RFLP) analysis re-
vealed that 21%-35% of the PCR products specifically amplified
from sgSTOP-transfected cell populations were insensitive to re-
striction enzyme digestion (Figure 2B). Complete digestion of
PCR amplicons was observed upon incubation with restriction
enzymes that did not recognize the targeted sites, confirming
the specificity of this RFLP assay for the detection of sgSTOP-
mediated editing (Figures S2A-S2C). Furthermore, a time course
experiment showed that the incomplete digestion of PCR ampli-
cons was not due to a limited incubation time of the reaction
(Figure S3A). Cloning and sequencing of individual SPRTN,
FANCM, TIMELESS, and CHEK2 PCR products refractory to
restriction enzyme digestion confirmed the presence of STOP-
inducing C > T transitions in each of the four targeted codons
(Figure 2B). Sequencing of a TIMELESS amplicon resistant to re-
striction enzyme digestion also revealed editing of another cyto-
sine located within the window of BE3 activity, as previously
observed in other BE3-edited loci (Kim et al., 2017c; Komor
et al., 2016) (Figure 2B).
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Figure 1. Generation of STOP Codons Using CRISPR-Mediated Base Editing

(A) Representation of the repertoire of mutations generated by cytidine deaminase-dependent CRISPR base editors. Mutated amino acids (x axis) and generated
amino acids (y axis) either from coding (green) or non-coding (blue) strands are represented. The size of the circle indicates the number of combinations that
generate each modification. Ala, alanine; Arg, arginine; Asn, asparagine; Asp, aspartic acid; Cys, cysteine; GIn, glutamine; Glu, glutamic acid; Gly, glycine; His,
histidine; lle, isoleucine; Met, methionine; Leu, leucine; Lys, lysine; Phe, phenylalanine; Pro, proline; Ser, serine; Thr, threonine; Trp, tryptophan; Tyr, tyrosine; Val,
valine; STOP, STOP codon. See also Figures S1C and S1D and Table S1.

(B) Representation of amino acid substitutions generated by cytidine deaminase-dependent CRISPR base editors. Dark blue circles indicate amino acids, blue
lines show the direction of amino acid substitutions induced by CRISPR-dependent base editing and the number of possible combinations to obtain the indicated
substitutions. See also Figures S1C and S1D and Table S1.

(C) Representation of the cytidine deamination reactions induced by CRISPR-dependent base editors to generate STOP codons. The CRISPR base editor BE3
converts CAA, CAG, CGA, and TGG codons into STOP codons when the targeted base(s) (red) is at the correct distance (13-17 bps) from a protospacer adjacent
motif (PAM, blue). See also Figures S1A and S1B and Table S1.

Besides causing restriction site loss, iISTOP-mediated edit-
ing can create new restriction sites, resulting in the generation
of new DNA fragments upon digestion (Figure 2A). To test
whether restriction site gain could be observed in iISTOP-edi-
ted cells, HEK293T were transfected with the SPRTN sgSTOP
indicated above, which causes the simultaneous loss of a
Pvull site and gain of an Nhel site. Notably, a fraction of
SPRTN PCR amplicons from SPRTN sgSTOP-transfected
cells was digested by Nhel, while being refractory to Pvull
digestion, revealing that restriction site gain could be
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employed to monitor iISTOP-mediated editing (Figure 2C). As
shown in Figure 2C, a lower percentage of editing was
observed by Nhel digestion compared to Pvull digestion
(80.7% versus 36.2%). This observation could depend on
the fact that BE3-induced deamination of a second cytosine
within the Nhel restriction site (Figure 2C) could result in the
disruption of Nhel-mediated digestion. Collectively, these ex-
periments demonstrate the feasibility of introducing nonsense
mutations into the human genome by CRISPR-mediated base
editing of CAA, CAG, CGA, and TGG codons and define a
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Figure 2. Restriction Fragment Length Polymorphism Assay to Detect iSTOP-Edited Cells

(A) Schematic representation of the protocol utilized to disrupt genes by iISTOP. HEK293T cells are transfected with BE3 with or without sgSTOP, thus resulting in
the generation of cells edited by iISTOP (green). The targeted locus is then amplified by PCR and digested with a restriction enzyme that recognizes a restriction
site containing the base targeted by iSTOP or a restriction site generated by iISTOP-mediated base editing. Base editing by iSTOP results in PCR products
refractory to restriction digestion (Site loss) or induces the formation of new restriction sites (Site gain).

(B) Conversion of CAG, CAA, TGG, and CGA codons into STOP codons by iSTOP in human cells. PCR products amplified from four different genomic loci
(SPRTN, FANCM, CHEK2, and TIMELESS) edited by iSTOP were subjected to restriction digest with enzymes (Pvull, BsrGl, Apal, and Xhol) that recognize sites
containing the targeted bases. Products of the restriction digest reactions were run on polyacrylamide gels (left) and editing efficiency was determined by the
percentage of undigested PCR amplicons (purple). Sequencing profiles of undigested PCR products (right) are compared to the wild-type genomic sequence,
including the targeted base (blue arrow) and PAM (green). Editing of a cytosine that generates a missense mutation in the TIMELESS locus is indicated by red
arrows. The sequencing profiles are representative of four to eight sequences for each targeted locus. Each base is colored according to the sequencing peaks (A
in green, G in black, T in red, and C in blue). PAM, protospacer adjacent motif. See also Figures S2A and S2B.

