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Abstract

Defining off-target profiles of gene-editing nucleases and CRISPR base editors remains an
important challenge for use of these technologies, therapeutic or otherwise. Existing methods
can identify off-target sites induced by these gene editors on an individual genome but are not
designed to account for the broad diversity of genomic sequence variation that exists within
populations of humans or other organisms. Here we describe OligoNucleotide Enrichment
and sequencing (ONE-seq), a novel in vitro method that leverages customizable, high-
throughput DNA synthesis technology instead of purified genomic DNA (gDNA) from
individual genomes to profile gene editor off-target sites. We show that ONE-seq matches or
exceeds the sensitivity of existing single-genome methods for identifying bona fide CRISPR-
Cas9 off-target sites in cultured human cells and in vivo in a liver-humanized mouse model. In
addition, ONE-seq outperforms existing best-in-class single-genome methods for defining
off-target sites of CRISPR-Cas12a nucleases, cytosine base editors (CBEs), and adenine base
editors (ABEs), unveiling previously undescribed bona fide off-target sites for all these
editors in human cells. Most importantly, we leveraged ONE-seq to generate the first
experimentally-derived population-scale off-target profiles for Cas9 nucleases that define the
impacts of sequence variants from >2,500 individual human genome sequences in the 1000
Genomes Project database. Notably, some of the variants we identified that lead to increased
mutation frequencies at off-target sites are enriched in specific human populations. We
validated that novel population-specific, variant-sensitive off-target sites nominated by ONE-
seq in vitro can show increased frequencies of mutations in human lymphoblastoid cells
(LCLs) harboring these sequence variants. Collectively, our results demonstrate that ONE-
seq is a highly sensitive off-target nomination method that can uniquely be used to identify
population subgroup-linked differences in off-target profiles of gene editors. ONE-seq
provides an important new pathway by which to assess the impacts of global human genetic

sequence diversity on the specificities of gene editors, thereby enabling a broader and more
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all-inclusive approach for profiling off-target effects of these transformative therapeutic

technologies.

Background and Introduction

Gene-editing nucleases and CRISPR base editors are sequence-specific modification
technologies that efficiently alter genomic targets of interest but that can also induce
unwanted off-target mutations at sites resembling the on-target sequence. The most
commonly used and widely accepted strategy for off-target determination of gene editors
employs a two-step approach consisting of nomination and validation!'°. In the initial
nomination step, a highly sensitive method is used to identify a superset of candidate off-
target activity sites for a given editor. In a subsequent validation step, nominated sites are
assessed in cells or organisms in which the gene editor is expressed to determine whether they
show evidence of mutations. Therefore, sensitivity of the initial nomination step is of critical
importance because it defines and limits the sites examined in the subsequent validation step.
Various cell- or organism-based (e.g., GUIDE-seq®, BLESS!!/BLISS'?, HTGTS"?,
DISCOVER-seq'?) and in vitro (e.g., Digenome-seq’, CIRCLE-seq’/CHANGE-seq'4, SITE-
seq'”) nomination methods have been previously described. In vitro nomination methods

7,14, 16

generally exhibit higher sensitivity and have been used successfully to identify genomic

sites that show bona fide off-target mutations in cells and organisms'-> 7.

A significant limitation of all existing off-target nomination assays is that they can only be
performed on one genome at a time, making it impractical to comprehensively assess the
tremendous diversity of sequence variants that exist in large populations of humans or other
organisms. Two in silico studies previously illustrated that sequence variants can fall within
potential off-target sites of gene editors!”- ¥, but the degree to which these sequence

differences might actually increase or decrease mutation frequencies at these sites was never
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76  experimentally demonstrated. Two additional studies illustrated anecdotally how individual

77  sequence variants can influence mutation frequencies at CRISPR-Cas9 off-target loci: one

78  assessed a single variant at a single site!® while the other used a modified version of CIRCLE-

79  seq to assess the impacts of variants from seven individual genomes'*. However, these studies

80 only provide small surveys of single genomes and do not assess the impacts of the broad

81  repertoire of sequence variants that exist in the global human population and that are being

82  rapidly identified in greater numbers with increasingly larger-scale genome sequencing

83  projects?®?2. This is an important limitation to address given that therapeutics in development

84  will ultimately be given to large numbers of genetically diverse patients or to those with

85  diseases that are highly prevalent in specific populations (e.g., sickle cell disease, beta-

86 thalassemia). Despite this critical need, to our knowledge no experimental approach currently

87  exists that can readily and robustly assess the impacts of sequence variants at population scale

88  during the course of identifying, optimizing, and ultimately administering these gene editing

89  technologies.

90

91 Results

92  Overview of the ONE-seq assay

93  To create a robust, sensitive, and universal in vitro off-target nomination assay that could be

94  used at population-scale with any gene-editing nuclease or base editor, we envisioned a

95  strategy in which we would build libraries of potential off-target sites using high-throughput

96 custom DNA synthesis instead of cell-derived genomic DNA (Fig. 1a, top panel). The use of

97  synthetic DNA overcomes two important limitations of genomic DNA-based assays: First,

98  genomic DNA libraries used in existing in vitro off-target assays (e.g., Digenome-seq,

99 CIRCLE-seq, and SITE-seq; Fig. 1a, bottom panel) harbor a vast excess of unrelated DNA
100  sequences that are not cleaved or modified by a given gene editor of interest (Fig. 1b); this

101  leads to a higher background of random genomic sequence reads, which in turn reduces assay
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102  sensitivity and/or requires higher numbers of sequencing reads. Second, the use of genomic
103  DNA makes existing assays difficult to perform with more than one genome at a time,

104  limiting the abilities of these methods to assess the effects of SNPs from a large number of
105 individuals at population scale.

106

107  In contrast to existing in vitro off-target assays that use genomic DNA, the OligoNucleotide
108  Enrichment and sequencing (ONE-seq) method computationally enumerates all sites in one
109  or more genomes of interest that harbor a specified number of differences (mismatches and/or
110 DNA or RNA “bulges”) relative to the intended on-target site of a given gene editing nuclease
111  or base editor (Fig. 1a, top panel; Methods). High-throughput oligonucleotide synthesis is
112 then used to create a library of fixed-length ~200 nt single stranded DNAs each harboring one
113 of the computationally identified mismatched sites (Fig. 1a and Extended Data Fig. 1a).

114  Each site in the library is also embedded within a common DNA sequence context and

115  associated with unique barcodes at both ends of the oligonucleotide that permit its

116  unambiguous identification even after cleavage and/or modification (Fig. 1¢, Extended Data
117  Fig. 1a). Oligos are released from the solid support on which they are synthesized and then
118  converted to double-stranded DNA by limited-cycle liquid-phase PCR (Extended Data Fig.
119  1a; Methods). The resulting pre-selection ONE-seq libraries can then be treated with a gene-
120  editing nuclease or base editor of interest to identify off-target sites of activity as described in
121  more detail below.

122

123 Construction and characterization of ONE-seq libraries

124 To test the feasibility of the ONE-seq strategy, we first built libraries for 14 different

125  Streptococcus pyogenes Cas9 (SpCas9) guide RNAs (gRNAs) and 4 different

126  Lachnospiraceae bacterium Casl2a (LbCasl12a) gRNAs (Supplementary Table 1). These

127 18 gRNAs target various sites in the human genome and were chosen because they have
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128  either been used in previous studies with base editors (ABE site 14, ABE site 16, ABE site
129  18; abbreviated here as ABE14, ABE16, ABE18)? or had their gene-editor off-target profiles
130  characterized previously (the other 15 gRNAs) using one or more existing methods®? 2426,
131  For 13 of the 14 SpCas9 gRNAs, we synthesized ONE-seq libraries harboring all DNA sites
132 in the hgl9 reference human genome sequence that have up to six mismatches relative to the
133  intended on-target site and all sites that have up to four mismatches and at least a one base
134  DNA or RNA bulge (Extended Data Figs. 1b and 1c; Supplementary Table 2; Methods).
135  For the VEGFA site 3 gRNA, which has an unusually large number of closely matched sites
136  in hgl9, we synthesized a library harboring sites with up to four mismatches and sites with up
137  to two mismatches together with a single bp DNA or RNA bulge (library size of 23,955)

138  (Extended Data Fig. 1b; Supplementary Table 2). For the four LbCas12a gRNAs, we

139  synthesized libraries with sites from hg19 harboring up to eight mismatches relative to the
140  intended on-target site, which we able to do because the longer LbCas12a target sites

141  generally have fewer mismatched sites in the genome. The sizes of these 17 libraries (range
142 23,522 to 97,644; Extended Data Fig. 1b; Supplementary Table 2) were such that we could
143  readily synthesize them using commercially available, high-density chip-based

144  oligonucleotide synthesis (Methods). Characterization of these 18 libraries using next-

