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Molecular Therapy
Original Article

Comparative analysis of CRISPR off-target
discovery tools following ex vivo editing of CD34"
hematopoietic stem and progenitor cells

M. Kyle Cromer,">* Kiran R. Majeti,* Garrett R. Rettig,” Karthik Murugan,® Gavin L. Kurgan,® Nicole M. Bode,”
Jessica P. Hampton,* Christopher A. Vakulskas,> Mark A. Behlke,” and Matthew H. Porteus*

!Department of Surgery, University of California, San Francisco, San Francisco, CA 94143, USA; 2Department of Bioengineering and Therapeutic Sciences, University of

California, San Francisco, San Francisco, CA 94143, USA; *Eli and Edythe Broad Center for Regeneration Medicine, University of California, San Francisco, San Francisco,
CA 94143, USA; “Department of Pediatrics, Stanford University, Stanford, CA 94305, USA; SIntegrated DNA Technologies, Inc., Coralville, IA 52241, USA

While a number of methods exist to investigate CRISPR oft-
target (OT) editing, few have been compared head-to-head in pri-
mary cells after clinically relevant editing processes. Therefore,
we compared in silico tools (COSMID, CCTop, and Cas-
OFFinder) and empirical methods (CHANGE-Seq, CIRCLE-
Seq, DISCOVER-Seq, GUIDE-Seq, and SITE-Seq) after ex vivo
hematopoietic stem and progenitor cell (HSPC) editing. We per-
formed editing using 11 different gRNAs complexed with Cas9
protein (high-fidelity [HiFi] or wild-type versions), then per-
formed targeted next-generation sequencing of nominated OT
sites identified by in silico and empirical methods. We identified
an average of less than one OT site per guide RNA (gRNA) and all
OT sites generated using HiFi Cas9 and a 20-nt gRNA were iden-
tified by all OT detection methods with the exception of SITE-
seq. This resulted in high sensitivity for the majority of OT nomi-
nation tools and COSMID, DISCOVER-Seq, and GUIDE-Seq
attained the highest positive predictive value (PPV). We found
that empirical methods did not identify OT sites that were not
also identified by bioinformatic methods. This study supports
that refined bioinformatic algorithms could be developed that
maintain both high sensitivity and PPV, thereby enabling more
efficient identification of potential OT sites without compro-
mising a thorough examination for any given gRNA.

INTRODUCTION

CRISPR-Cas9 technology enables precision engineering of the genome
with single base-pair resolution.' The site specificity of this system is
imparted by a guide RNA (gRNA)—typically containing a 20 nucleo-
tide (nt) spacer sequence—which couples with the Cas9 nuclease allow-
ing it to scan the genome for a suitable protospacer adjacent motif
(PAM), then bind and cleave sequences with homology to the gRNA.
While the location of the highest cleavage activity often occurs at the
intended (on-target) site with perfect homology to the gRNA, activity
at sites with lower degrees of homology may also occur.”™

After a DNA double-strand break (DSB) at both on-target and off-
target (OT) sites, the cell’s endogenous DNA repair machinery will
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either resolve the break using the non-homologous end-joining
(NHE]) pathway, which can result in inserted or deleted base pairs
(indels) adjacent to the break site, or using homologous recombina-
tion where the sister chromosome or exogenous DNA donor is
used as a repair template. If these DNA repair pathways are not suc-
cessful, the cell will undergo cell-cycle arrest because of the presence
of an unresolved DSB.” In addition to these outcomes of DSB resolu-
tion, lower frequency events may also occur such as translocations,
inversions, large deletions,” or chromothripsis.”

While several CRISPR-based therapies have entered the clinic,®’ there
is an ongoing debate about which methodologies are most effective at
determining the location and frequency of potentially deleterious Cas9
OT activity. Currently, a range of tools and workflows have been devel-
oped to identify possible OT sites in the human genome. The first of
these—in silico-based (bioinformatic) tools—use the specific gRNA
as input to return a list of potential OT sites with varying degrees of
homology to the gRNA that may be screened for activity. While cleav-
age by the Cas9:gRNA ribonucleoprotein (RNP) complex is largely
homology dependent, there is concern that purely homology-based
prediction tools may miss some sites harboring bona fide OT activity.
Additionally, the computational approaches to identify homology
vary between in silico tools, leading to discrepancies in the sites iden-
tified. Furthermore, these computational tools primarily search a
consensus reference genome and are thus unable to account for genetic
variation that could lead to differential Cas9 activity across patients.

As the CRISPR field matured, wet laboratory-based empirical
approaches were developed to identify DSBs regardless of gRNA ho-
mology. Examples of these methods include CIRCLE-Seg,'’
GUIDE-Seq,"" and SITE-Seq,'* all of which tag or enrich for DSBs af-
ter the delivery of Cas9 and gRNA (Table S1). These studies reported a
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large number of sites with a range of OT activity, some of which were
missed by homology-based in silico prediction tools. While alarming,
each of these empirical methods identified OT sites following
Cas9:gRNA delivery to cell-free genomic DNA or immortalized cancer
cell lines, which are known to harbor polyploidy, aneuploidy, tumor-
igenic single nucleotide polymorphisms, and dysfunctional DNA
damage repair and response mechanisms.'>"' In addition, the typi-
cally rapid doubling time of immortalized lines may impact OT activ-
ity profiles by providing excess unwound genomic DNA substrate on
which Cas9 may bind and cleave. Similar to bioinformatic methods,
the empirical methods are usually performed on a single cell line or
genomic DNA from a single source and thus also do not fully account
for genomic variation across patients. The cell lines used are aneuploid
with acquisition of multiple new mutations and structural variants as
well, also making them different from intact diploid genomes.