(C) Detection of iISTOP-induced events by both loss and gain of restriction sites. The SPRTN locus was PCR-amplified and left undigested or digested with either
Pvull or Nhel (left). Sequencing profiles of PCR amplicons from sgSTOP-treated cells, including the targeted base (blue arrow) and PAM (green), are shown on the
right. Editing efficiency was determined by the percentage of PCR amplicons refractory to Pvull digestion, as in (B), or by the percentage of Nhel-digested PCR
amplicons.

rapid RFLP assay to monitor the occurrence of base editing targeted SMARCAL1, a gene mutated in Schimke immuno-

within populations of modified cells. osseous dysplasia that has been implicated in the DNA damage

response (Bansbach et al., 2009; Ciccia et al., 2009; Postow
iSTOP Allows the Efficient Generation of Knockout et al., 2009; Yuan et al., 2009; Yusufzai et al., 2009). To disrupt
Human Cell Lines the SMARCALT1 gene, we utilized an sgSTOP that efficiently con-

Next, we determined whether our iISTOP approach is an efficient  verts a CAG triplet located within the first exon of the SMARCAL1
strategy to create human knockout cell lines. To this end, we locus into a STOP codon (Figure 3A). To further increase iISTOP
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Figure 3. Generation of Knockout Human Cell Lines Using iSTOP

(A) Editing of the SMARCALT locus by iSTOP. The SMARCAL1 locus was PCR-amplified after transfection of BE3 with or without SMARCAL1 sgSTOP. The

SMARCAL1 amplicon was then digested with SfaNI, which recognizes a restriction site containing the base targeted by iISTOP and the products of the restriction

digest reaction were run on a polyacrylamide gel (left). Editing efficiency at the SMARCAL 1 locus was estimated by the percentage of SMARCAL 1 PCR amplicons

refractory to SfaNI digestion (purple), as indicated in Figure 2B. One sequencing profile representative of four sequences of undigested SMARCAL1 PCR

products, including the targeted base, is indicated on the right inside.

(B) Schematic representation of the ATP1A1 co-selection strategy. HEK293T cells were transfected with BE3 with or without sgSTOPs targeting SMARCAL 1 and/

or ATP1A1. Cell populations were subsequently left untreated or treated with 1 M ouabain, resulting in the enrichment of cells that had undergone genome

editing at the ATP1A7 and SMARCALT loci.

(C) Polyacrylamide gel showing the SfaNI digestion products of SMARCAL1 PCR amplicons from HEK293T transfected with BE3 with or without sgSTOPs

targeting SMARCAL1 and/or ATP1A1 and subjected to ouabain treatment, as represented in (B). Percentage of editing at the SMARCAL 1 locus with or without

ouabain treatment was assessed as indicated in (A).

(D) RFLP analysis of HEK293T clones edited by iSTOP in the SMARCAL1 locus. Clones (#16 and #17) were isolated from cells transfected with BE3 and sgSTOPs

targeting SMARCAL1 and ATP1A1 and subjected to ouabain selection, as described in (B). Amplicons of the SMARCAL1 locus were digested by SfaNI and
(legend continued on next page)
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efficiency, we determined whether cells edited by iSTOP in the
SMARCALT1 locus could be enriched by using a marker-free
co-selection strategy previously employed to select cells that
have undergone genome editing at Cas9- or Cpf1-induced
DSBs (Agudelo et al., 2017). This strategy relies on the simulta-
neous targeting of a gene of interest and the sodium-potassium
channel ATP1A1, which when mutated in its first extracellular
loop renders cells resistant to ouabain treatment (Agudelo
et al.,, 2017). Using this approach, HEK293T cells were trans-
fected with BE3 in combination with sgSTOPs targeting the first
exon of SMARCAL1 and the extracellular loop sequence of
ATP1A1 and then cultured in the presence or absence of ouabain
(Figure 3B). Interestingly, the number of cells edited by iISTOP in
the SMARCALT1 locus increased from 24% to 38.8% upon
ouabain selection, as determined by RFLP analysis (Figure 3C).
Toisolate SMARCAL1 KO clones, ouabain-resistant cell popula-
tions transfected with SMARCAL1 and ATP1A1 sgSTOPs were
seeded at single-cell density and isolated cell clones were
screened by RFLP analysis (Figures 3D and S3E). From this anal-
ysis, we retrieved 10/19 (52.6%) clones with at least one edited
SMARCALT allele, with 2/19 (10.5%) clones (#16 and #17) being
homozygously edited (Figure S3E). DNA sequencing and protein
blot analysis of the two SMARCAL 1 homozygously edited clones
confirmed the presence of the desired STOP codon within the
SMARCAL1 gene and the absence of SMARCAL1 protein (Fig-
ures 3E and S3F). Sanger sequencing also confirmed the geno-
type of the heterozygous clones that we observed using the
RFLP assay (Figure S3G). Although ouabain treatment causes
the accumulation of indels in the ATP1A1 locus (Figure S3D)
that can result in the generation of gain-of-function ATP1A7
alleles (Agudelo et al., 2017), we only observed 1/11 modified
clones with indels in the SMARCALT1 locus (Figure S3G, see
clone #18). This observation could be explained by the fact
that indel formation depends on the DNA nickase activity of
BES3, which is significantly less efficient than the cytidine deam-
inase activity of BE3 (Komor et al., 2016), thus rendering the
probability of ouabain to select for an infrequent event at
two independent sites remarkably rare. As further validation of
the above co-selection strategy, we also observed enrichment
in iISTOP-edited cells upon co-targeting of the SPRTN and
ATP1A1 genes, as determined by both restriction site loss and
gain analysis and DNA sequencing of SPRTN amplicons from
ouabain-resistant cell populations (Figures S3B and S3C). Taken
together, these findings establish iSTOP as an efficient CRISPR-
mediated base editing approach to disrupt human genes and
demonstrate that iISTOP is compatible with co-selection enrich-
ment methods.

iSTOP Enables the Disruption of Human Genes on a
Genome Scale

As mentioned above, the use of iSTOP is restricted to four
codons located at a specific distance from PAM sequences
(Figure 1C). To determine whether, despite this limitation, iISTOP