145  generation sequencing (Methods) showed exceptionally high coverage of all synthesized sites
146 (99.93% of all library members present among all 18 libraries; Supplementary Table 3) and
147  high uniformity of sequence representation within each library with a mean 90/10 ratio of 2.5
148  +/- 0.5 (Extended Data Fig. 1d; Supplementary Table 3). For 14 of the 18 ONE-seq

149  libraries, the uniformity of mismatched site representation was superior to what was observed
150  for these same sequences in a CIRCLE-seq library (Supplementary Result 1; Extended

151  Data Fig. 1d; Supplementary Table 3).

152
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153 Validating ONE-seq for highly sensitive identification of bona fide Cas9 nuclease off-targets
154  in human cells

155  We tested the efficacy of ONE-seq for identifying SpCas9 nuclease off-target effects in

156  human cells by performing selections with five different gRNAs (RNF2, HEK293 site 2

157  [abbreviated as HEK2], HEK293 site 3 [abbreviated as HEK3], FANCF, and EMXI), each
158  previously profiled for off-target activity by one or more existing off-target assays® -2,

159  Following incubation of ONE-seq libraries with purified SpCas9 and the cognate gRNA, we
160  captured resulting double-strand breaks by ligation of next-generation sequencing (NGS)

161  adapters after an end-blunting step (Fig. 1¢; Methods). Following gel extraction,

162  amplification, and NGS, cleaved sites were counted based on the identities of flanking

163  barcodes and each assigned a “ONE-seq nuclease score” normalized to activity at the on-

164  target site (Methods). Results from these ONE-seq selections showed that the on-target site
165  was the most highly enriched or among the most highly enriched library members,

166  demonstrating the efficacy of the method for identifying cleaved sites (Extended Data Fig.
167  2a).

168

169  To compare the relative sensitivity of ONE-seq with other existing in vitro nomination assays
170  (Digenome-seq and CIRCLE-seq), we assessed their efficacies for nominating bona fide

171  SpCas9 off-target sites (i.e., those that show evidence of indel mutations in human cells).

172 Previously published experiments had identified 30 bona fide SpCas9 off-target sites for four
173 of the five gRNAs described above in human U20S cells or HEK293 cells (determined using
174  the GUIDE-seq method)®. ONE-seq successfully nominated all 30 of these bona fide off-

175  target sites, with all of them having ONE-seq scores > 0.01 and being among the most highly
176  enriched ONE-seq candidates (Fig. 1d; Extended Data Figs. 2a and 2b). These results are
177  comparable to those obtained with CIRCLE-seq, which also collectively nominated all 30

178  GUIDE-seq off-target sites across selections performed with genomic DNA from three
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179  different human cell lines (28 of the 30 bona fide off-target sites were found with CIRCLE-
180  seq performed in matched U20S or HEK293 cells and 29 of the 30 bona fide off-target sites
181  in K562 cells) (Fig. 1d and Extended Data Fig. 2b). By contrast, Digenome-seq experiments
182  nominated only 26 of the 30 bona fide off-target sites (Fig. 1d and Extended Data Fig. 2b).
183  Importantly, ONE-seq also nominated 13 bona fide off-target sites additionally nominated by
184  CIRCLE-seq (but not by GUIDE-seq) for the EMXI gRNA in an earlier study’ (Extended
185  Data Fig. 2a). Taken together, these results show that ONE-seq is at least as sensitive as

186  CIRCLE-seq and more sensitive than Digenome-seq and GUIDE-seq for nominating bona
187  fide SpCas9 off-target sites in human cells.

188

189  ONE-seq identifies bona fide Cas9 off-target sites in vivo

190  We also tested whether ONE-seq could identify bona fide off-target mutation sites in vivo in a
191  clinically relevant animal model. To do this, we used humanized mice in which

192  xenotransplanted human hepatocytes have replaced mouse hepatocytes in the liver?’ (Fig. 1e;
193  Methods), thereby enabling a more translationally relevant assessment of off-target mutations
194  in liver cells with human (instead of mouse) genomes. To perform a highly rigorous test of
195  ONE-seq, we used it to profile SpCas9 with a gRNA (hereafter referred to as the PCSK9HF
196  (high-fidelity) gRNA) that targets a site in the human PCSK9 coding sequence for which there
197  are no closely matched sites in the hgl9 reference human genome sequence with one to three
198  mismatches relative to the intended on-target site (Fig. 1f). We performed ONE-seq selections
199  with a library containing all sites from hg19 that had up to seven mismatches relative to the
200 PCSKOHF on-target site and also all sites containing up to four mismatches and at least one
201 DNA or RNA bulge. This selection nominated numerous off-target sites (Extended Data Fig.
202 3, Supplementary Table 4), and we then examined the on-target site and the 40 off-target
203  sites with the highest ONE-seq scores in the livers of xenotransplanted human hepatocyte

204  mice four days after they had been treated with adenovirus encoding for SpCas9 and
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205 PCSKO9HF gRNA. These targeted amplicon sequencing experiments revealed efficient on-
206 target editing of the PCSKY gene (mean indel frequency of 53.6%) and significant evidence of
207  indel mutations at four of the 40 off-target sites (mean frequencies ranging from 0.1 to 6.8%)
208  (Fig. 1g). Among the four mutated off-target sites, two had four mismatches and two had five
209  mismatches relative to the on-target site (Fig. 1g). These results demonstrate the efficacy and
210  high sensitivity of ONE-seq for identifying bona fide off-target sites in an in vivo setting for a
211 Cas9 gRNA and nuclease pre-identified in silico to have no closely matched sites in the

212 reference hgl9 human genome.

213

214 Identification of bona fide Cas12a nuclease off-targets with ONE-seq in human cells

215  Because many gene-editing nucleases leave overhangs rather than blunt ends (e.g.,

216  Casl2a/Cpfl, zinc finger nucleases, TALENs, homing endonucleases), we also assessed

217  whether ONE-seq could be used to identify off-target cleavage sites for these other types of
218 nucleases. We were particularly interested in doing so because our attempts to adapt

219  CIRCLE-seq to include an extra end-blunting step had led to a greater than 10-fold reduction
220 in usable sequencing reads, thereby rendering the assay ineffective and insensitive for

221  nucleases that leave overhang ends (Supplementary Result 2). By contrast, ONE-seq

222  includes an end-blunting step as part of its standard protocol (Fig. 2a; Methods). We tested
223 ONE-seq with the LbCas12a nuclease and four different crRNAs (matched6, matched9,

224  DNMTI site 3, and DNMT1 site 4), which had been previously profiled for off-target sites
225  using GUIDE-seq and/or Digenome-seq®: ?°. These earlier studies had validated a total of
226 166, three, four, and no bona fide off-target sites for the matched 6, matched 9, DNMT1 site 3,
227  and DNMT1 site 4 crRNAs, respectively, in human U20S and/or HEK293T cells. ONE-seq
228  successfully nominated all 173 of these bona fide off-target sites, with nearly all of them

229  having amongst the highest ONE-seq scores (Extended Data Figs. 4a).

230
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231  Because our Casl2a ONE-seq selections also nominated additional off-target cleavage sites
232 that had not been found in previous Digenome-seq and GUIDE-seq experiments (Extended
233 Data Fig. 4a), we performed two validations to examine whether these sites might also show
234  evidence of indel mutations in human cells. In the first, to compare to GUIDE-seq?®, which
235  had been previously used with U20S cells, we performed amplicon sequencing on genomic
236 DNA of Casl2a nuclease-treated U20S cells. We identified a total of 21 new bona fide off-
237  target sites that had not been previously detected for the four gRNAs by GUIDE-seq: 12, 8, 1,
238  and 0 new sites for the matched6, matched9, DNMT1 site 3, and DNMT1 site 4 gRNAs,

239  respectively (Extended Data Figs. 4a and 4b). Second, to compare to Digenome-seq®,

240  which had been previously used with HEK293T cells, we performed amplicon sequencing on
241  genomic DNA of Casl2a nuclease-treated HEK293T cells. We found a total of five bona fide
242 off-target sites for DNMTI site 3 and DNMT1 site 4 of which three sites had not been

243 previously identified by earlier Digenome-seq studies (Extended Data Figs. 4a and 4b).

244  Digenome-seq might have failed to detect some off-target sites because of limitations in its
245  sensitivity’ (Fig. 1d; Extended Data Fig. 2b) and GUIDE-seq might have missed some off-
246  target sites because integration of the GUIDE-seq dsODN tag in cells presumably requires
247  filling in of overhangs at Cas12a nuclease-induced cut sites (which may not occur efficiently
248  atall such sites). We also validated additional off-target sites in HEK293T cells that had been
249  nominated using ONE-seq (Extended Data Fig. 4b). Taken together, our results demonstrate
250 that ONE-seq outperforms Digenome-seq and GUIDE-seq with Cas12a nuclease, successfully
251  identifying off-target sites that had not been identified by these other methods in earlier

252  studies (Fig. 2b).