In clinical ex vivo editing, Cas9:gRNA RNP is delivered transiently to
live, primary cells with functional DNA damage repair processes.'®
To improve the specificity of this process, high-fidelity (HiFi) variants
of Cas9 (e.g., HiFi Cas9) have been developed'”'® and are being
incorporated into the latest translational efforts.'”*' Because this
clinical workflow departs significantly from the context in which
the original empirical methods were conducted, there is a need to
compare the performance of both in silico and empirical detection
tools to determine whether true OT sites are currently being over-
looked in the clinic. The ideal OT detection method should not
only display high sensitivity (i.e., capturing the majority of sites of un-
intended OT editing activity), but have high positive predictive value
as well (i.e., reporting as few false positive OT sites as possible).

To determine the performance of the existing methods, we designed
a study to compare in silico-based and empirical methods in their ability
to predict Cas9 OT activity using transient delivery of HiFi Cas9:gRNA
RNP to primary human hematopoietic stem and progenitor cells
(HSPCs) ex vivo. First, we selected a series of 11 gRNAs previously inves-
tigated in the literature with a range of predicted activity at OT sites. From
there, we compared the similarity and differences between OT sites nomi-
nated by various methods and interrogated sites that were both unique, as
well as those that were largely overlapping across methods for evidence of
OT editing in the ex vivo HSPC system. To gain insight into the impact of
the type of Cas9 used and length of gRNA spacer on OT activity, we
compared wild-type (WT) Cas9 with HiFi Cas9 in two conditions as
well as an 18-nt spacer gRNA to the standard length 20-nt gRNA in
one of the conditions. After targeted deep sequencing, we then classified
sites as true or false positives and evaluated the capability of these various
methods to successfully recover bona fide OT sites. In doing so, this work
provides clarity on how to successfully produce genome editing safety
data with a focus on HiFi ex vivo genome editing systems.

RESULTS

Development of next-generation sequencing panels to compare
performance of in silico and empirical OT prediction methods
To compare the performance of both in silico and empirical OT pre-
diction methods, we chose to edit primary human CD34"-purified

HSPCs using 11 different gRNAs previously reported in the literature
(Table 1). We selected gRNAs based on disease relevance and/or inclu-
sion in prior studies, including many from the original empirical OT
detection publications (Table S1). To maximize the number of detect-
able OT sites, we chose guides with a range of expected OT activity
(Figure S1A). COSMID likely had the fewest predicted OT sites due
to the tool’s more stringent mismatch criteria (three mismatches toler-
ated vs. five for CCTop), as well as application of a cutoff score that
limited reporting of low likelihood sites (a scoring factor absent in
both CCTop and Cas-OFFinder). The distribution of selected guides
had predicted OT scores (higher = less predicted OT activity) ranging
from 79 to 0 according to IDT’s CRISPR-Cas9 Guide RNA Design
Checker tool, with a median predicted OT score of 21 (Figure S1B).

After choosing gRNAs for this study, we then used three different in
silico prediction tools—COSMID,*’ CCTop,28 and Cas-OFFinder”’ —
to identify potential OT sites for each of the guide sequences. These
were chosen because they are publicly available, allowed interrogation
of any given gRNA sequences (including those outside of exons), and
their prior use in the literature.'”° > At the same time, we compiled
all previously published OT data for the 11 gRNAs generated by
empirical methods. These data were then used to establish custom
200-site panels for each gRNA that we interrogated using a rhAmp-
Seq-based NGS workflow—a standard method for identifying editing
at potential OT sites (Figure 1A).%°

We found that both in silico and empirical methods nominated a
widely variable number of OT sites (Figure 1B). While some tools re-
turned a feasible number of nominated sites for follow-up screening
(e.g., DISCOVER-Seq,”” GUIDE-Seq, and COSMID found an average
and standard deviation of 2.0 + 0.0, 22.6 + 9.1, and 66.4 + 32.2 sites
per gRNA, respectively), others returned much larger lists of possible
OT sites that would be time and cost intensive to screen by current
methods (e.g., SITE-Seq, CHANGE-Seq,22 and Cas-OFFinder found
an average and standard deviation of 893.7 + 695.9, 1365.0 + 0.0,
and 1418.4 =+ 353.6 sites per gRNA, respectively). In designing
200-site panels for each gRNA, the total number of sites nominated
by each method was directly correlated with representation on each
panel (i.e., more sites called by a given method resulted in greater rep-
resentation on each panel) (Figure S1C).

In the 200-site panels, we prioritized nominated sites that had the
greatest degree of overlap across all methods, as well as OT sites found
by the empirical methods to have the highest likelihood of indels that
were not identified by any in silico tool (Figure S1D; Extended Data).
We hypothesized that these two categories would allow us to identify
the most likely loci with OT activity and determine whether specific
empirical methods were capturing sites of bona fide activity that
may have been missed by other prediction tools. Not surprisingly,
the tools that identified the greatest number of candidate OT sites
also had the greatest degree of overlap with other detection methods
(Figure S1E; note highest values in rows for Cas-OFFinder and SITE-
Seq). The on-target editing site was also included in the rhAmpSeq
panel.
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Table 1. Summary of Cas9 gRNAs