could be utilized to disrupt genes on a genome-wide scale, we
identified sgSTOPs for all 69,180 ORFs reported in the human
reference genome GRCh38 (STAR Methods, Data and Software
Availability). Using CDS coordinates from the UCSC genome
browser, we first identified all CAA, CAG, CGA, and TGG codons
and PAMs for all validated BE3 variants located at the correct
distance from the targeted base (Kim et al., 2017c; Komor
et al.,, 2016) (Figure 4A). This genome-wide analysis revealed
that 62.5% of the CAA, CAG, CGA, and TGG codons in the hu-
man reference genome can be targeted by iSTOP, thus allowing
the possibility to precisely convert 523,340 codons into STOP
codons (Figures 4C and S4C). Remarkably, 98.6% of human
ORFs, corresponding to 99.7% of human genes, can be targeted
by one or more sgSTOPs, with over 80% of ORFs targetable
within the first 20% of their sequence, 99.2% of ORFs targetable
within the first 100 codons, and 94.7% of ORFs targetable at a
position predicted to cause nonsense-mediated decay (Popp
and Maquat, 2016) (Figures 4C, 4D, and S4E). An sgSTOP can
be designed for approximately one out of every 26 codons
such that the typical gene of 600 amino-acid residues can
potentially be targeted at 23 different codons (Figures 4B and
S4D). From this analysis, we observed that only 68 (0.35%)
human genes cannot be targeted by iISTOP due to unavailable
CAA, CAG, CGA, or TGG codons or PAM sequences (Figures
S4A and S4B). However, 24/68 of the non-targetable human
genes have eukaryotic orthologs that can be targeted by iSTOP,
thus allowing the study of these genes in model organisms
(Figure S4A; Table S2). To determine the off-target propensity
of iISTOP guides, we performed a genome-wide search for
sequences similar to each sgSTOP. When allowing up to 2
mismatches outside of the guide’s seed sequence, we observe
that 74% of NGG PAM-based sgSTOPs map uniquely to the
genome (Figure S4F). To aid in selecting sgSTOPs with low off-
target propensity, we identified putative off-target sites in the
human genome for each sgSTOP. This analysis demonstrates
that almost all human ORFs can be targeted by iISTOP, thus high-
lighting iISTOP as a promising application of CRISPR-mediated
base editing for genome-wide gene disruption studies in human
cells.

To determine whether the RFLP assay described above could
be generalized to monitor the efficacy of multiple sgSTOPs, we
identified restriction sites of enzymes that recognize DNA bases
targetable by iISTOP in the human genome (Table S3). This anal-
ysis revealed that over 70% of targetable sites, corresponding to
98% of human genes, can be monitored by either restriction site
loss or gain using enzymes that do not cut within £50 nucleotides
from the targeted base (Figure 4E). Furthermore, this analysis
predicted Bsrl and Bfal as two of the most common restriction
enzymes for detecting iSTOP-edited targets (>15,000 sgSTOPs)
in the human genome by restriction site loss or gain, respectively
(Figure 4F). We validated the use of Bsrl in the RFLP assay by tar-
geting the PARP4 gene with an sgSTOP that edits a Bsrl restric-
tion site (Figure S2C). These studies indicate that the RFLP assay

analyzed on polyacrylamide gel, as in (A). Restriction digest products of SMARCAL 1 amplicons from wild-type (WT) cells, iISTOP-edited cellular pool and clones

#16 and #17 are indicated. See also Figures S3E-S3G.

(E) Western blot analysis of SMARCALT1 protein levels in whole cellular extracts obtained from WT cells and clones #16 and #17, as shown in (D). GAPDH levels are

used as loading controls.
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described here allows rapid assessment of base editing activity
for the majority of sgSTOPs, thus greatly simplifying the use of
iISTOP to interrogate gene functions in human cells.

iSTOP Is Compatible with Genome-wide Gene
Disruption Studies in Eukaryotic Model Organisms

To determine whether iSTOP could be utilized for genome-wide
studies in other eukaryotic species, we identified sgSTOPs for all
ORFs of 7 other eukaryotic model organisms, ranging from
S. cerevisiae to M. musculus. An additional 2,490,479 codons
can be targeted in these species, with the possibility to design
sgSTOPs approximately every 26 codons in each organism,
with the exception of A. thaliana and S. cerevisiae, which can
be targeted approximately once every 32 codons (Figure S4C).
Moreover, we found that the percentage of ORFs that can be tar-
geted by iSTOP is between 97% (S. cerevisiae) and 99.7%
(M. musculus), demonstrating the robustness of this method to
target almost any ORF of various organismal models (Figure 4G).
To facilitate the use of iISTOP, we provide a full list of sgSTOP
sequences, genomic coordinates of each targeted base and
targeted codons for any gene in the examined eukaryotic
species (STAR Methods, Data and Software Availability). In
addition, this database contains information on the number
and percentage of alternatively spliced isoforms targeted by
each sgSTOP, a prediction of nonsense-mediated decay, counts
of putative off-target sites for each sgSTOP and a list of res-
triction enzymes that can be used to monitor iISTOP-mediated
editing. This database contains a total of 3,483,549 targetable
gene coordinates and is available online at http://www.
ciccialab-database.com/istop.

iSTOP Enables the Modeling of Cancer-Associated
Nonsense Mutations

Nonsense mutations are frequently associated with human
diseases. In cancer, nonsense mutations account for 4%-5%
of the total number of observed mutations in coding sequences.
Cytidine deaminases of the APOBEC protein family are fre-
quently overexpressed in cancer and are responsible for up to
68% of all nonsense and missense mutations observed in certain
cancer types (Roberts and Gordenin, 2014). To determine
whether iSTOP could be utilized to model cancer-associated

nonsense mutations due to cytidine deamination, we determined
the prevalence of C > T and G > A base transitions occurring at
CAA, CAG, CGA, and TGG codons observed in COSMIC (Fig-
ures 5A-5C). When considering each mutation site once, this
analysis revealed that over 50% of nonsense mutation sites
across all cancers occur at CAA, CAG, CGA, and TGG codons,
with 32,723 (61%) of these nonsense mutation sites being
directly reproducible using iSTOP (Figure 5A). We then deter-
mined which genes within each cancer type incurred nonsense
mutations in CAA, CAG, CGA, and TGG codons more often
than expected—we refer to these genes as frequent iISTOPers
(Figures 5B, 5C, and S5A). The top 100 iSTOPers include 37
tumor suppressor genes (TSGs) listed in the Cancer Gene
Census (e.g., TP53, PTEN, VHL, APC, ATM, and SETD2) and
an additional 13 putative TSGs identified by previously published
methods, such as TUSON, MutSigCV, and 20/20+ (Davoli et al.,
2013; Lawrence et al., 2013; Tokheim et al., 2016) (Figure S5B).
Of the 120 frequent iSTOPers (g < 0.001), 118 have at least
one cancer-associated nonsense mutation that can be
directly modeled with iSTOP (Table S4). Using iSTOP, we suc-
cessfully modeled the most recurrent nonsense mutation
(R348*; 26 cases in COSMIC) in the iISTOPer PIK3R1, which is
known to promote tumorigenesis (Jaiswal et al., 2009) (Fig-
ure S5C). This work establishes iISTOP as a promising approach
to model cancer-associated nonsense mutations for functional
studies.