253

254  Adaptation of ONE-seq to identify bona fide off-targets of CRISPR base editors in human

255  cells
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256  We additionally sought to apply ONE-seq to CRISPR cytosine base editors (CBEs)?® and

257  adenine base editors (ABEs)?. To do this, we performed modified ONE-seq selections with
258  the widely used BE3 CBE or the optimized ABE7.10, each with various gRNAs. In these

259  reactions, DNA sites bearing a uracil (induced by deamination of cytosine by BE3) or an

260 inosine (induced by deamination of adenine by ABE7.10) have a nick introduced at these base
261  positions by treating with USER or Endonuclease V, respectively (Fig. 2a). The resulting nick
262  together with another nick on the opposing strand induced by the Cas9 nickase activity of the
263  base editor create a staggered end double-strand break (DSB), which can then be blunted and
264  serve as a substrate for ligation of NGS adapters (Fig. 2a). Amplification, size selection, and
265  sequencing of the resulting products enables identification of off-target sites by their

266  associated unique flanking barcodes (Fig. 2a) and also calculation of a quantitative ONE-seq
267  CBE or ONE-seq ABE score normalized to cleavage of the intended on-target site (Methods).
268

269  Using these modified ONE-seq selection methods, we assessed the BE3 CBE with eight

270  different gRNAs (targeted to the HBB, HEK2, HEK3, HEK4, RNF2, EMXI, FANCF, and

271  ABEI18 sites) and ABE7.10 with nine different gRNAs (targeted to the ABE14, ABE16,

272  ABEI1S8, HEK2, HEK3, VEGFA3, HPRTE6, HPRTES and TYRO3 sites). We chose these

273  gRNAs because other groups had previously used the Digenome-seq method to nominate off-
274  target sites for seven of the eight gRNAs with BE3® and five of the nine gRNAs with

275  ABE7.10%2°. Among the sites previously nominated by Digenome-seq, a total of 42 BE3 off-
276  target sites among the seven gRNAs and a total of 12 ABE7.10 off-target sites among five of
277  the nine gRNAs (HEK2, VEGFA3, HPRTEG6, HPRTES, TYRO3) were confirmed as bona fide
278  sites of mutation in human HEK293T cells using targeted amplicon sequencing® *%°. All 42
279 BE3 and 11 of 12 ABE7.10 off-target sites reported as validated in these previous studies had
280 a ONE-seq score of >0.01 in our selections (Extended Data Figs. Sa and 6a). Furthermore,

281  all 54 of these off-target sites had among the highest ONE-seq CBE or ONE-seq ABE scores
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282  within their respective selections (Extended Data Figs. 5a and 6a). Even the one ABE7.10
283  off-target site that had a ONE-seq score of <0.01 was enriched as the 103" ranked site out of
284  the 39,474 mismatched sites present in the HEK2 gRNA library.

285

286  We next explored whether additional base editor off-target sites nominated by ONE-seq but
287  not nominated or validated in previous Digenome-seq studies might also show evidence of
288  editing in human cells. For each of the eight BE3 gRNAs and nine ABE7.10 gRNAs, we used
289 targeted amplicon sequencing to assess ~20-40 sites in HEK293T cells that were: (a)

290 nominated by ONE-seq but not by Digenome-seq (Type I sites), (b) nominated by both ONE-
291  seq and Digenome-seq but not shown to be edited in previous human cell-based validation
292 experiments (Type II sites), or (c) nominated by ONE-seq for base editor/gRNAs that had not
293  previously characterized by Digenome-seq (Type I1I sites) sites (Extended Data Figs. Sa,
294  S5c, 6a, and 6¢). Among the seven BE3 gRNAs previously assessed by Digenome-seq®, we
295  validated 28 Type I and 28 Type II sites as bona fide off-target sites in HEK293T cells (mean
296  mutation frequencies ranging from 0.03 to 21% and from 0.07 to 48%, respectively)

297 (Extended Data Figs. Sa and 5b). For the eighth BE3 gRNA (ABE18) not previously

298  assessed by Digenome-seq, we also validated six Type III sites as new bona fide off-target
299  sites (mean mutation frequencies ranging from 0.24 to 9.6%) (Extended Data Figs. Sc and
300 5d). Among the five ABE7.10 gRNAs previously evaluated by Digenome-seq or a variant
301 Digenome-seq method known as EndoV-seq”?°, we validated one new bona fide Type I off-
302 target site (for the VEGFA3 gRNA; mean mutation frequency of 0.6%) and nine new bona
303 fide Type Il off-target sites (mean mutation frequencies ranging from 0.06 to 0.6%) in

304 HEK293T cells (Extended Data Figs. 6a and 6b). For the four other ABE7.10 gRNAs not
305 previously assessed by Digenome-seq, we also validated five bona fide Type 111 off-target
306  sites (mean mutation frequencies ranging from 0.05 to 19%) (Extended Data Figs. 6¢ and

307  6d). To further increase our sensitivity for identifying bona fide off-target sites, we also
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308 assessed the ONE-seq-nominated ABE sites for editing in HEK293T cells in which the

309 ABE7.10 editor was expressed at much higher levels (identified by flow cytometry;

310 Methods). These experiments generally yielded higher edit frequencies at on- and off-target
311  sites for all sites examined but also validated seven additional bona fide off-target sites: two
312 Type I sites, two Type II sites, and three Type III sites (Extended Data Fig. 6). Taken

313  together, these data demonstrate that ONE-seq substantially outperforms Digenome-seq for
314  nominating bona fide CBE and ABE off-target sites in human cells (Figs. 2¢ and 2d).

315

316  Using ONE-seq to identify sequence variant-sensitive off-target sites at population scale

317  Asnoted above, in contrast to the “one-by-one‘ nature of existing in vitro nomination

318  methods that can only interrogate a single individual genome at a time (Fig. 3a, left panel),
319  ONE-seq can assess the impacts of genetic variation from thousands of genomes

320 simultaneously in a single reaction (Fig. 3a, right panel). This is possible with ONE-seq

321  because each unique variant sequence only needs to be represented once in the in vitro

322 selection library. To conduct an initial proof-of-concept, we created an informatics pipeline
323  that analyzed genomes from 2,504 ethnically diverse individuals present in the 1,000 Genome
324  Project database® to identify all SNPs, insertions, or deletions that fall within all sites present
325 in the original ONE-seq libraries we built for the SpCas9 EMXI, FANCF, and RNF2 gRNAs
326  (Methods). Using this output, we constructed new “variant-aware” ONE-seq libraries

327  harboring both the 36,159, 20,043, and 15,686 sequence variant sites and matched sites from
328  hgl9 reference genome for the SpCas9 EMXI, FANCF, and RNF2 gRNAs, respectively

329  (Supplementary Table 5). Of note, the majority of such variants we found for all three

330 gRNAs were unique to a single 1000 Genomes Project super population (Extended Data Fig.
331 7).

332
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333  To identify “variant-sensitive” SpCas9 off-target sites (i.e., those for which the presence of a
334  variant alters cleavage), we performed ONE-seq selections with the variant-aware libraries
335 and then compared scores for matched reference/variant site pairs from these experiments.
336  For all sites that were cleaved in each selection, we calculated ONE-seq nuclease scores

337 normalized to the on-target site included in each experiment as a positive control (Methods).
338  We found 121, 55, and 16 “variant-sensitive” sites from the EMXI, FANCF, and RNF?2

339 libraries, respectively, that had significantly different (p < 0.05 after multiple comparisons
340 adjustment) ONE-seq scores relative to their matched cognate hgl9 reference genome sites
341  (Methods; Fig. 3b; Supplementary Table 6). These variant-sensitive sites include some that
342  have increased or decreased sequence similarity to the intended on-target site and some that
343 neither increase nor decrease sequence similarity to the on-target site (Supplementary Table
344  6). Notably, for all three selections, all but one of the 80 sites with increased similarity to the
345  on-target were “variant-enhanced” (variant site ONE-seq score > reference site ONE-seq

346  score) and all 90 sites with decreased similarity to the on-target site were “variant-reduced”
347  (variant site ONE-seq score < reference site ONE-seq score) (Fig. 3b). Sites with neither

348 increased nor decrease similarity to the on-target site did not predictably into one category or
349  other —i.e., some were variant-enhanced while others were variant-decreased (Fig. 3b). These
350 results confirm that our variant-aware ONE-seq selections can successfully identify variants
351  whose presence significantly impacts cleavage frequencies at potential off-target sites within
352  the reference human genome.