Guide sequence (PAM) CHAN. CIRC. DISC. GUID. SITE
Target Citation Coordinates feature -Seq -Seq -Seq -Seq -Seq
GGGGCCACTAGGGACAGGAT(NGG)
AAVS1 Cameron et al.'? ,Chr19'55115749-71 X X
2 intron 1
Lazzarotto et al.
GTTGGAGCATCTGAGTCCAG(NGG) chrX:67545905-27
AR - X
Vakulskas et al. exon 1
(GA)GTCAGTGACGGTACAGGA(NGG) chr19:51225259-81
CD33 . 23 X
Kim et al. exon 2
CTNNBI TAAAGGCAZ?TCCTGAGGAAG(NGG) chr3:41224656-78 X
Gehrke et al. exon 2
GAQTC(%?AGCAGAAGAAGAA(NGG) chr2:72933853-75
EMX1 Tsai et al." ; ) X X
: 10 3" UTR
Tsai et al.
FANCF GGAATCSCTTCTGCAGC?CC(NGG)IU chr11:22625786-808 X X X
Tsai et al.”'; Cameron et al. ~; Tsai et al. exon 1
GATCCTCTTGTCCACGTGGT(NGG) chr9:37424940-62
GRHPR . 25
Wienert et al.™ exon 2
CTTGCCCCACAGGGCAGTAA(NGG)
HBB Tsai et al.'’; :{‘;}1 '15226968'90 X X
Wienert et al., 2020
HEG CTTGTCAAGGCTATTGGTCA(NGG) chr11:5254880-902 X
Meétais et al., 20197 intron 1
AATTATGGGGATTACTAGGA(NGG) chrX:134498209-31
HPRT x ‘ X
Vakulskas et al. intron 6
GGGTGGGGGGAGTTTGCTCC(NGG)
. 11 . .. -
VEGEA Tsai etal. ; chr6:43769554-76 X x X

12
Cameron et al. *;
Tsai et al.'’

5" of TSS

Characteristics of the gRNAs included in this study, including the gene name, coordinates (genome build hg38), and gene feature targeted by the gRNA. Presence of an "X" denotes

inclusion in prior studies corresponding to the various empirical OT detection methods. Absence of an "X" indicates that data was unavailable for a given gRNA.

NGS panels reveal high on-target and low OT editing profiles
across all gRNAs

After designing the panels, we edited primary human CD34" HSPCs
by transiently delivering Cas9 RNP by electroporation—a workflow
that has already been used to successfully treat patients suffering
from B-thalassemia and sickle cell disease in the clinic.” We then har-
vested genomic DNA, prepared sequencing libraries, and sequenced
each gRNA-specific panel on an Illumina MiSeq. We achieved an
average coverage of 19,516 reads over all sites across all treatments,
with 80.6% of sites exceeding our ideal coverage threshold of 5,000
reads to enable detection of low-frequency editing events (Figure 1C).
We also observed a high degree of consistency for read counts at each
site across donors and treatments (Figure 1D). While the majority of
sites were sequenced at high depth, regions that were prone to low
coverage had consistently low read counts across all donors and treat-
ments. We observed no apparent decrease in read coverage in edited
vs. mock treatments.

After sequencing, we processed NGS data using CRISPAltRations
(https://www.idtdna.com/pages/tools/thampseq-crispr-analysis-tool).”
We observed a high frequency of on-target indels across all gRNAs (me-

dian of 74.0% across all donors at all target loci) (Figure 2A), and indel
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frequencies were highly consistent across donors. Despite efficient on-
target editing, we found that the majority of OT sites displayed virtually
no editing after subtraction of mock background from the edited treat-
ments at each site (Figures 2B and S2). In fact, 94.8% of candidate OT
sites (2,499 of 2,635 total sites) displayed less than 0.1% indels after
subtracting the mock background (Figure 2C).

We then applied a binary classification method used previously to
determine if a nominated OT site is edited within a limit of detection
of 0.5% indels given certain experimental bounds.”** We found that
the majority of sites probed met our coverage criteria of more than
5,000 (2,118 of 2,635 total sites) (Figure 2C). However, 99.5% of
sites with adequate coverage displayed indels frequencies below our
limit of detection (2,107 of 2,118 total sites)—yielding only 11 total
OT sites for classification (Figure 2C). Importantly, all 11 sites were
found to have p values of less than 0.05 by Fisher’s exact test. This
extremely low frequency of OT sites is also evident when plotting
percent indels in edited treatments vs. percent indels in mock treat-
ments (Figure 2D). The majority of indels skewed toward deletions
rather than insertions (Figure S3), and indel spectrums were unique
to each gRNA in a manner highly consistent across HSPC donors.
Remarkably, the total number of on-target editing events exceeded
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Figure 1. Experimental design and sequencing summary

(A) Experimental design. In silico prediction programs (COSMID, CCTop, and Cas-OFFinder) were used to call potential OT sites for each gRNA. These sites were then
overlapped with published data using empirical methods to discover high-likelihood sites of OT activity for each gRNA. Panels of 200 candidate sites were compiled and
synthesized, which included those with high concordance across prediction methods as well as top-ranked sites called by individual methods. Concurrently, CD34*
HSPCs from three donors were edited via electroporation of Cas9 protein complexed with each respective gRNA and gDNA was harvested 2 days after editing from
mock and edited treatments. Libraries were prepared from gDNA, applied to the lllumina MiSeq platform, and NGS data were analyzed using a bioinformatic pipeline.
(B) Each dot depicts number of OT sites found for each gRNA by each discovery method. (C) Coverage across all sites on panel for each gRNA (edited and mock
treatments averaged at each site for all three HSPC donors). The middle line represents median, and box extends from 25th to 75th percentiles. Whiskers extend from
10th to 90th percentiles. Sequencing was performed in two separate rounds. All treatments were performed using HiFi Cas9 with 20-nt gRNA unless otherwise noted in
parentheses. Dotted line represents 5,000x coverage. (D) Each dots depicts read coverage at each individual OT site for a single donor. Shown on base 10 logarithmic
scale.
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the total number of classified OT editing events across all conditions
(14 on-target vs. 11 OT sites) (Figure 2E). We also found that only 5 of
the 11 OT sites occurred when using HiFi Cas9 and a standard
20-nt gRNA.