DISCUSSION

In this study, we describe iISTOP as a CRISPR-mediated base
editing methodology that converts CAA, CAG, CGA and TGG co-
dons into STOP codons, thus enabling gene disruption and facile
generation of KO cells. Moreover, we describe an RFLP assay for
easy monitoring of the efficiency of base editing in cell popula-
tions and clones. Additionally, we provide access to an online
resource containing 3,483,549 targetable gene coordinates in
eight different eukaryotic species. This resource includes useful
annotations to aid in searching and selecting sgSTOPs. These
annotations include off-target propensity, nonsense-mediated
decay prediction, relative position in the gene, percentage of iso-
forms targeted and a list of restriction enzymes that can be used

Figure 4. Comprehensive Detection of iSTOP Targets in Eukaryotic Genomes

(A) Workflow utilized to identify iISTOP targetable sites in all ORFs with CDS coordinates available from the UCSC genome browser (https://genome.ucsc.edu/).
Targetable sites were identified by first locating all CAA, CAG, CGA, and TGG codons in each coding sequences, then mapping the coordinates of the targeted
base(s) in each codon to a genomic coordinate (steps 1-2). In total, 150 bases of genomic sequence flanking the targeted site were used to search for an
appropriately spaced PAM (13-17 nucleotides from a targeted base) for all validated BE3 variants and for unique cutting of restriction enzymes (steps 3-4).
Targeted isoforms and NMD predictions were determined as described in the STAR Methods.

(B) Cumulative distribution of the number of sgSTOPs designed per gene. The number of sgSTOPs for an average ORF (50%) in the human genome is indicated by
a dotted line. Distributions for distinct PAM specificities (NGA, NGG, NNNRRT, NGAG, NNGRRT, and NGCG) are also shown.

(C) Number of CAG, TGG, CAA, and CGA codons in the GRCh38 human reference genome targetable by iSTOP using BE3 variants with distinct PAM specificities
(NGA, NGG, NNNRRT, NGAG, NNGRRT, and NGCG).

(D) Relative position of the earliest iISTOP codon targetable in human ORFs (cumulative percentage) by BE3 variants with distinct PAM specificities (NGA, NGG,
NNNRRT, NGAG, NNGRRT, and NGCG). The purple line takes into account all iSTOP targetable codons.

(E) Percentage of human iSTOP sites verifiable by RFLP analysis using restriction enzymes that cut only once within a genomic region of +50 bps flanking the
targeted site. Bars indicate percentage of sites that can be verified by restriction enzyme cutting loss and/or gain.

(F) Top ten restriction enzymes that can be utilized to validate iISTOP targets in the human genome by loss or gain of cutting within a genomic region of +150 bps
flanking the targeted site. The complete enzyme list is available in Table S3.

(G) Number and percentage of iSTOP targetable ORFs in eight different eukaryotic species. See also Figures S4C-S4E.
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Figure 5. Modeling of Cancer-Associated Nonsense Mutations by iSTOP

(A) Percentage of unique nonsense coordinates in cancer types, as observed in COSMIC. The percentage of base substitutions in CAA, CAG, CGA, or TGG codons
that result in nonsense mutations in each cancer type is indicated. The total number of iISTOP targetable sites in each cancer type is annotated in white text.
(B) Genes with frequently observed nonsense mutations at CAA, CAG, CGA, and TGG codons (iISTOPers) and their prevalence in different cancer types. The size
and opacity of each circle represents the percentage of possible CAA, CAG, CGA, and TGG codons in the gene that were observed mutated to nonsense in each
cancer type. See also Figures S5A and S5B.

(C) Percentage of CAA, CAG, CGA, and TGG codons observed mutated to nonsense in the genes shown in (B) across all cancers. The total number of iISTOP
targetable sites in each gene is annotated in white text. See also Figures S5A and S5B.

(legend continued on next page)
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to monitor iISTOP-mediated editing. Finally, we provide software
to design base-editing guides for any annotated genome and
any PAM. Collectively, these studies greatly expand the target-
ing range recently described for iSTOP-based approaches
(Kuscu et al., 2017).

Advantages of iSTOP over Standard CRISPR-Dependent
Base Editing and Gene Disruption Strategies

iISTOP exhibits several properties that distinguish it from standard
CRISPR-mediated base editing applications for correcting/insert-
ing targeted missense mutations. Given that iISTOP causes the
disruption of genes and not the creation/correction of precise
missense gene variants, (1) iISTOP is not affected by potentially
undesired cytosine deamination events catalyzed by BES3 within
its activity window. Furthermore, whereas standard CRISPR-
mediated approaches of genome base editing can generate
distinct missense mutations from the same targeted codon (Table
S1), (2) iISTOP induces the precise conversion of four codons
exclusively into STOP codons. These properties, combined with
the fact that over 3 million targetable codons in eight eukaryotic
species can be precisely converted into STOP codons by iSTOP
to allow targeting of 97%-99.7% of eukaryotic genes, render
iISTOP the first CRISPR-mediated base editing application
compatible with genome-scale analyses.

In addition, iISTOP presents several advantages compared to
traditional CRISPR-Cas9-mediated gene disruption technology.
Indeed, (1) iISTOP does not induce DSBs, whose formation is
particularly deleterious in human cells (Kuscu et al., 2017) and
during organismal development (Harrison et al., 2014). By avoid-
ing DSB formation, iISTOP leads to reduced cell death compared
to conventional CRISPR-Cas9-based methods (Kuscu et al.,
2017), thus potentially facilitating the generation of KO animals,
as recently shown for CRISPR-mediated strategies of genome
base editing in mouse embryos (Kim et al., 2017b). Furthermore,
(2) ISTOP disrupts genes by precisely editing DNA bases, without
relying on NHEJ-induced frameshift mutations, which create a
mosaic population of distinct KO alleles. Absence of mosaicism
has in fact been observed in mice subjected to CRISPR-medi-
ated base editing (Kim et al., 2017b). Moreover, (3) iSTOP does
not require the use of synthetic DNA donor molecules employed
for HDR-dependent genome editing, thus rendering iISTOP-gene
disruption strategies simpler and more efficient than HDR-
dependent approaches, particularly for the genetic engineering
of plants, for which the use of DNA donor templates is limited
by technical and legislative obstacles (Jones, 2015). Recent
studies have indeed shown that CRISPR-dependent approaches
of genome base editing are highly efficient in rice, wheat, to-
matoes, and maize (Shimatani et al., 2017; Zong et al., 2017).