353

354  The data from our variant-aware ONE-seq selections provide the opportunity to examine the
355  distribution of variant-enhanced off-target alleles among the genomes of 2,504 individuals of
356  diverse genetic ancestry from the 1000 Genomes Project. We focused on variant-enhanced
357  sites because of their greater concern for translational applications, and we undertook two

358 different approaches to analyze the data: (1) We quantified the impact of genetic variation on
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359 the off-target profiles of individuals by quantifying the variant-enhanced off-target sites

360 identified by our ONE-seq selections in the genomes of each of the 2,504 individuals. For
361 example, for the EMX1 gRNA, the average individual had at least one newly nominated off-
362  target site compared to the hgl19 reference, while some individuals had as many as seven

363 newly nominated off-target sites (Fig. 3¢). Not surprisingly, more variant-sensitive sites were
364  generally observed per individual for SpCas9 gRNAs that had higher numbers of off-target
365  sites identified from ONE-seq selections performed with reference genome sequence (Fig.
366  3c¢). The same analysis performed at the more granular population level shows variants

367  present in these smaller sets of individuals can also expand off-target space (Extended Data
368  Fig. 8). (2) We assessed the impact of off-target genetic variation on the population level by
369  quantifying the prevalence of each variant-enhanced site among all populations from the 1000
370  Genome Project. This analysis revealed that some sites are preferentially found in one or

371  more super-populations or populations (Fig. 4a). In addition, some variants are found across
372 all populations, while a small number appear to be “errors” in the hg19 reference sequence
373  (variants present in a majority of individuals but not found in the reference) (Fig. 4a).

374

375 Finally, we sought to test whether variant-enhanced sites identified from our population-scale
376  ONE-seq selections would also show evidence of increased mutagenesis in human cells. For
377  these validation studies, we used human lymphoblastoid cell lines (LCLs) from the 1000

378  Genomes Project that harbored four variant-enhanced sites: two sites from the EMX] gRNA
379  selection that were more prevalent in the African superpopulation; and two from the FANCF
380 gRNA selection — one more prevalent in the Colombian population and another in both the
381  American and European super-populations (Fig. 4a; red arrows). Each of the four LCLs we
382  used is heterozygous for the variant-enhanced site with the other allele harboring the hg19
383 reference genome site, providing the opportunity to compare the frequencies of off-target

384  mutations at both sites in the same cells. Following transfection of the LCLs with SpCas9 and
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385 the appropriate cognate gRNA (Methods), we performed targeted amplicon sequencing and
386  found that all four variant-enhanced off-target sites showed increased indel mutation

387 frequencies relative to their matched reference sites (Fig. 4b). In two of the four cases, the
388 presence of a sequence variant led to high-frequency off-target edits of >15%. Taken

389  together, our results demonstrate that ONE-seq can assess the impacts of thousands of

390 sequence variants on off-target profiles in one reaction tube and successfully identify at

391 population-scale bona fide variant-sensitive off-target sites that are cleaved both in vitro and
392  in human cells.

393

394  Discussion

395  Our results demonstrate that ONE-seq provides a universal assay for nominating off-target
396  sites of gene-editing nucleases and CRISPR base editors with unsurpassed sensitivity. For
397  Cas9 nucleases, it exceeds or matches the sensitivities of existing in vitro (Digenome-seq and
398 CIRCLE-seq) and cell-based (GUIDE-seq) off-target nomination methods and it can

399  successfully identify bona fide off-target mutations in vivo in a human liver mouse model. For
400 Casl2anucleases, CBEs, and ABEs, ONE-seq outperforms all existing off-target nomination
401  strategies, identifying bona fide mutations in human cells not found previously by these

402  methods. In addition, the demonstration that ONE-seq works with Cas12a nucleases that leave
403  overhangs at the cut site suggests that it should also work with other nucleases such as

404  engineered homing endonucleases, zinc finger nucleases (ZFNs), and transcription activator-
405  like effector nucleases (TALENs). Because ONE-seq can explicitly experimentally

406 interrogate all genomic sites bearing up to 7-8 mismatches (for target sites with high genomic
407  orthogonality) and including DNA or RNA bulges for sites with four or fewer mismatches, it
408  also provides a superior alternative to all of the various existing computational nomination
409  methods that rely only on in silico predictions and are known to have limitations in their

410  predictive capabilities®*3*. In addition, ONE-seq offers technical advantages of high
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411  reproducibility and scalability (critical properties for comparing results across different

412  experiments and replicates).

413

414  The custom-build nature of ONE-seq provides flexibility to expand its capabilities as related
415  technologies and our understanding of off-target effects continue to improve. Our work here
416  has focused on off-targets in human genomes but the ONE-seq methods and software can be
417  easily extended to any organism for which whole genome sequences are available. Using

418  existing commercially available high-throughput methods, it should be straightforward to
419  build ONE-seq libraries for essentially any Cas9 gRNAs. For example, we calculated ONE-
420  seq library sizes for a set of 481 gRNAs targeting 24 therapeutically relevant genes'’ and

421  found that these ranged in size from 9,208 to 26,066 sites from the hg19 reference genome if
422  one includes sites with up to 6 nucleotide and/or up to 2 bulge mismatches relative to the on-
423  target site (Extended Data Fig. 9). With this level of library diversity, ONE-seq can already
424  assess potential off-target site sequence space sizes that match those interrogated by CIRCLE-
425  seq and GUIDE-seq, which impose the same degree of sequence-mismatch restrictions at the
426  informatic analysis level. Although Digenome-seq does not use explicit informatic

427  restrictions, its inability to nominate sites found by other in vitro methods (presumably due to
428  the lack of sensitivity that results from its use of a whole genome sequencing as a screening
429  method) substantially limits its utility. Furthermore, as the scale of custom oligonucleotide
430  synthesis continues with its upward trajectory, this ever-improving capability can be easily
431  incorporated to further increase the sequence space of mismatched sites that can be

432  interrogated by ONE-seq.

433

434  The most important advance uniquely provided by ONE-seq is its capability to robustly assess
435  how the rich diversity of sequence variation in the global human population can impact the

436  off-target profiles of gene editors. Our experimental identification and validation of off-target
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437  loci that are enriched in specific human superpopulations and/or populations show that

438 unwanted effects of gene editors are not always equal across all individuals; that is,

439  individuals within certain populations may be more likely to possess certain SNPs that can
440 increase off-target mutation frequencies. These findings highlight a substantial limitation of
441  all existing off-target assays — their inability to readily assess off-targets for more than a

442  single cell line, an individual reference genome, or a small number of genomes. Our findings
443  show how ONE-seq could be used to account for genetic variation early in the therapeutics
444  development process, ideally before substantial efforts are made to develop a particular

445  candidate editor. Doing so will likely be important for all therapeutic gene editors but, in

446  particular, when screening potential candidates for treating diseases that have a predominance
447  in certain specific populations (e.g., sickle cell anemia, beta-thalassemia).

448

449  Although our proof-of-principle work here using 2,504 human genome sequences is

450  substantially far more expansive and inclusive than any other previous off-target studies,

451  many populations, including several with African genetic ancestry, still remain substantially
452  underrepresented or missing from the 1000 Genomes Project data set. A more comprehensive
453  accounting of the impacts of global human variation will require whole genome sequencing
454  data for a much larger number of individuals. Fortunately, as noted above, the expandability
455  of the ONE-seq approach makes it well positioned to readily take advantage of ever-

456  expanding catalogues of human genome variation being made available in the public domain
457  (e.g., the 1,000,000 genomes project, GnomAD). We believe that ONE-seq will provide a
458  robust and tractable pathway to assess the potential impacts of global human genetic diversity
459  on current and future gene editing therapeutic development efforts, thereby enabling a more
460 expansive and inclusive approach for profiling the off-target effects of these transformative
461  therapeutic technologies.

462
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538  Methods

539  General methods

540  All chemicals were purchased from Sigma Aldrich and all enzymes were purchased from
541  NEB unless otherwise stated. All DNA amplifications were conducted by PCR with Phusion
542  High Fidelity DNA Polymerase (NEB) unless otherwise stated. Sequences of

543  oligonucleotides are listed in the supplementary information (Supplementary Table 7).

544  Sequences of transfection and protein expression plasmids used in this study can be found in
545  the supplementary information (Supplementary Table 8).

546

547  Cloning of gRNA expression plasmids and in vitro transcription of gRNA

548 gRNA expression plasmids for transfections were constructed by ligating annealed

549  oligonucleotide duplexes into MLM3636 (without mCherry) or

550 KESsgRNAmCherryBackbone(with mCherry) for Cas9/CBE/ABE experiments and

551  BPK3082 for Casl2a experiments (U6 promoter human gRNA expression vectors). gRNA
552  plasmids for in vitro transcription (IVT plasmids) were constructed by ligating annealed

553  oligonucleotide duplexes into MSP3485 for Cas9/CBE/ABE experiments and RTW2675 for
554  Casl2a experiments (T7 promoter bacterial gRNA expression vectors). For Cas9/CBE/ABE
555  experiments, if a gRNA did not already have a 5’ guanine nucleotide (ex. HBB and ABE18S),
556  the 5’ nucleotide of the gRNA was substituted with a guanine. gRNAs were transcribed in
557  vitro from the HindIII-digested IVT plasmids using the T7 RiboMAX Express Large Scale
558  RNA Production System (Promega) according to manufacturer’s protocol with overnight
559  incubation. gRNA was purified with the MEGAclear Transcription Clean-Up Kit (Thermo
560  Fisher) according to manufacturer’s protocol.