Comparison with WT Cas9 reveals that HiFi version dramatically
decreases OT editing

When editing with HiFi Cas9 and a 20-nt gRNA, we found that the ma-
jority of gRNAs tested in this study showed no evidence of OT activity
(i.e., 7/11 gRNAs tested using HiFi Cas9 and 20-nt spacer elicited no
detectable OT events) (Figure 2E). Furthermore, 4 of the 11 bona
fide OT sites identified using non-standard conditions (three from
WT Cas9 treatments and one from truncated gRNA treatment) had
no measurable indels when using HiFi Cas9 with a 20-nt gRNA.
Compared with WT Cas9, the use of HiFi decreased the total number
of detectable OT events in the AAVSI treatment from four to two total
OTs. We also found that HiFi Cas9 dramatically decreased the fre-
quency of OT editing at the top OT site by an average of 36.8-fold
compared with WT Cas9 using AAVS1 and HBB gRNAs, without
compromising on-target editing frequency (Figures 3A and 3B). Inter-
estingly, we found that OT-2 in the AAVSI HiFi Cas9 treatment did
not meet our criteria for classification in the WT Cas9 treatment. Given
that this site was the closest of all OT's to our limit of detection (0.26%
indels in the AAVS1 HiFi treatment), it is likely that this is either a false
positive in the HiFi condition or a false negative in the WT condition.

In our analysis the previously reported 18-nt spacer gRNA targeting
CD33>* seemed to decrease OT activity; however, it is difficult to
determine whether this is a function of the truncated gRNA being
more specific or simply possessing less activity altogether (indicated
by the lower on-target editing frequency of the shorter gRNA, an
average of 31.2% vs. 83.8%) (Figures 3C and 3D). In these compara-
tive treatments, we observed a high degree of consistency in the indel
spectrums generated that seemed to be more dependent on the core
gRNA sequence rather than the type of Cas9 or length of the spacer
(Figure S3).

OT sites for all selected gRNAs are called by most methods

Of the 11 true OT sites identified, we found that all were called by at
least one in silico prediction method, but no method successfully
called all 11 sites (Figure 4A). However, under conditions of HiFi
Cas9 and 20-nt gRNA, all 5 true OT sites were found by all in silico
prediction methods. We also found that empirical methods reliably

captured true OT activity as well, with only a single OT editing event
missed by SITE-Seq in the AAVSI treatment (which also happened to
be the site with the lowest adjusted indel frequency [0.26%] and as
discussed above could be a false positive). At the outset of this
work, we sought to test the claims made by the developers of the
empirical methods that these methods identified clinically relevant
OT sites that were not identified by bioinformatic methods, despite
the fact that the empirical methods used immortalized cell lines or
ratios of Cas9 to DNA that would be supra-pharmacologic to levels
attained in cells. For the seven gRNA conditions with no detectable
OT activity, all methods therefore reported no false negatives (Fig-
ure 4B). Further investigation of our classified OT sites indicated
that tolerance of gRNA mismatches increases with corresponding
distance from the PAM site (Figure 4C). We also did not observe
any true OT sites that disrupted the NGG PAM used by SpCas9.
Heavy dependence on the core guide sequence as well as an intact
PAM is well documented.”

We next sought to compare the performance of different OT detec-
tion tools by quantifying both sensitivity and positive predictive value
(PPV) using our panel of sites that had sufficient coverage to perform
binary editing classification (>5,000x coverage). For the sake of
calculating the PPV, any variants that were not highly ranked enough
by a tool’s criteria to make our 200-target panels were considered a
false positive. Because of the low number of true OT sites identified
and the fact that most of these were captured by the majority of detec-
tion tools, we observed high sensitivity across all methods (Figure 5A).
When editing under standard conditions (HiFi Cas9 and 20-nt spacer
gRNA), the average sensitivity across all methods was 0.98, and all in
silico methods attained a sensitivity of 1.0. However, when sites were
edited under more promiscuous, non-standard conditions (WT Cas9
or truncated gRNA), the average sensitivity decreased to 0.82. All
empirical detection methods except SITE-Seq had a sensitivity of
1.0 for all guides that the method was performed on. SITE-Seq had
a decreased sensitivity of 0.5 at the AAVS1 locus. However, there
was a greater difference among methods when quantifying PPV (Fig-
ure 5B). With the exception of DISCOVER-Seq, which had a PPV of
0.5 (although the data were only available for the HBB gRNA and only
nominated two sites), all other methods had PPV of less than 0.05 for
all gRNAs tested. In other words, each method called far more false
positives than true positives, although that could be expected because
of the exceedingly low rate of OT activity generated by the ex vivo
editing workflow.

Figure 2. Summary of on-target and OT editing

(A) On-target activity of each sgRNA determined by inclusion in rhAmpSeq NGS panel. All treatments were performed using HiFi Cas9 with 20-nt gRNA unless otherwise
noted in parentheses. N = 3 separate HSPC donors per treatment. (B) Each dot depicts percent adjusted indels (Edit-Mock) for each donor at the on-target as well as each OT
site in each category. Numbers above dots indicate the total number of sites in each category. (C) Each dot depicts the average percent indels (Edit-Mock) across donors at
each site on panel in AAVS1-HiFi treatment (including the on-target site). The dotted line depicts 0.1% adjusted indel detection threshold after Mock is subtracted from Edited
treatments. All sites are shown before filtering. (D) Each dot depicts the percent indels averaged across donors for each site on panel with average coverage or more than
5,000x%. Top left quadrant indicates indels more than 0.5% indels in Edit treatment and less than 0.4% indels in Mock treatment. Blue dots represent on-target indels and
orange dots represent classified OT sites. Shown on base 10 logarithmic scale. (E) Each dot depicts the percent indels (Edit-Mock) for each donor at the on-target as well as
each OT site that remained after filtering using HiFi Cas9 and 20-nt spacers. The solid bars depict the median percent indels for all three HSPC donors. The dotted line depicts
0.1% adjusted indel detection threshold after Mock is subtracted from Edited treatments.
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Figure 3. OT activity across comparative treatments