Limitations of iISTOP
At present, one of the main limitations of iISTOP arises from the
restrictive rules for designing sgSTOPs. Unlike canonical Cas9/

sgRNAs, which can be programmed to generate DSBs adjacent
to any PAM sequence, BE3/sgSTOPs require the presence
of CAA, CAG, CGA, and TGG codons and a PAM located
13-17 bps away from the targeted base(s). Although ~60% of
all available CAA, CAG, CGA, and TGG codons are targetable
by iISTOP, the remainder cannot currently be targeted due to
the absence of a nearby PAM sequence (Figures S4B and
S4C). We anticipate that the generation of additional BE3 vari-
ants and the conversion of other RNA-guided DNA nickases
into base editors that recognize different PAM sequences will in-
crease the number of codons targetable by iISTOP. An additional
limitation of iSTOP is due to the inability of BE3 to efficiently edit
cytosines with a G on the immediate 5’ side, as recently shown
by Komor et al. (2016). As a result, iSTOP is predicted to have
reduced editing efficiency at 24% of targetable sites, although
future improvements in the catalytic activity of BE3 may mitigate
this effect.

Similar to other CRISPR-related technologies, the efficacy of
iISTOP could be affected by the occurrence of off-target muta-
tions. Notably, initial work that examined the specificity of the
cytidine deaminase activity of BE3 using a BE3 variant lacking
the UGI domain (BE3AUGI) concluded that BE3 causes fewer
off-targets than Cas9 (Kim et al., 2017a). Additional studies on
BES3-dependent off-targets led to the development of a high-fi-
delity BE3 enzyme (HF-BE3) with reduced off-target base editing
activity (Rees et al., 2017). Despite these important studies, it re-
mains to be determined whether the nickase activity of BE3
might also contribute to the generation of off-targets. To limit
the use of sgSTOPs with potentially higher off-target activity,
we have estimated the off-target propensity of all our predicted
sgSTOPs and have designed filters in our online database that
allow users to exclude the most promiscuous sgSTOPs targeting
their genes of interest.

Potential iSTOP Applications

iISTOP provides possible strategies to address currently
challenging biological questions. Indeed, by disrupting gene
ORFs without altering gene structures, (1) iSTOP could allow
the separation of coding from non-coding functions of genes,
such as ASCC3 (Williamson et al., 2017), that encode for both
proteins and long non-coding RNAs (IncRNAs), and IncRNAs
that contain putative alternative short ORFs (Andrews and
Rothnagel, 2014). In addition, (2) iSTOP could be employed to
incorporate modified or non-natural amino acids into proteins
using tRNAs that suppress the newly introduced STOP codons
(Elsasser et al., 2016). Moreover, by enabling the modeling of
nonsense mutations at a genome-wide level, (3) iISTOP could
allow genome-wide studies to investigate eukaryotic gene
functions and (4) facilitate the identification of pathogenic
variants in cancer through large-scale functional studies of can-
cer-associated mutations. Recent work has indeed confirmed
the promising potential of iISTOP-related approaches for

(D) Maps of three iSTOPers (ATM, SETD2, and EZH?2) indicating locations of (1) nonsense base substitutions in cancer (red tick marks), (2) CAA, CAG, CGA,
and TGG codons (black tick marks), (3) iSTOP targetable codons (blue tick marks), and (4) iSTOP targetable codons that are verifiable via RFLP (green tick
marks). The largest isoform for each gene is shown with exon numbers indicated below the gene. The size of the maps is not proportional to the length of

the ORFs.
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pooled screening applications (Kuscu et al., 2017). Altogether,
our work establishes iSTOP as a robust and efficient gene
disruption technology compatible with genome-wide studies
to investigate eukaryotic gene functions and model human
diseases.
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Ciccia (ac3685@cumc.columbia.edu). Plasmids have been deposited in Addgene.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
HEK293T cells (ATCC) were cultured in DMEM supplemented with 10% Fetalgro bovine growth serum (BGS, RMBIO) and 1X peni-
cillin-streptomycin (Life Technologies). Cells were grown at 37°C with 5% CO,. HEK293T cells were tested for mycoplasma.

METHOD DETAILS

Transfection

HEK293T cells were seeded at 50%-70% confluency into 24-well plates and reverse transfected by mixing 0.5 ug of sgRNA and 1 ug
of BES3 plasmid into 100 uL of DMEM without Fetalgro BGS and antibiotics. 4.5 puL of TransIT-293 (Mirus) was added to the DNA,
mixed and incubated for 15 min at room temperature. The DNA-transfection reagent mix was added dropwise to the cells and incu-
bated at 37°C with 5% CO, for 3 days.

Vector construction

The B52 plasmid used to express sgRNAs in human cells is a derivative of the MLM3636 construct (Addgene #43860). B52 contains a
second sgRNA-expressing cassette, which was PCR ampilified from the plasmid eSpCas9 (1.1) (Addgene #71814) using the primers
PB96 and PB97 (Table S5) and cloned into the MLM3636 plasmid using the restriction enzymes HindllI-HF (NEB #R3104S) and Xhol
(NEB #R0146S). The final B52 plasmid contains a ColE1 origin, an ampicillin resistance gene and two sgRNA expression cassettes
with either BsmBl or Bbsl sites for sgRNA cloning (see below). The B52 plasmid has been further modified to contain EcoRl and Xbal
sites for cloning additional sgRNA-expressing cassettes. This plasmid is available in Addgene.