561

562  Generation of ONE-seq libraries
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563  We used Cas-Designer®® (downloaded 2017-07-19) to search the human reference genome
564  (hgl9) for closely-matched sites for a given gene editor of interest. Depending on analyzed
565 gRNA and gene editor, up to 6-8 mismatches to the on-target site were included in pre-

566  selection libraries (Supplementary Table 2). Sequences with up to 2 DNA bulges and 4-6
567  mismatches and up to 2 RNA bulges and 3-6 mismatches were also included in the pre-

568  selection libraries (Supplementary Table 2). The sequences of the closely-matched site plus
569 additional 10 base pairs on each side of the closely-matched site were extracted using

570  bedtools v2.25.0°°. A unique 14 base pair barcode was assigned to each library member to
571 facilitate post-selection identification. Barcodes were generated using a custom python script,
572  and each barcode was required to have a Hamming distance of 2 or greater from every other
573  barcode to reduce the risk of erroneous barcode readout caused by DNA sequencing or

574  synthesis errors. The closely-matched sites including flanking DNA on each side were

575 combined with barcode sequences with intervening constant sequences, constant3 and

576  constant4, in a defined pattern (Supplementary Table 9). Additional constant sequences,

577  constant2 and constant5, were attached to flank the barcodes and to serve as primer binding
578  sites for library amplification. ONE-seq barcodes were uniquely assigned within the project to
579  decrease the risk of cross contamination between different ONE-seq libraries. DNA sequences
580 of ONE-seq libraries were synthesized on high-density oligonucleotide chips (Agilent

581  Technologies; G7238A, G7222A). Oligonucleotide libraries were made double stranded by
582  limited cycle PCR-amplification with primers oKP535 and oKP536/0KP577

583  (Supplementary Table 7), which contain flaps that additionally incorporate 8 or 11 base pair
584  unique molecular identifiers, UMI1 and UMI2, and additional constant sequences, constantl
585 and constant6, (Supplementary Table 9).

586

587  For the creation of variant-aware ONE-seq libraries, reference-based ONE-seq libraries were

588  created for EMX1, FANCF and RNF2 using cas-designer®® with up to 6 mismatches or up to
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589 2 DNA bulges and 4 mismatches and up to 2 RNA bulges and 3 mismatches. The 1000

590 Genomes Project dataset was searched for positions non-structural genomic variants —

591 including SNPs, insertions and deletions— that intersected with the set of positions from

592  closely-matched sites identified by cas-designer. Since closely-matched sites with up to six
593  mismatches to the on-target site were included in the reference-based ONE-seq library,

594  variant sites with up to seven mismatches were included in the ONE-seq library if a genomic
595  variant introduced an additional mismatch into a six mismatch site. Conversely, genomic

596 variants that increased the on-target similarity could reduce the mismatch count of a six

597  mismatch site to five mismatches. However, genomic variants transforming a seven mismatch
598 site into a six mismatch site were not included in the libraries since the seven mismatch site
599  was not part of the original reference-base ONE-seq library. Variants resulting in PAM

600 creation (e.g. NGT > NGG) and PAM destruction events (e.g. NGG > NGT) were also

601  detected by this approach, if they met the overall site mismatch parameters described above.
602  Individual, population and super population haplotype frequencies were annotated for every
603  variant from the haplotype-phased VCF files from the 1000 Genomes Project (phase 3)

604 release. Phasing of off-target candidates that contained more than one variant were also

605  performed in this step. Then, for every genomic variant or variant combination intersecting
606  with a reference closely-matched site for a gRNA, the corresponding variant closely-matched
607  site was constructed informatically by replacing, deleting or inserting nucleotides within the
608 reference closely-matched sequence at the genomic variant position for SNPs, deletions or
609 insertions, respectively. 10 bp of flanking genomic DNA were extracted using the local

610 sequence of the variant containing haplotypes and the 43 bp variant sequence was embedded
611 into the canonical ONE-seq library architecture including assignment of a ONE-seq library
612  barcode (Supplementary Table 9). To set up a framework in which the influence of genomic
613  variants or variant combinations on in vitro editing activity can be comparatively evaluated,

614  the reference closely-matched site was always synthesized on the same chip as the inferred
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615  variant closely-matched site to allow the simultaneous assessment of variant/reference pairs
616  of closely-matched sites. To allow ONE-seq score calculation the on-target site was included

617  in each of the three variant-aware ONE-seq libraries.

618 BE3 and ABE Protein Purification

619 Rosetta2 (DE3)-competent E. coli cells (MilliporeSigma) were transformed with plasmids
620 encoding BE3 (pHR041%7), or ABE7.10 (pGAN300?*). Both editors were fused to a

621  Hise N-terminal purification tag. Transformed colonies were grown overnight in 2xYT
622  media containing 50 pg/ml kanamycin at 37 °C. The cells were diluted 1:125 into 1 liter of
623  the same media and grown at 37 °C until ODe0o=0.70-0.8, about 3 hours. Cultures were
624  cold-shocked on ice for 1 hour and protein expression was induced with 1 mM IPTG

625 (GoldBio). Culture induction was continued for 16 hours 18 °C while shaking. Cells were
626  collected by centrifugation at 6,000g for 20 min and resuspended in a final volume of

627  40mL cell lysis buffer (100 mM Tris-HCI, pH 8.0, 1 M NaCl, 20% glycerol, 5 mM TCEP
628 (GoldBio), and 2 cOmplete™ EDTA-free protease inhibitor cocktail tablets (Sigma)). Cells
629  were lysed by sonication on ice (10 min total using 3 s on 3 s off cycles) and the lysate
630 cleared by centrifugation for 30 minutes at 20,000g. The cleared lysate was incubated with
631  ImL His-Pur nickel-NTA resin (Thermo Fisher) with rotation at 4 °C for 1 hour. The resin
632  was collected by gravity-flow through an Econo-Pac chromatography column (Bio-Rad),
633  then washed with 24 mL of cold lysis buffer. Bound protein was eluted with 2 mL cold
634  elution buffer (100 mM Tris-HCI, pH 8.0, 0.5 M NaCl, 20% glycerol, 5 mM TCEP,

635 200 mM imidazole). The resulting protein fraction was further purified on a 5 ml Hi-Trap
636 HP SP (GE Healthcare) cation exchange column using an Akta Pure FPLC. The nickel-
637  NTA elution was diluted 25-fold in low salt buffer (100mM Tris-HCL, pH 8.0, 20%

638  glycerol, 5SmM TCEP) directly before loading on the column. After loading, the column

639 was washed in 15mL low-salt buffer. The NaCl concentration was then increased in a
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640 linear gradient over 50 mL from 0 to 1M NaCl and collected in 1mL fractions. Protein-
641  containing fractions were concentrated using an Amicon Ultra centrifugal filter with a

642 100,000 kDa cutoff (MilliporeSigma) centrifuged at 3,000g. Protein concentration was
643  quantified using a reducing agent-compatible BCA assay (Pierce Biotechnology),

644  following which aliquots were snap-frozen in liquid nitrogen and stored at -80°C.

645 ONE-seq

646  ONE-seq libraries from Agilent Technologies were resuspended in 10 mM tris buffer and

647  amplified in a 100 pL reaction containing 2 pL. of 5 nM library, 1X Thermopol Buffer (NEB),
648 2.5 units of Taq polymerase, 200 uM dNTP, 0.2 uM of primers KP_extension new_fw and
649 KP_extension new_rev or oKP577 (Supplementary Table 9). PCR reactions were purified
650  with paramagnetic beads. For mixed library assays, two amplified ONE-seq libraries were
651 mixed in a 1:1 ratio, and 30 ng of the mixed ONE-seq library was inputted into the in vitro
652  cleavage or deamination reaction. /n vitro deamination assays were performed in 100 uL

653  reactions with CutSmart Buffer (1X), 30 ng of ONE-seq library, and an RNA:Base

654  Editor:DNA ratio of 20:10:1 for BE3 and 200:100:1 for ABE. In vitro SpCas9 and Cas12
655  cleavage reactions were performed in 100 pL reactions with 1X Cas9 Reaction Buffer or