(A) Each dot depicts % indels averaged across donors for each site on panel with average coverage of more than 5,000x. The top and bottom panels represent

treatments with HiFi and WT Cas9, respectively. Top left quadrant indicates indels of more than 0.5% indels in Edit treatment and less than 0.4% indels in Mock

treatment. Blue dots represent on-target indels and orange dots represent classified OT sites. Shown on base 10 logarithmic scale. (B) Same as above, but with top and

bottom panel representing treatments with 18-nt truncated and 20-nt CD33 gRNAs, respectively. (C) Each dot depicts the percent adjusted indels (Edit-Mock) for each

donor at the on-target as well as each OT site that remained post-filtering. Top and bottom panel represent treatments with WT and HiFi Cas9, respectively. The solid
(legend continued on next page)
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When plotting all calls by COSMID (736 across all 11 intended gRNA
cut sites), true OT sites were given likelihood-of-activity scores at a
median in the 88th percentile (a lower score indicates a greater likeli-
hood of OT activity) (Figure 5C). While the vast majority of sites
called did not reach our OT classification threshold for activity
(7271736 sites called), we found that a lower COSMID score both
increased likelihood of activity as well as indel frequency should
OT cleavage occur (Figure 5D). In fact, the two top scores given to
any OT site displayed activity, even with HiFi Cas9. We next plotted
cumulative detection frequency as a function of COSMID score and
found that 75% of all bona fide OT sites generated by standard con-
ditions would have been found by interrogating the top 21% of all
COSMID-nominated sites (148 total sites across all 11 gRNAs) (Fig-
ure S4A). However, to achieve 100% detection, sequencing would
have to have extended to the top 51% of all nominated sites (370 total
sites across all 11 gRNAs).

While CCTop and Cas-OFFinder did not provide OT activity likeli-
hood scores, we were able to group them into bins for number of mis-
matches and bulge sites from the target sequence (Figures S4B and
$4C). For both methods, a greater number of sites were nominated
as similarity to the gRNA decreased, and bona fide OT sites were clus-
tered in bins with higher degrees of homology to the intended target.
In assessing performance of empirical methods, for DISCOVER-Seq
and GUIDE-Seq—the two empirical methods with the highest degree
of sensitivity and PPV—both true OT events occurred at the top-
ranked call (determined by read count) by each method (Figures 5E
and 5F). Even among the empirical methods with a lower PPV,
true OT sites generally ranked at or near the top for CHANGE-Seq,
CIRCLE-Seq, and SITE-Seq (Figures S4D-S4G).

True OT sites predominantly map to non-coding regions of the
genome

Overall, we found more than two orders of magnitude more false pos-
itives than true OT sites within our NGS panels (Figure 5G). Even
though we also found more on-target activity than OT activity (11
on-target events vs. 9 OT events [combining standard and non-stan-
dard conditions]), we nevertheless sought to determine whether these
true OT sites are likely to cause genotoxicity or oncogenic expansion.
Of bona fide OT sites for our selected gRNAs, five of nine resided in
intergenic regions of the genome, the effects of which remain difficult
to interpret (Figures 4A and 5G). Three of nine bona fide OT sites
resided in intronic regions of genes, indels which do not typically
disrupt exon splicing or gene expression.’® Only a single OT site
was found in the exon of a gene, SIGLEC6, which was caused by
the CD33 gRNA. The indel spectrum created by the CD33 gRNA is
consistent with a frameshift 1-bp insertion, which would likely knock
out this gene (Figure S3). However, the detected indel frequency was
less than 1% and knockdown of this gene is not known to impart

oncogenic potential.”” To better understand the overall likelihood
that OTs will disrupt coding regions of genes, we performed an in sil-
ico aggregated search for all possible on-target gRNAs targeting
19,222 human genes using the IDT CRISPR-Cas9 Guide RNA Design
Checker tool and investigated the relative frequency that exons are
nominated OTs. From this we found that an average of 7.2% =+
2.9% of predicted OTs for gRNAs targeting a gene are annotated
within exonic regions (Figure S5). This is comparable with our exper-
imental findings here that one of nine unique bona fide OTs target an
exon. Exons only make up approximately 3% of the total genomic
content, so this is enriched approximately more than 2-fold compared
with what could be expected if genomic regions were selected at
random. We have no definitive explanation, but possible hypotheses
include (1) a greater degree of similarity among coding regions
because of gene duplication events and shared features common
across genes (such as start and stop codons, splice donor, and
acceptor sites, etc.) or (2) a possible enrichment for NGG PAM sites
in coding regions because C to A conversions by deamination of
methyl-C may be selected against in coding regions to protect the
function of the protein for which it codes.

DISCUSSION

In this study, we investigated the efficacy of different OT nomination
tools to successfully identify sites with a high likelihood of Cas9 activ-
ity to inform genome editing safety investigations. When editing
HSPCs in a HiFi ex vivo genome editing workflow, we found that, of
2,061 potential OT sites identified by both in silico and empirical
methods from 11 different previously identified targets, there were
only 9 sites with detectable indels when the Cas9 nuclease is delivered
asan RNP into repair-competent healthy human HSPCs. Importantly,
these numbers only include sites on our NGS panels that reached suf-
ficient coverage depth and does not count the greater number of lower
ranked sites called by each method that were not included on our
panels. In addition, supporting previously published data,'” the use
of HiFi Cas9 resulted in a more than 30-fold decrease in the frequency
of OT indels without a decrease in on-target activity. These results
demonstrate that the CRISPR-Cas9 system can be used with very
high specificity. We also found less than one detectable OT event
per gRNA to a limit of detection of 0.5% indels across a set of guides
with highly variable predicted OT activity. Our analysis revealed
that existing OT detection tools, both in silico prediction and empirical
methods, identify the majority of detectable OT events for the guides
interrogated, especially using HiFi genome editing conditions (HiFi
Cas9 delivered as an RNP). Notably, all of the bioinformatic programs
identified all true OT sites when editing with HiFi Cas9.