sgSTOP design and cloning

sgSTOPs were synthesized as oligonucleotide pairs (IDT) compatible with Bbsl and BsmBI restriction sites. The oligonucleotide se-
quences were designed as follows: 5'-ACACCG(N)20G-3’ and 5'-AAAAC(N)20CG-3’ for BsmBl restriction sites; 5'-CACCG(N)20-3'
and 5’AAAC(N)20C-3' for Bbsl restriction sites, where “(N)20” corresponds to each sgRNA sequence. The following oligonucleotides
were used for sgSTOP cloning: SPRTN (PB551 and PB552), SMARCAL1 (PB580 and PB581), CHEK2 (PB732 and PB733), PARP4
(PB734 and PB735), FANCM (PB736 and PB737), TIMELESS (PB738 and PB739), and PIK3R1 (PB776 and PB777). Oligonucleotide
sequences are available in Table S5. Oligonucleotide pairs were resuspended in TE (100 uM final concentration) and annealed in the
following reaction buffer: 6.5 L water, 2 uL. 5X T4 ligase buffer (Life Technologies), 0.5 uL. T4 PNK (NEB #M0201L) and 0.5 uL of each
oligonucleotide (100 uM; IDT). The reaction was conducted for 1 hr at 37°C followed by incubation for 5 min at 95°C and gradual
temperature decrease from 95°C to 15°C. sgSTOP oligonucleotides were cloned into the B52 plasmid, which was digested with
either Bbsl-HF (NEB #R3539L) or BsmBI (NEB #R0580L) in a 20 pL reaction according to the manufacturer’s recommendations.
0.5 pL of recombinant shrimp alkaline phosphatase (NEB #M0371L) were then added to the digestion reaction and incubated for
1 hrat 37°C to dephosphorylate the plasmid. The linearized plasmid was gel purified and incubated with the sgSTOP oligonucleotides
for 1 hr at room temperature in the following ligation reaction: 50 ng of digested plasmid, 0.5 uL phosphorylated and annealed
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sgRNAs (diluted 1/100 in water), 1 uL 5X ligase buffer (Life Technologies) and 0.25 pL of T4 ligase. Ligation products were sequenced
to confirm the integration of the sgRNA using the oligonucleotides PB518 or PB573 (Table S5) for BsmBl or Bbsl cloning, respectively.

RFLP assay and DNA sequencing

The occurrence of iISTOP-mediated editing was monitored three days after transfection of HEK293T cells with BE3 and sgSTOPs, as
indicated above. Cells were recovered by trypsin (Life Technologies) and washed with PBS. The cell pellet was resuspended in the
Quick Extract DNA Extraction Solution (Epicenter) and heated sequentially at 65°C for 5 min and 95°C for 5 min to isolate genomic
DNA (gDNA). The isolated gDNA was quantified using Nanodrop, diluted in water and stored at —20°C or directly used in PCR re-
actions. The following genomic loci were targeted by sgSTOPs for SPRTN (chr1+ 231338561), SMARCALT (chr2+ 216414804),
CHEK?2 (chr22- 28734431), TIMELESS (chr12- 56431493) and FANCM (chr14+ 45164491). PCR primers were designed by Primer 3
(http://bioinfo.ut.ee/primer3-0.4.0/) using the default parameters with the following changes: Mispriming library = “HUMAN,” Primer
size “min =25, Opt =27, Max = 30,” Primer Tm “Min=57.0, Opt = 60.0, Max = 63.0.” PCR reactions were prepared in a 25 pL reaction
volume containing: 1 uM forward and reverse primers, 0.1 nM dNTPs (NEB #N0447L), 1X Q5 buffer (NEB), 200-300 ng gDNA, 1 unit
Q5 polymerase (NEB) and water. PCR reactions were conducted as follows: 95°C for 1 min, 30 cycles of 95°C for 10 s, melting tem-
perature (Tm) for 10 s and 72°C for 45 s and a final step at 72°C for 1 min. The following oligonucleotides were utilized for this reaction:
SPRTN (PB571 and PB572, Tm = 64°C), SMARCAL1 (PB590 and PB591, Tm = 60°C), ATP1A1 (PB711 and PB712, Tm = 63°C),
CHEK2 (PB740 and PB741, Tm = 62°C), PARP4 (PB742 and PB743, Tm = 64°C), FANCM (PB744 and PB745, Tm = 63°C), TIMELESS
(PB746 and PB747, Tm = 61°C), and PIK3R1 (PB782 and PB783, Tm = 60°C). The sequence of each oligonucleotide is available in
Table S5. 4 uL of PCR products were digested until completion with the indicated restriction enzymes (NEB) in a 20 plL reaction. For
Bsrl digestions, PCR products were purified on columns before digestion. In the case of SfaNl, reactions were heated at 65°C for
30 min to denaturate the enzyme after digestion. After digestion, 5 pL of 6X loading buffer (NEB) was added to each reaction and
2 uL of the mixture was loaded on a 6% TBE polyacrylamide gel. Gels were run at 160 V in 1X TBE buffer, then washed in 1X
TBE and stained for 5 min using SybrGold diluted in 1X TBE buffer. Gels were developed using LI-COR Odyssey. To confirm
base editing by Sanger sequencing, 6 to 8 PCR reactions were performed as indicated above, pooled together, purified on columns
and digested in 20 pL reaction using the respective restriction enzymes. DNA fragments refractory to digestion were gel purified and
cloned using the pCR-BLUNT II-TOPO kit (Life Technologies). The cloned products were sequenced by Eton Bioscience using the
universal T7 promoter primer (5'-TAATACGACTCACTATAGGG-3'). Sanger sequencing data were analyzed using Serial Cloner and
SnapGene Viewer. The sequencing profiles shown in this manuscript were generated by SnapGene Viewer.

ATP1A1 co-selection strategy

To conduct the marker-free co-selection strategy based on ATP1A1 targeting (Agudelo et al., 2017), we generated the plasmid B270
expressing an sgRNA against ATP1A1 and an empty sgRNA-expressing cassette. B270 was derived from B52 upon cloning of
ATP1A1 sgRNA oligonucleotides (PB609 and PB610) into the BsmBl restriction site, as detailed above. sgRNA oligonucleotides
for SMARCAL1 (PB580 and PB581) or SPRTN (PB551 and PB552) were introduced into the B270 plasmid using Bbsl cloning sites.
Transfection of HEK293T cells was conducted as follows: 6-well plates were seeded at approximately 70% cell confluency and
HEK293T cells were reverse transfected by mixing 1 pg of sgRNA and 2 pg of BE3 plasmid into 600 puL of DMEM without Fetalgro
BGS and antibiotics. Four days after transfection, the cells were split in 3 x 6-well plates and treated with 1 uM ouabain. Untreated
cells were plated in 12-well plates and grown in parallel. 48 hr after treatment, ouabain was removed from the medium and the
surviving cells were cultured in regular DMEM medium for 2 days, prior to a new 1 pM ouabain treatment for 2 additional days.
The surviving cells were amplified over the course of 2 weeks and untreated cells were grown in parallel as controls.