656  NEBuffer 3.1 (NEB) for Cas9 or 1x NEBuffer 2.1 (NEB) for Cas12, 30 ng of library, and a
657 RNA:Cas9:DNA ratio or RNA:Cas12:DNA ratio of 20:10:1. The RNA, buffer, and enzyme
658  were mixed and pre-incubated at 25°C for 10 min before the amplified oligonucleotide library
659  was added. The BE3, Cas9, and Cas12a reactions were incubated for 2 hours at 37 °C. The
660 ABE reactions were incubated for 8 hours at 37 °C. After incubation, all the reactions were
661 treated with 10 uL of Proteinase K (800 U/ml) at 37 °C for 10 min and the DNA was purified
662  with paramagnetic beads. After purification, BE3 reactions were treated with USER enzyme
663  (NEB) for 1 hour at 37°C in a 50 puL reaction, and ABE reactions were treated with

664  Endonuclease V (NEB) for 30 min at 37 °C in a 20 pL reaction. Products of USER and
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665  Endonuclease V reactions were purified with paramagnetic beads. Cleaved products for BE3,
666  Cas9, and Casl2a selections were extended at 72 °C for 10 min in a 50 pL reaction containing
667  1X Phusion HF Buffer, 200 uM dNTPs, 5% dimethyl sulfoxide (DMSO), and 1 unit of

668  Phusion DNA polymerase (NEB). Cleaved products for ABE selections were extended at 37
669  °C for 30 min in a 50 pL reaction containing 1X NEBuffer 2, 200 uM dNTPs, and 15 units of
670 Klenow Fragment (3'—5' exo-, NEB). Following extension reactions, the products were

671  purified with paramagnetic beads. For ABE selections, samples were additionally repaired, 5’
672  phosphorylated, 3’ dA-tailed using NEBNext® Ultra™ II End Repair/dA-Tailing Module

673 (NEB E7546L) and were purified with paramagnetic beads. All selection samples were

674  ligated to DNA adapters using the Quick Ligation kit (NEB) following the manufacturer’s
675  protocol. Adapters were produced by annealing oKP145B and oKP146B or

676 IVS phosadaptABETOP and IVS adapt ABE bottomT (Supplementary Table 9) in 1X STE
677  Buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA, 100 mM NacCl). Adapter-ligated samples

678  were purified by agarose gel electrophoresis and extraction with the QIAquick Gel Extraction
679 kit (Qiagen) according to manufacturer’s protocol. For Cas9, Cas12a and BE3 selections, gel-
680  purified products were amplified in 50 pL PCR reactions containing 12 uL of sample, 1X
681  Phusion HF Buffer, 200 uM dNTPs, 1 unit of Phusion DNA Polymerase (NEB), 0.5 uM

682 KP_PI and 0.5 pM oKP101 for the PCR priming off region constant! (Supplementary

683  Table 9), henceforth called post-edit PCR1, or 0.5 pM 0KP154 (Cas9/BE3)/oKP601(Cas12)
684  for the PCR priming off region constant6 (Supplementary Table 9), henceforth called post-
685 edit PCR2. For ABE selections, gel-purified products were amplified in 50 pL amplification
686  reactions containing 12 pL of sample, 1X Thermopol Buffer, 200 uM dNTPs, 0.2 uM KP_P1,
687 0.2 uM oKP101, and 1.25 units of Taq DNA Polymerase (NEB). The products of the PCR
688  reactions were purified with paramagnetic beads. A barcoding PCR was performed in 50 pL
689  reactions containing 10 pL of selection product, 1X Phusion HF Buffer, 1 unit of Phusion

690 DNA polymerase (NEB), 200 uM dNTPs, and 1 pM of each unique forward and reverse


https://doi.org/10.1101/2021.04.05.438458
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.05.438458; this version posted April 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

691  Illumina barcoding primer pair. After purification with paramagnetic beads, the samples were
692  subjected to MiSeq or NextSeq sequencing.

693

694  Mammalian cell culture and flow sorting

695 HEK293T cells were cultured in DMEM supplemented with 10% heat-inactivated fetal

696  bovine serum, 2mM GlutaMax (ThermoFisher), penicillin, and streptomycin at 37°C and 5%
697  COa. U20S cells were cultured in DMEM supplemented with 10% heat-inactivated fetal

698  bovine serum, penicillin, and streptomycin at 37°C and 5% COz. All lymphoblastoid cell
699 lines (LCL) were cultured in RPMI supplemented with 15% heat-inactivated fetal bovine
700  serum, 2mM GlutaMax (ThermoFisher), penicillin, and streptomycin at 37 °C and 5% COx.
701  Cell line identity was validated by STR profiling (ATCC) and the cultures were tested

702  regularly for mycoplasma contamination. For ABE experiments without cell-sorting and BE3
703  experiments, 250,000 HEK293T cells were seeded per well in a 6-well plate and transfected
704 18 hours later. For ABE, 1.825 png of pABE7.10 (Addgene Accession ID: #102919) and 675
705 ng of plasmid expressing gRNA were transfected using 7.5 pL of TransIT-X2 (Mirus)

706  according to manufacturer’s protocol. For BE3, 1.825 pg of pJUL576 and 675 ng of plasmid
707  expressing gRNA were transfected using the same protocol as for ABE. Genomic DNA was
708  extracted 72 hours post-transfection with the QIAamp DNA Mini Kit (Qiagen) according to
709  manufacturer’s protocol. For ABE experiments with cell-sorting, 3,100,000 HEK293T cells
710  were seeded in a 10cm dish and transfected 18 hours later. For ABE, 7.5 ng of pJUL1459 and
711 2.5 pg of plasmid expressing gRNA were transfected using 45 pl of TransIT-X2 according to
712 manufacturer’s protocol. 72 hours post-transfection, cells were sorted by flow cytometry

713 selecting the ~25% of cells with the highest GFP expression. After sorting, DNA was

714  immediately extracted using the QIAamp DNA Mini Kit (Qiagen) according to

715  manufacturer’s protocol. For Cas12a experiments with HEK293T, 3,100,000 HEK293T cells

716  were seeded in a 10cm dish and transfected 18 hours later. 10 pg of SQT1665 (Addgene
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717  Accession ID: #78744) and 5 pg of plasmid expressing gRNA were transfected using 45 pul of
718  TransIT-X2 according to manufacturer’s protocol. Genomic DNA was extracted 72 hours
719  post-transfection with the QIAamp DNA Mini Kit (Qiagen) according to manufacturer’s

720 protocol. For Casl2a experiments with U20S, 4,000,000 U20S cells were seeded in a 15¢cm
721  dish and nucleofected 18 hours later. 1,000,000 cells were nucleofected with 3.33 pg of

722 SQT1665 and 1.66 pug of plasmid expressing gRNA using SE Cell Line 4D-Nucleofector™ X
723  Kit L (Lonza) according to manufacturer’s protocol. Genomic DNA was extracted 72 hours
724  post-transfection with the QIAamp DNA Mini Kit (Qiagen) according to manufacturer’s

725  protocol. For all Cas9 experiments using lymphoblastoid cells, 20,000,000 lymphoblastoid
726  cells were seeded in multiple T-25 flasks at a density of 400,000 cells/ml and were

727  nucleofected 18 hours later. For treated samples, 10,000,000 lymphoblastoid cells were

728  nucleofected with 60 ng of RTW3027 and 20 pg of plasmid expressing gRNA and mCherry
729  using Cell Line NucleofectorTM Kit V (Lonza) according to manufacturer’s protocol. For
730  control samples, 10,000,000 lymphoblastoid cells were nucleofected with 60 pg of RTW3027
731  using the same protocol as for treated samples. After 72 hours, cells were sorted by flow

732 cytometry, selecting for all treated double positive Cas9-GFP/gRNA-mCherry expressing
733 cells and all control Cas9-GFP expressing cells. Following cell sorting, DNA was

734  immediately extracted using the QlAamp DNA Mini Kit (Qiagen) according to the

735  manufacturer’s protocol.

736

737  Deep sequencing of PCR amplicons

738  PCR primers were designed to yield a ~70-270 bp product with the on-target or potential off-
739  target site in the middle of the amplicon. On-target and potential off-target sites for BE3 and
740  ABE, detected by ONE-seq, were amplified with PhusionU Multiplex PCR Master Mix

741  (Thermo) in a 50 pL reaction with 100 ng input DNA. For Cas9 and Cas12a, on-target and

742  potential off-target sites detected by ONE-seq were amplified with Phusion High Fidelity
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743  DNA Polymerase in a 50 pL reaction with 100 ng input DNA. On-target and SNP-induced
744  off-target sites, detected by ONE-seq, were amplified with Phusion High Fidelity DNA

745  Polymerase in multiple 50 pL reactions with 200 ng input DNA for on-target sites and 800 ng
746  total input DNA for off-target sites. The PCR products were purified with paramagnetic

747  beads. Product purity was assessed via capillary electrophoresis on a QIAxcel instrument
748  (Qiagen). The NEBNext Ultra Il DNA Library Prep kit (NEB) was used according to

749  manufacturer’s protocol to ligate TruSeq (CD, formerly TruSeq HT) dual index adapters

750  (Illumina Adapter Sequences, Document # 1000000002694 v09) to the PCR amplicons. The
751  products were purified with paramagnetic beads and pooled according to concentrations

752 measured using QuantiFluor® dsDNA System or droplet digital PCR (ddPCR). The pooled,
753  adapter ligated, and indexed library was quantified again with ddPCR and sequenced with
754  2x150 bp paired end reads on an [llumina MiSeq sequencer.