We believe that our results contrast with prior findings for several rea-
sons. First, we delivered Cas9 to primary cells rather than immortal-
ized cell lines that often harbor gross chromosomal abnormalities

bars depict the median percent indels for all three HSPC donors. Dotted line depicts 0.1% adjusted indel detection threshold after Mock is subtracted from Edited
treatments. Note: OT1s for AAVS1 and HBB are at the same locus between WT and HiFi treatments. All other sites are at different genomic loci. (D) Same as above, but
with the top and bottom panel representing treatments with 18-nt truncated and 20-nt CD33 gRNAs, respectively. Note: OT1s between 18-nt and 20-nt gRNA

treatments are at different genomic loci.
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Figure 4. Summary of OT activity

(A) The characteristics of all true-positive and false-negative OT sites identified in this study, including gene name, coordinates, and gene feature targeted by the gRNA. The
percent of indels was calculated as the percent of indels in Cas9-treated conditions, minus the background percent indels in Mock controls (averaged across all three donors
for a given OT site). The green boxes denote successful prediction for a particular OT site by a particular detection tool. The orange boxes indicate a false negative for a
particular OT site for a given detection tool. The gray boxes indicate that data was unavailable for a given gRNA and method. (B) All gRNAs that had no confirmed OT sites, and
methods that therefore yielded no false negatives (indicated by green boxes). The gray boxes indicate that data were unavailable for a given gRNA and method. (C) Percent
mismatches at each position of the gRNA for 6 total OT sites in 11 HiFi Cas9 conditions and 5 total OT sites in 2 WT Cas9 conditions. Individual values and linear trendlines are
plotted for each condition. Sites edited in both WT and HiFi treatments were only counted once in the “Total” grouping.

(polyploidy, aneuploidy, translocations, etc.) with dysfunctional
DNA damage and nucleic acid delivery-sensing responses.'>”'”
Furthermore, the delivery of Cas9 to living cells likely serves as a bet-
ter model for Cas9 binding and cleavage because of the presence of
vast regions of inaccessible chromatin,” active DNA damage repair
mechanisms, and a pharmacologic rather than supra-pharmacologic
ratio of RNP to genomic DNA. These biological phenomena are likely
why CHANGE-Seq, CIRCLE-Seq, and SITE-Seq—methods relying
on delivery of Cas9 to cell-free genomic DNA—attained the lowest
PPVs of all empirical methods tested (Figure 4B). This may be why
our study identified so few bona fide OT sites—because we investi-
gated OT activity in healthy donor primary cells rather than immor-
talized cell lines or cell-free DNA. Considering this fact, we would
expect the PPV to also be higher across detection methods when using
cell lines because of the increased number of true-positive OT sites.
Additionally, unlike prior studies that relied on a pre-existing pool
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of cells with oncogenic mutations,””"’ by conducting our experiments
in primary HSPCs that are not likely to harbor such aberrations,*" it is
not surprising that this study found no bona fide OT sites residing in
exons of known tumor suppressors or oncogenes. This was further
confirmed by a recent publication that found no evidence that Cas9
introduced or enriched for oncogenic mutations after ex vivo editing
in primary HSPCs.*' Taken together, our study highlights the impor-
tance of evaluating Cas9 OT detection tool performance in the appro-
priate application-specific context (e.g., HiFi nuclease, clinically rele-
vant cell type) where epigenetic factors and DNA damage repair
mechanisms can impact the appearance of unwanted OT editing.

Collectively, our findings reinforce the importance of using HiFi var-
iants of Cas9 to dramatically reduce the frequency of unintended ed-
iting events. Since HiFi Cas9'” decreases editing at OT sites without
compromising on-target editing, it is also likely that the risk of
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Figure 5. Performance of OT discovery methods

(A) Each dot depicts sensitivity for each gRNA for each discovery method. White dots indicate results derived from non-standard (i.e., WT Cas9 or truncated gRNA) con-
ditions. Note: sensitivity was unable to be calculated in treatments where no OT sites were found. (B) Each dot depicts PPV for each gRNA for each discovery method. All sites
not on panel are assumed to be false positives. White dots indicate results derived from non-standard conditions. Note: PPV was not plotted for treatments where no OT sites
were found. (C) Each dots depicts the COSMID score for all candidate OT sites for all gRNAs. True positives and corresponding indel frequencies are shown by dotted lines
(WT indel frequency underlined). Orange, white, and yellow dots indicate OTs generated by HiFi, WT, and both HiFi and WT Cas9, respectively. (D) For each OT site—rank
ordered left to right from high COSMID score to low along the x-axis—COSMID score and adjusted indel percent (Edit-Mock) is plotted in standard and non-standard
treatments. (E) Each dot depicts the score assigned to a single DISCOVER-Seq OT site after editing using HBB gRNA. True positive and corresponding indel frequency is
shown by dotted line (WT indel frequency underlined). The yellow dot indicates OT generated by WT and HiFi Cas9. (F) Each dot depicts the number of reads covering a single
GUIDE-Seq OT site following editing with AR, CTNNB1, EMX1, FANCF, HPRT, and VEGFA gRNAs. True positive and corresponding indel frequency is shown by dotted line.
The orange dot indicates OT generated by HiFi Cas9. (G) Pie chart summarizing proportion of on-target, OT, and false positives across all treatments for sites achieving
sufficient coverage depth. False positives are defined as putative OT sites on panel that met coverage threshold that were not found to have OT activity.

translocations or inversions between the on-target and OT sites are
decreased accordingly and has been shown in one example.*’
Furthermore, other HiFi Cas9 enzymes as well as gRNA innovations
have been reported'®*>** and continued efforts attempt to increase
activity and specificity of Cas9 via protein engineering. This may be
especially important as genome editing technology begins to be
adapted for in vivo delivery.®