Western blot

HEK293T cell pellets were resuspended in 30 uL of PBS and 30 pL of 2X lysis buffer (100 mM Tris pH 6.8, 4% SDS and 1.716 M 2-mer-
captoethanol) and incubated for 10 min at 95°C. Cell extracts were then diluted in 1X loading buffer (NuPage, Life Technologies) and
heated for 5 min at 95°C. Samples were run on an 8% polyacrylamide gel at 160 V in Tris-glycine buffer. Gels were subsequently
transferred onto nitrocellulose membranes, which were stained with ponceau solution (Sigma) and then incubated for 30 min
with 5% milk (Bio Basic) in TBS 0.1% Tween 20 (TBS-T). Membranes were then incubated with primary antibodies in TBS-T supple-
mented with 1% milk for 2 hr at room temperature. The following antibodies were used for western blotting: anti-SMARCAL1 (1/500)
and anti-GAPDH (1/1000) diluted in TBS-T with 1% milk (Bio-Rad). Membranes were then washed three times in TBS-T and incu-
bated for 1 hr with anti-mouse IgG secondary antibodies coupled with HRP at 1/5000 dilution in TBS-T/1% milk. Membranes
were subsequently washed three more times in TBS-T and the HRP signal was detected using SuperSignal West Pico Chemilumi-
nescent Substrate (Thermo Scientific) and autoradiography films (Southern Labware).

Genome-wide iSTOP analysis

To identify iISTOP targetable sites, coding sequence was constructed from genomes using available CDS coordinates. Each coding
sequence was verified to have a start and STOP codon, no internal STOP codons and a sequence length evenly divisible by three.
Coding sequence coordinates for CAA, CAG, CGA and TGG codons were then mapped to genome sequence coordinates to then
extract the genomic sequence context of each targeted base. sgSTOPs were designed by searching for each PAM 13 to 17 bps
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downstream of each targeted C. To count putative off-target sites, all sgSTOPs (including PAMs) were aligned to the genome, allow-
ing up to two mismatches in the first eight bases of the guide sequence. Alignment criteria were chosen as a compromise between
computational efficiency and the reported mismatch tolerance of Cas9 (Cho et al., 2014). Nonsense-mediated decay prediction was
determined based on whether the targeted base was 55 nucleotides upstream of the final exon-exon junction (Popp and Maquat,
2016). All genomes and CDS coordinates are from the UCSC genome browser (https://genome.ucsc.edu), with the exception of
the A. thaliana genome, which originates from TAIR (https://www.arabidopsis.org), and A. thaliana CDS coordinates, which originate
from Ensembl BioMart (http://www.biomart.org). All computational analysis was performed in R (https://www.r-project.org) via
RStudio (https://www.rstudio.com), making extensive use of Tidyverse (http://www.tidyverse.org/), and Bioconductor (https://
bioconductor.org) R packages. A step-by-step guide to reproduce the figures and computational analyses found in this paper is
available on GitHub (https://github.com/CiccialLab/iSTOP-paper).

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of iISTOP-mediated editing

The percentage of iISTOP-mediated editing (% editing) was estimated by quantifying digested and undigested bands in RFLP assays
using Imaged. iISTOP-mediated editing resulting in the loss of a restriction site was estimated by the following formula: intensity of the
undigested band divided by the combined intensity of digested and undigested bands. iSTOP-mediated editing resulting in the
gain of a restriction site was quantified as follows: intensity of the digested bands divided by the combined intensity of digested
and undigested bands.

Analysis of frequent iISTOPers

Genes observed to incur frequent cancer-associated nonsense mutations at CAA, CAG, CGA and TGG codons (iISTOPers) were
scored using a one-tailed binomial test. For this test, the probability of “success” for each gene is estimated based on the number
of nonsense mutations observed at CAA, CAG, CGA and TGG codons in a given cancer type and the number of CAA, CAG, CGA and
TGG codons present in the gene. The number of “successes” is the number of CAA, CAG, CGA and TGG codons in the gene
observed to incur nonsense mutations in a given cancer type. Mutated coordinates in the COSMIC database were only counted
once to avoid bias from duplicated entries. We report unadjusted p-values and FDR corrected g-values to account for multiple tests
(Benjamini and Hochberg, 1995). An “All cancers” category is included as a summary of the lowest g-value observed for a gene
across all cancer types. High scoring iSTOPers are shown in Figures 5B and 5C. Genes/cancer type combinations with a g-value
less than 0.001 are included in Table S4.

DATA AND SOFTWARE AVAILABILITY

All source code necessary to reproduce figures and computational analyses is available on GitHub (https://github.com/CiccialLab/
iISTOP-paper). An R package that enables iISTOP detection for any DNA sequence with annotated CDS coordinates and customiz-
able PAM/codon/spacing parameters is available on GitHub (https://github.com/CiccialLab/iSTOP). Detailed installation and usage
instructions for both of these projects are available on GitHub. An interface for convenient search of sgSTOPs is available online
(http://www.ciccialab-database.com/istop). Comprehensive datasets of pre-designed and annotated sgSTOPs for 8 organisms
and 6 PAMs are available on Mendeley Data (http://dx.doi.org/10.17632/xbdtvf6bvj.1). Plasmids created in this study will be
made available from Addgene. Raw gel images are available on Mendeley Data (http://dx.doi.org/10.17632/jw5rjmypy2.1).
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Figure S1 (Related to Figure 1). Repertoire of amino acid substitutions generated
by CRISPR-mediated base editing on coding or non-coding strands

(A) Schematic representation of the BE3 CRISPR-dependent base editor, consisting of
rAPOBEC1 (brown), nCas9 (green) and UGI (red), in the process of targeting a cytosine
located on the coding strand. By converting C to T in CAA, CAG and CGA triplets on the
coding strand, BE3 generates STOP codons.

(B) Schematic representation of BE3 targeting a cytosine located on the non-coding
strand. This process results in G>A transitions on the coding strand. By converting G to
A in TGG triplets on the coding strand, BE3 generates STOP codons.

(C) Percentage and number of targetable and untargetable codons and type of
mutations generated on the 64 codons by targeting cytidine deaminase-dependent
CRISPR base editors on either coding or non-coding strands. Codons untargetable by
CRISPR base editors are indicated in white. Codons that when targeted cause silent or
possible missense mutations are indicated in green and orange, respectively.