755

756  Xenotransplant model of human hepatocytes in mouse

757  All procedures used in animal studies were approved by the pertinent Institutional Animal
758  Care and Use Committees at Harvard University, University of Pennsylvania, and Yecuris
759  Corporation and were consistent with local, state, and federal regulations as applicable. The
760  procedures were as previously described®’. Fah” Rag2~"112rg”~ (FRG KO) breeder mice on
761  the C57BL/6 background were obtained from Yecuris Corporation. Mice were maintained on
762  NTBC (also called nitisinone; Yecuris) prior to transplantation according to the

763  manufacturer’s instructions. Twenty-four hours prior to transplantation, mice that were one to
764  three months of age underwent intraperitoneal injection with 1 x 10° pfu of adenovirus

765  expressing the secreted form of urokinase-type plasminogen activator (Yecuris). For

766  transplantation, 1 x 10° primary hepatocytes (HEP10 Pooled Human Cryopreserved

767  Hepatocytes; Thermo Fisher Scientific) were injected into the lower pole of the spleen.

768  During the surgery, 1%-2% inhaled isoflurane was used for anesthesia, and 0.05-0.1 mg/kg
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769  subcutaneous buprenorphrine was used as needed for analgesia in the perioperative and

770  postoperative periods. Following transplantation, NTBC was gradually withdrawn over

771  several weeks according to the manufacturer’s instructions, and human albumin levels in the
772 blood were monitored on a monthly basis using the Human Albumin ELISA Quantitation Set
773  (Bethyl Laboratories) according to the manufacturer’s instructions. Chimeric liver-humanized
774  mice that were 8 to 11 months of age (at least 5 months following transplantation) were used
775  for experiments. Mice were administered 1 x 10'! particles each via retro-orbital injection.
776  1%-2% inhaled isoflurane was used for anesthesia at the time of the injections. Three mice
777  were given CRISPR-PCSKO virus, and three mice were given CRISPR-control virus. As

778  much as possible, the mice in the two groups were matched with respect to age and human
779  albumin levels. After four days, the mice were euthanized by carbon dioxide asphyxiation.
780  Whole liver samples were harvested for DNA analysis.

781

782  CIRCLE-seq

783  CIRCLE-seq assays were conducted as previously described’ unless otherwise stated. For
784  blunting experiments, Cas9-treated CIRCLE-seq libraries were blunted in a 50 pL reaction
785  with 1X Phusion HF Buffer, 200 uM dNTPs, and 1 unit of Phusion HF polymerase (NEB) at
786 72 °C for 5 minutes. Following blunting, CIRCLE-seq protocol was continued with A-tailing
787  and adaptor ligation. CIRCLE-seq data was analysed using hg19(GRCh27) and v1.1b of the
788  CIRCLE-seq pipeline’ with the following parameters: window_size: 3, mapq_threshold: 50,
789  start_threshold: 1, gap threshold: 3, mismatch_threshold: 7, merged analysis: False,

790 variant analysis: True.

791

792  Data analysis

793  Amplicon sequencing data was analyzed with custom scripts employing R, Python and

794  CRISPResso02*®. Nuclease amplicon sequencing data was analysed with CRISPResso02 using
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795  default parameters for Cas9 and with ‘--quantification_ window_center -5’ and

796 '--quantification_window_size 3’ to adapt the editing window for Cas12. For analyses of

797  heterozygous lymphoblastoid cell lines both variant and reference allele were supplied as

798 comma-separated string to CRISPResso?2 as the ‘--amplicon_seq’ parameter. For nuclease
799  experiments, reads were defined as edited if they contained an insertion or deletion in the

800 specified editing window (CRISPResso default editing window for Cas9). Statistical

801  significance was evaluated using Fisher’s exact test (for tests using python the ‘fisher exact’
802  function of the ‘scipy.stats’ module was employed) and correction for multiple comparison
803  was performed using the Benjamini-Hochberg method (for tests using python the

804  ‘multipletests’ function of the ‘statsmodels.stats.multitest” module was used with the

805 argument “method="fdr bh’ ). Additionally, to declare a tested genomic locus as edited, the
806 average editing frequency of the gene editor treated samples were required to be at least three-
807  fold higher than the average editing frequency of the control samples.

808

809  ONE-seq sequencing data were analyzed by custom Python scripts. Algorithms used are

810 summarized in Supplementary Algorithm. Briefly, from the sequencing data, ONE-seq
811  library member barcodes were read out to identify edited ONE-seq library members.

812  Barcodes were counted and a ONE-seq score was calculated for each ONE-seq library

813  member serving as a measure of in vitro cleavage or editing activity. The ONE-seq score for a
814  library member was calculated as the ratio of sequencing read counts of the library member
815  and the sequencing read counts of the ONE-seq library member representing the genomic on-
816  target site for a given gene editor.

817

818  Variant-aware ONE-seq experiments were performed in triplicate and significance of within-
819  replicate ONE-seq score differences between variant and reference sites were evaluated using

820  apaired t-test (test performed in python using the ‘ttest rel’ function of the ‘scipy.stats’
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821 module) and Benjamini-Hochberg correction for multiple comparison (test performed in

822  python using the ‘multipletests’ function of the ‘statsmodels.stats.multitest” module with the
823  argument “method="fdr bh’ ). On-target alignment scores were calculated using the

824  pairwise2 module of Biopython version 1.74. Upset plots were created using UpSetR*’.

825

826  Data Availability

827  High-throughput sequencing reads will be deposited in the NCBI Sequence Read Archive
828  database after publication.

829
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Figure 1. | Overview of ONE-seq selections and profiling of Cas9 off-targets in human cells
in culture and in vivo. a, Schematic comparing the workflow of ONE-seq (top) with existing in
vitro methods (bottom). b, Comparison of number of sites in the human genome to those in a
typical ONE-seq library. ¢, Schematic overview of ONE-seq selections with a gene-editing
nuclease. d, Venn diagrams comparing abilities of ONE-seq, CIRCLE-seq, and Digenome-seq
(open colored circles) to nominate bona fide oft-target sites previously validated by GUIDE-seq
(solid purple circles). e, Overview of the xenotransplant humanized liver mouse model system
used to validate SpCas9 nuclease off-targets in vivo; NTBC denotes nitisinone. f, Graph
showing the numbers of in silico-predicted sites in the hg19 reference genome with the indicated
number of mismatches to the PCSK9HF target site. g, Testing of ONE-seq-nominated sites for
the SpCas9 PCSK9HF gRNA from liver humanized mice using targeted amplicon sequencing.
The heatmap shows indel frequencies and sites showing statistically significant frequencies of
indels relative to a negative control are indicated by red boxes and red arrows.
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Figure 3. | Population-scale, sequence variant-aware SpCas9 nuclease off-target profiling