While this study did not detect a large number of OT events, the
experimental workflow primarily allowed us to capture the most com-
mon unintended genomic event after Cas9 editing—small, site-spe-
cific indels at sites other than the targeted locus. Other abnormalities
such as translocations, inversions, large deletions,” or chromothripsis
would have likely been overlooked by our methodology. In fact, chro-
mothripsis has even been documented as a consequence of on-target
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Cas9 cleavage,” a phenomenon our experimental workflow cannot
capture accurately. Several strategies have been developed to identify
and quantify the frequency of genomic rearrangements following
CRISPR editing. These include No-Amp long-range sequencing pro-
tocols that avoid PCR and use Cas9 to enrich for the sequence of in-
terest** as well as protocols which use a sequence at the on-target site
as bait followed by NGS and bioinformatics to identify the prey.**
However, because these abnormalities are reported to occur at rela-
tively low frequencies, limited read depth (especially in the absence
of PCR amplification) can limit the ability to detect these events.
Therefore, further studies are needed to better understand, and
possibly prevent, creation and enrichment of cells harboring large-
scale genomic disruptions following CRISPR-based editing.

Our study provides a comparison of OT detection tools in the context
of genome editing HSPCs using HiFi nucleases. These tools approach
the problem of finding Cas9-generated OT edits from two different
directions—a priori or a posteriori. The a priori in silico prediction
tools operate under the assumption that Cas9 binding and cleavage
requires the presence of the PAM and homology to the gRNA—a
concept derived from a number of prior studies®>°
ori empirical methods identify OT sites experimentally. However, OT
sites nominated by empirical methods are often so numerous that
filtering based on homology may be used as a quality control
step.51 Therefore, it is reasonable to ask, if filtering based on homol-
ogy to the intended cut site is recommended during processing puta-
tive OT sites identified by empirical methods, then how do we inter-
pret sites that pass coverage metrics but display no homology to the
gRNA? Despite deliberate inclusion of OT sites on NGS panels that
were nominated only by empirical tools, we found none of these sites
to harbor detectable levels of OT editing, leading to the conclusion
that minimal Cas9 activity occurs at sites lacking homology to the
gRNA. Overall, this highlights the importance of applying appro-
priate filters to NGS data that was either generated by targeted
sequencing of in silico-predicted OT sites or by one of the empirical
methods. This was a critical component of our workflow as well, using
coverage depth filters to ensure we could detect indels down to 0.5%
frequency as well as unedited background subtraction to ensure that
OT events were due to Cas9 activity rather than misalignment, mis-
mapping, or errors introduced by PCR amplification.

—while a posteri-

While the in silico-based prediction of OT sites requires minimal
time, effort, and expertise, empirical methods are comparably
cumbersome to establish in the laboratory and require the develop-
ment of specialized skills to be used robustly and reproducibly.
Although datasets for empirical methods were not available for
many of the guides used in this study, we found no OT sites validated
under HiFi editing conditions that were identified solely by empirical
methods. In light of this, we believe the simplest possible method for
high-confidence capture of OT sites (at least when editing primary
HSPCs with HiFi nucleases) is to perform targeted NGS on the high-
est-ranked 55% of COSMID calls. Such a workflow would have
captured all true variants that occurred after editing with HiFi Cas9
in this study, yielding an average of 37 sites per gRNA for follow-
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up sequencing (which is less than the number of sites typically
screened after translational ex vivo editing).”>*>* One caveat to
this strategy is that although in silico methods seem to be capable
of capturing most true OT events, current tools rely on homology
to a consensus genome and, therefore, would not take into account
patient-specific variation, which has been shown to impact Cas9
activity.*' The empirical methods, however, are also limited by not
being performed on a diverse array of genomes and are usually also
performed on a single genome. As a solution, both i silico and empir-
ical methods could be performed on diverse genomes, especially i sil-
ico methods as the catalog of sequenced human genomes continually
grows. Therefore, we hope our results prompt the development of
improved tools that take into account the large amounts of new
data that have been generated since their development.

Taken together, our results provide a comparative analysis of the rela-
tive performance of currently available OT detection methods. While
no one method emerged as ideal for detecting all OT events without a
high frequency of false positives, certain methods had a better profile
of sensitivity and positive prediction value than others, particularly
using a HiFi system. COSMID, for example, is an easily accessible on-
line program that requires no user expertise and identified all bona
fide OT sites generated by the HiFi system, while also having the high-
est positive prediction frequency of in silico programs investigated.
All of the bioinformatic tools evaluated are several years old, however,
and it is likely that improved tools using machine learning or
other techniques could be developed in the future using datasets
like this and others.>® In conclusion, the efficient characterization
of genomic outcomes of Cas9 activity, both intended and not,
will help to ensure that genome editing-based therapies are
developed and delivered in a way that maximizes safety and mini-
mizes the risk of genotoxic or oligoclonal expansion events while
facilitating translational development of these potentially curative
therapies.

MATERIALS AND METHODS

Acquisition of HSPCs

Primary human HSPCs were sourced from fresh umbilical cord blood
(generously provided by the Binns Family program for Cord Blood
Research) under protocol 33818, which was approved and renewed
annually by the National Heart, Lung, and Blood Institute Institu-
tional Review Board committee. All patients provided informed con-
sent for the study. Patient information was de-identified before labo-
ratory experiments—we, therefore, are unable to make a statement
speaking to sex or ethnicity of participants. Donors were not aware
of the research purpose or compensated for their participation. Con-
sent forms provided express permission to publish de-identified ge-
netic information.