(D) Number of amino acids that can be converted into other amino acids/STOP codons
(orange) or generated from different amino acids (green) by cytidine deaminase-

dependent CRISPR base editors, as shown in Figure 1B. Ala = Alanine, Arg = Arginine,

Asn = Asparagine, Asp = Aspartic acid, Cys = Cysteine, GIn = Glutamine, Glu
Glutamic acid, Gly = Glycine, His = Histidine, lle = Isoleucine, Met = Methionine, Leu =

Leucine, Lys = Lysine, Phe = Phenylalanine, Pro = Proline, Ser = Serine, Thr

Threonine, Trp = Tryptophan, Tyr = Tyrosine, Val = Valine and STOP = STOP codon.

See also Table S1.
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Figure S2 (Related to Figure 2). Specificity of the RFLP assay utilized to detect
iSTOP-mediated editing

(A) BsrGl-, Mfel- and Sacl-mediated digestion of PCR products of the FANCM locus
targeted with an sgSTOP that edits a BsrGl restriction site. A schematic map of the
FANCM locus is indicated above.

(B) Apal-, Ncol- and Sacl-mediated digestion of PCR products of the CHEKZ2 locus
targeted with an sgSTOP that edits an Apal restriction site. A schematic map of the
CHEK?Z locus is indicated above.

(C) BamHI-, Bsrl-, Pvull- and Ncol-mediated digestion of PCR products of the PARP4
locus targeted with an sgSTOP that edits BamHI and Bsrl restriction sites. A schematic
map of the PARP4 locus is indicated above. One sequencing profile representative of 4

sequences of PARP4 amplicons refractory to Bsrl digestion is shown on the right inside.
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Figure S3 (Related to Figure 3). Co-selection strategy to enrich for iSTOP-
mediated editing and detection by RFLP assay

(A) Pvull restriction digest of PCR products of the SPRTN locus targeted with an
sgSTOP that edits a Pvull restriction site. The reaction was terminated after 1, 30 or 60
min and the products of the reaction were run on a polyacrylamide gel.

(B) Digestion of SPRTN amplicons from cells transfected with sgSTOPs targeting
SPRTN and/or ATP1A1 with or without 1 pM ouabain selection using the restriction
enzymes Pvull and Nhel. Editing efficiency was monitored by loss of Pvull cutting and
gain of Nhel cutting, as indicated in Figure 2C.

(C) Sequencing profile of the targeted SPRTN locus amplified from cell populations
transfected with sgSTOPs targeting SPRTN and/or ATP1A1. The targeted base that
creates a STOP codon (blue arrow) and other targeted bases that generate missense
mutations (red arrows) in the SPRTN locus are indicated by asterisks (*).

(D) Alignment of sequences of ATP1AT1 alleles from cells targeted with an ATP1A1
sgSTOP and selected with ouabain. The ATP1A71 sgSTOP target sequence is
represented in red. The symbol “#” indicates a mismatch between the WT genomic
sequence (above) and the genomic sequence isolated from ouabain resistant cells
(below).

(E) RFLP analysis of the SMARCALT1 locus from 19 single cell clones derived from HEK-
293T transfected with sgSTOPs targeting SMARCAL1 and/or ATP1A1 and selected with
ouabain. SMARCAL1 amplicons derived from the above clones were digested with
SfaNl, as indicated in Figure 3D.

(F) Sequencing profiles of SMARCAL1 loci from the SMARCAL1 KO clones #16 and #17

shown in (E). The targeted base is indicated by a blue arrow.



(G) Sequencing profiles of the SMARCALT locus in SMARCAL1 WT and heterozygous
mutant clones shown in (E). The targeted base is indicated by a blue arrow and indels

are indicated by a red arrow.
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Figure S4 (Related to Figure 4). Extended genomic analysis of iSTOP targetable
sites in the genomes of 8 eukaryotic species

(A) Human genes untargetable by iSTOP that have targetable orthologs in other
eukaryotic species. All homologs reported by Ensembl (www.ensemble.org) were
considered. The complete list of untargetable human genes is available in Table S2.

(B) Number of untargetable ORFs in all species considered in this study. Percentage of
all ORFs that are untargetable due to an unavailable PAM are indicated in black text.

(C) Number of all CAA, CAG, CGA and TGG codons in each species, and whether they
are targetable with iSTOP. Percentage of each category is annotated on each bar.

(D) Number of iSTOP targetable codons per ORF length in the human genome.

(E) Number of genes that are targetable in all or at least one (1+) isoform. Percentage of
total number of genes considered is annotated in text on each bar.

(F) Distribution of the number of mapped sites in the human genome for NGG sgSTOPs.
Each NGG sgSTOP was mapped to all matching locations in the genome allowing up to
two mismatches outside of the guide’s seed sequence (positions 1 through 8). Each
guide is expected to map once in the genome. More than 1 mapped site indicates

potential for off-target binding.
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Figure S5 (Related to Figure 5). Analysis of genes with frequent nonsense
mutations at CAA, CAG, CGA and TGG codons in cancer and modeling of a
recurrent cancer-associated nonsense mutation by iSTOP

(A) Genes with frequent nonsense mutations in COSMIC observed at CAA, CAG, CGA
and TGG codons (iISTOPers). The frequent iISTOPer —log+o(q) score is derived from an
FDR adjusted one-tailed binomial test (STAR Methods, Analysis of frequent iISTOPers).
“All cancers” is the highest score observed across all cancer types.

(B) Comparison to tumor suppressor annotation and prediction methods. The top 100
iSTOPers from “All cancers” were compared to Tumor Suppressor Genes (TSGs)
annotated by the Cancer Gene Census, the top 100 TSGs from the 20/20+ prediction
method, the top 100 TSGs from the TUSON prediction method and the top 100
significantly mutated genes from the MutSigCV method. Genes included in this figure
were either annotated as a TSG by the Cancer Gene Census, or were considered a TSG
by at least 3 of the 4 TSG prediction methods. The complete list of iISTOPers (q < 0.001)
is available in Table S4.

(C) Taqal-mediated digestion of PCR products of the PIK3R1 locus targeted with an
sgSTOP that edits a Taqal restriction site to generate the cancer associated nonsense
mutation R348*. One sequencing profile representative of 4 sequences of PIK3R1

amplicons refractory to Tagal digestion is shown on the right inside.
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