using ONE-seq. a, Schematic illustrating genome-per-genome off-target analysis used by
previous methods (left panel) and population-scale, sequence-variant aware off-target profiling
using ONE-seq (right panel). b, Scatterplots of matched variant and reference site ONE-seq
scores for variants that lead to a statistically significant change of the ONE-seq score for three
different SpCas9-gRNA nucleases. Orange and blue circles indicate off-targets for which
genomic variants increase or decrease similarity to the intended on-target similarity, respectively.
Circle sizes denote haplotype frequencies. Blue and orange background correspond to areas of
the plot in which variant-enhanced or variant-reduced off-targets, respectively, would be present.
¢, Numbers of variant-enhanced off-target candidates per individual stratified by super-
population. Each dot represents an individual from the 1000 Genomes Project. AFR, African;
SAS, South Asian; EAS, East Asian; EUR, European; AMR, American.
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gRNA nucleases. Each column denotes an individual from the 1000 Genomes project, clustered
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by superpopulation as labeled at the top of each panel. Within each heatmap, variant sites are
arranged by their ONE-seq nuclease scores (vertical axis labels). Red and black lines represent
heterozygous and homozygous variant carrier status, respectively, for each individual,
respectively. Variant sites selected for subsequent validation in human lymphoblastoid cell lines
(LCLs) are marked with a red arrow. AFR, African; AMR, American; EAS, East Asian; EUR,
European; SAS, South Asian. b, Results of targeted amplicon sequencing validation studies for
selected variant-enhanced ONE-seq candidates in human LCLs. Indel frequencies for the on-
target site, reference off-target site, and variant off-target site are shown (average of
experimental triplicates). Lower case letters in colored boxes indicate mismatches relative to the
on-target site. The target sgRNA and LCL identifier number are shown in the red box.
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Extended Data Fig 1. | ONE-seq library generation and quality control. a, Schematic
illustrating additional details of large-scale oligonucleotide chip synthesis, ONE-seq library
amplification and ONE-seq library quality control via NGS. b, Graph showing ONE-seq library
sizes for 18 SpCas9 or LbCas12a gRNAs used in this study. ¢, Graph showing distribution of
library members for two representative ONE-seq oligonucleotide libraries (for the EMX/ and
FANCF SpCas9 gRNAs). The ONE-seq libraries shown contain genomic sites with up to 6
mismatches to the on-target site, including sites with DNA or RNA bulges. d, Density plots
showing the coverage of ONE-seq library members in either ONE-seq (blue) and CIRCLE-seq
(circle) libraries. NGS, next generation sequencing
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Extended Data Fig 2. | Results of ONE-seq off-target analysis with SpCas9 nucleases a,
Swarm plots showing ONE-seq nuclease scores for five previously analyzed SpCas9 gRNAs.
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confirmed bona fide off-target sites. Sites with ONE-seq nuclease scores below 0.001 are not
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nominate bona fide oft-target sites previously validated by GUIDE-seq (solid purple circles). All
sites considered as validated by ONE-seq had ONE-seq nuclease scores >0.01.
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Extended Data Fig. 3 | ONE-seq selections with SpCas9 and the PCSK9HF gRNA. Swarm
plot showing ONE-seq nuclease scores for the SpCas9 PCSK9HF gRNA. Each circle represents
an individual ONE-seq library member. Yellow circles represent off-target candidate sites that
were tested by targeted amplicon sequencing from human hepatocyte DNA from chimeric mice.
Orange circles represent sites tested by targeted amplicon sequencing that were validated as bona
fide off-target sites in this study. The ONE-seq scores shown represent the average of four replicate
ONE-seq experiments. Sites with ONE-seq nuclease scores below 0.001 are not shown.
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Extended Data Fig. 4. | ONE-seq outperforms existing methods for nominating bona fide
Casl12a nuclease off-targets in human cells. a, Swarm plots showing ONE-seq nuclease scores
for Casl2a gRNAs previously characterized by Digenome-seq in HEK293T cells (left) and by
GUIDE-seq in U20S cells (right). Each circle represents an individual ONE-seq library member.
Open pink circles and closed pink circles represent previously validated and newly validated
Casl2a off-target sites, respectively. Other sites tested in this study by targeted amplicon
sequencing are represented as closed yellow circles. Sites with ONE-seq nuclease scores below
0.001 are not shown. ONE-seq scores for matched9, DNMT3 and DNMT4 represent the average
of duplicate ONE-seq experiments. b, Cas12a off-targets nominated by ONE-seq and tested and/or
validated in HEK293T cells and/or U20S cells are shown. Nucleotide sequences in bold at the top
represent on-target sequences. Off-target sites assessed in cells are shown below the on-target site.
Lower case nucleotides in colored boxes represent mismatches to the on-target site. Validation
status of off-targets is shown by colored ovals. “Edit % refers to the mean editing frequency from
three independent replicates. 166 previously identified off-target sites for matched6 are not shown.



https://doi.org/10.1101/2021.04.05.438458
http://creativecommons.org/licenses/by-nc-nd/4.0/

a 5,000

1.000 j‘:ﬁ;“a
Cos 6 %00 “oes

0.100 o

R
f»
HE
*
§
*

5 tested

e . o * on-target

2 © previously validated
0.010- o o * newly validated

ONE-seq score
o
3
o

0.001

HEK4 HBB EMX1 FANCF HEK2 HEK3 RNF2

HEK4 PAM  Edit% EMX1 _PAM  Edit%
GGCACTGCGGCTGGAGGTGGNGG 63 GAGTCCGAGCAGAAGAAGAANGG 46
- - -8 [Ea &

000000000000000000000000

- 0
ttt < previously validated
FANCF _PAM_ «» newly validated
‘H-

0000000000000000000000000000000000000

HBB PAM

00000000000000

HEK2 PAM

00

HEK3

o
R
mone

RNF2
GTCATCTTAGTCATTACCTGNGG 48
] R LR 0.65

a- ....L .............. 0.27

o
2
0000000000000
@
3 @ S
a
a
a
»
@
»
a
E]
@
»
@
a
>
a
Q
E]
Q
>
2
Q
@
4

ABE18 PAM  Edit %
ACACACACACTTAGAATCTGNGG 55

tested ----------- ? : : --------- 28
o validated 3

N R 0.88
0.010- * on-target m . . ....... Be v v v e e e e e 0.41

0.001

ONE-seq score
o
Ly
o
o
1
©o
o

@ validated

=

ABE18
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individual ONE-seq library member. Sites with ONE-seq nuclease scores below 0.001 are not
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shown. b, BE3 off-targets nominated by ONE-seq for the seven gRNAs in a and validated in
human HEK293T cells are shown. Nucleotide sequences in bold at the top represent on-target
sequences. Off-target sites assessed in cells are shown below the on-target site. Lower case
nucleotides in colored boxes represent mismatches to the on-target site. Validation status of off-
targets is shown by colored ovals. “Edit %” refers to the mean editing frequency from three
independent replicates. ¢, Swarm plots showing ONE-seq scores for the CBE BE3 with the ABE18
gRNA that was not previously characterized by Digenome-seq. Each circle represents an
individual ONE-seq library member. Sites with ONE-seq nuclease scores below 0.001 are not
shown. d, BE3 off-targets for the ABE18 gRNA nominated by ONE-seq and validated in human
HEK293T cells are shown. Nucleotide sequences in bold at the top represent on-target sequences.
Off-target sites assessed in cells are shown below the on-target site. Lower case nucleotides in
colored boxes represent mismatches to the on-target site. Validation status of off-targets is shown
by colored ovals. “Edit % refers to the mean editing frequency from three independent replicates.
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Extended Data Fig. 6. | ONE-seq outperforms existing methods for nominating bona fide
ABE 7.10 off-targets in human cells a, Swarm plots showing ONE-seq scores for ABE 7.10 with
five different gRNAs previously characterized by Digenome-seq or EndoV-seq. Each circle
represents an individual ONE-seq library member. Sites with ONE-seq nuclease scores below
0.001 are not shown. b, ABE 7.10 off-targets nominated by ONE-seq for the five gRNAs in a and
validated in human HEK293T cells are shown. Nucleotide sequences in bold at the top represent
on-target sequences. Off-target sites assessed in cells are shown below the on-target site. Lower
case nucleotides in colored boxes represent mismatches to the on-target site. Validation status of
off-targets is shown by colored ovals. “Edit %" refers to the mean editing frequency from three
independent replicates. ¢, Swarm plots showing ONE-seq scores for ABE 7.10 with four different
gRNAs not previously characterized by Digenome-seq. Each circle represents an individual ONE-
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seq library member. Sites with ONE-seq nuclease scores below 0.001 are not shown. d, ABE 7.10
off-targets nominated by ONE-seq for the four gRNAs in ¢ and validated in human HEK293T
cells are shown. Nucleotide sequences in bold at the top represent on-target sequences. Off-target
sites assessed in cells are shown below the on-target site. Lower case nucleotides in colored boxes
represent mismatches to the on-target site. Validation status of off-targets is shown by colored
ovals. “Edit %” refers to the mean editing frequency from three independent replicates.
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Extended Data Fig. 7. | Super-population distribution of genomic sequence variants included
in variant-aware ONE-seq libraries. Upset plots showing the distribution of genomic variants
within super-populations for three variant-aware ONE-seq libraries. Each bar represents the count
of genomic variants that are found in the super-populations indicated by black circles. The bar
graphs to the bottom left represent the total number of genomic variants from the 1000 Genomes
Project found in the European (EUR), East Asian (EAS), South Asian (SAS), American (AMR),
and African (AFR) super populations, ordered from top to bottom by increasing frequency.
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Extended Data Fig. 8. | Numbers of variant-enhanced off-target candidates per individual
stratified by super-population. Each dot represents an individual from the 1000 Genomes
Project. The number of variant-enhanced off-target candidates per individual is shown, stratified
by population. Three letter population abbreviations from the 1000 Genomes Project are shown
for each population.


https://doi.org/10.1101/2021.04.05.438458
http://creativecommons.org/licenses/by-nc-nd/4.0/

10th 90th

percentile  mean percentile

6e—-05 -
(72}
Q
g
2 4e-05 |
o
o)
¢
w
z
O
G
>
-‘é 2e—05 A
%)
(]

0e+00

10000 20000 30000 40000
library size

Extended Data Fig. 9 | ONE-seq library sizes for 481 SpCas9 gRNAs. Distribution of ONE-
seq library sizes for 481 gRNAs targeting 25 therapeutically relevant human genes. The graph
reports the density of all ONE-seq libraries analyzed (vertical axis) with a given library size
(horizontal axis).
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