Ex vivo culturing of HSPCs

CD34" HSPCs were bead-enriched using Human CD34 Microbead
Kits (Mitenyi Biotec, Inc., Bergisch Gladbach, Germany) according
to manufacturer’s protocol and cultured at 1 x 10> cells/mL in
CellGenix GMP SCGM serum-free base media (Sartorius CellGenix
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GmbH, Freiburg, Germany) supplemented with stem cell factor
(SCF) (100 ng/mL), thrombopoietin (100 ng/mL), FLT3-ligand
(100 ng/mL), IL-6 (100 ng/mL), UM171 (35 nM), 20 mg/mL strepto-
mycin, and 20 U/mL penicillin.

Genome editing of HSPCs

Chemically modified gRNAs used to edit HSPCs were purchased
from Synthego (Menlo Park, CA). The gRNA modifications added
were the 2'-O-methyl-3'-phosphorothioate at the three terminal nu-
cleotides of the 5’ and 3’ ends.*® All Cas9 protein (both Alt-R S.p. HiFi
and WT Cas9 nuclease) was purchased from IDT, Inc. (Coralville,
TA). HSPCs were cultured in vitro for 2 d and then edited as follows:
RNPs were complexed at a Cas9:gRNA molar ratio of 1:2.5 at 25°C for
10 min before electroporation, HSPCs were resuspended in P3 buffer
(Lonza, Basel, Switzerland) with complexed RNPs, and electropo-
rated using the Lonza 4D Nucleofector (program DZ-100). Cells
were plated at 1 x 10° cells/mL after electroporation in the
cytokine-supplemented media described above.

rhAmpSeq panel design

The primary goal of rhAmpSeq panel design was to assemble a list of
200 sites with either a high degree of overlap across methods (repre-
senting sites of high likelihood of OT activity) or those that were
found only by one or more empirical methods (representing sites
that can inform whether purely homology-based prediction is
missing true OT sites). To assemble these panels, we took virtually
all sites with a high degree of overlap. Then for lower overlap samples,
we established a ranking system that allowed us to prioritize OT sites
that were nominated by one or several methods. For COSMID, we
used the internal score that is generated as output (lower score indi-
cates higher likelihood of activity). For CCTop and Cas-OFFinder,
where scores were not generated, we prioritized sites with the fewest
mismatches and bulges. For DISCOVER-Seq, we were able to include
both predicted OT locations on our panel. And for all other empirical
methods, we prioritized the sites with the highest read counts from
the highest concentration Cas9 conditions.

rhAmpSeq library preparation

On-target and OT editing rates in HSPCs were measured by ampli-
con-based NGS. Genomic DNA from edited and unedited HSPC
samples was harvested 48 h after editing using QuickExtract DNA
Extraction Solution according to manufacturer’s recommendations
(Lucigen Corp., Teddington, UK) and diluted to 4.55 ng/pL in
IDTE pH 8.0 (IDT, Inc.). Amplicon libraries were generated using
target-specific rhAmpSeq primer panels (as described above) with
4x rhAmpSeq library mix 1 and 50 ng gDNA input. The following
cycling conditions were used for PCR 1: 95°C for 10 min; (95°C for
15 s; 61°C for 8 min) x 14 cycles; 99.5°C for 15 min; 4°C hold.
Target-specific amplicon libraries from PCR 1 were diluted 20-fold
in nuclease-free water and were subsequently tagged with P5 and
P7 Mlumina adapter primers with dual unique indices via a second
round of PCR using 4x rhAmpSeq library mix 2. The following
cycling conditions were used for PCR 2: 95°C for 3 min; (95°C for
15 s; 60°C for 30 s; 72°C for 30 s) x 24 cycles; 72°C for 1 min; 4°C

hold. Libraries were purified using the AMPure XP system (Beckman
Coulter, Pasadena, CA), and quantified using Qubit 1x dsDNA HS
Assay Kit (Thermo Fisher Scientific, Waltham, MA) or quantitative
PCR before loading onto the Illumina MiSeq or NextSeq 500/550
platform (Illumina, San Diego, CA). Paired-end, 150-bp reads were
sequenced using V2 or V2.5 chemistry.

Data analysis

NGS data were analyzed and CRISPR editing quantified using
CRISPAltRations with a default window parameter for Cas9
(8 bp).”” The following filter was used to determine sites that had suf-
ficient data and bounds to be binarily classified as “Edited” or “Not
Edited”: (1) greater than 5,000 x read depth; (2) greater than 0.5% in-
dels in the “Edited” treatment; and (3) less than 0.4% indels in the
“Mock” treatment. These cutoffs were based on average values across
Mock and Edited samples for all three HSPC donors. We also ensured
that each OT site remaining after filtering had at least one donor that
met all coverage and indel frequency criteria on their own. To quan-
tify sensitivity and PPV, the following values were determined for all
treatment conditions, using the following definitions: (1) true posi-
tives = all sites called by a given method that showed detectable OT
activity; (2) false positives = all sites called by a given method that
met coverage metrics but remained below detection; and (3) false neg-
atives = all true OT sites missed by a given method (see Extended
Data). Sensitivity was then defined as the number of true positives
captured as a percentage of all true positives and false negatives.
The PPV was defined as the number of true positives captured as a
percentage of all true positives and false positives. To predict the spec-
ificity of previously published gRNAs, all sequences were submitted to
the IDT gRNA design checker (https://www.idtdna.com/site/order/
designtool/index/CRISPR_SEQUENCE) and OT scores recorded.

Statistical analyses

Statistical analysis for binary classification of editing was performed
on the treated/edited samples compared with the untreated/unedited
samples using a Fisher’s exact test (p < 0.05) using set parameters for
read depth (>5,000x) and percent NHE] (>0.5% in treated samples,
<0.4% in untreated samples) based on previously published
methods.™

DATA AVAILABILITY

High-throughput sequencing data generated for all rhAmpSeq panels
will be uploaded to the NCBI Sequence Read Archive submission. The
filtered data for all figures in this study are provided in the Supple-
mentary Information/Source Data file.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2023.02.011.
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