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Genome-wide detection of CRISPR editing in vivo
using GUIDE-tag

Shun-Qing Liang"®, Pengpeng Liu%®, Jordan L. Smith!, Esther Mintzer?, Stacy Maitland?, Xiaolong Dong',
Qiyuan Yangz, Jonathan Lee® ', Cole M. Haynes 2 Lihua Julie Zhu® 234, Jonathan K. Watts® ',
Erik J. Sontheimer® 3°, Scot A. Wolfe® 2°® & Wen Xue® 2355

Analysis of off-target editing is an important aspect of the development of safe nuclease-
based genome editing therapeutics. in vivo assessment of nuclease off-target activity has
primarily been indirect (based on discovery in vitro, in cells or via computational prediction)
or through ChlP-based detection of double-strand break (DSB) DNA repair factors, which can
be cumbersome. Herein we describe GUIDE-tag, which enables one-step, off-target genome
editing analysis in mouse liver and lung. The GUIDE-tag system utilizes tethering between the
Cas9 nuclease and the DNA donor to increase the capture rate of nuclease-mediated DSBs
and UMI incorporation via Tn5 tagmentation to avoid PCR bias. These components can be
delivered as SpyCas9-mSA ribonucleoprotein complexes and biotin-dsDNA donor for in vivo
editing analysis. GUIDE-tag enables detection of off-target sites where editing rates are >
0.2%. UDiTaS analysis utilizing the same tagmented genomic DNA detects low frequency
translocation events with off-target sites and large deletions in vivo. The SpyCas9-mSA and
biotin-dsDNA system provides a method to capture DSB loci in vivo in a variety of tissues
with a workflow that is amenable to analysis of gross genomic alterations that are associated
with genome editing.
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ARTICLE

nderstanding the safety profile of each genome editing

system is a critical aspect in the development of effective

therapeutics. One critical characteristic of any nuclease
system is its specificity. Unwanted off-target editing can generate
local mutations:2, larger deletions?, or genomic rearrangements®>
between two different double strand breaks (DSBs). Knowledge of
any off-target sites for a nuclease provides an avenue to mitigate
collateral damage to the genome through the use of engineered Cas9
variants®~13, sgRNA modifications!4-16, or alternate approaches!”.
Defining off-target sites within the genome currently relies on both
computational prediction!®!? and unbiased assessments of nuclease
activity?0. Robust methods for off-target assessment are available
both in vitro?!-2> and in cell culture systems* 2527, However,
in vivo assessments of nuclease activity have typically been indirect
employing in vitro or in cells to identify candidate off-target sites
and then performing a survey of these sites by amplicon deep
sequencing from nuclease-treated tissue (e.g., Verification of In Vivo
Off-targets: VIVO?8). Direct detection of off-target editing in vivo
has been achieved by ChIP-based detection of DSB DNA repair
factors (Discovery of in situ Cas off-targets and verification by
sequencing: DISCOVER-seq?®), but this method is somewhat
cumbersome and captures DSBs in a temporally restricted window.
The development of a sensitive, in vivo DSB detection method,
would have utility for the evaluation of a variety of nucleases and
delivery systems that are of interest for therapeutic application.

GUIDE-seq* has been a mainstay for genome-wide analysis of
off-target sites in primary cells?1-2% and transformed cell lines due
to its high validation rate relative to most in vitro methods.
GUIDE-seq relies on the co-delivery of a linear double-strand
DNA with the nuclease of interest to tag DSBs that are generated
throughout the genome. Following genomic DNA fragmentation
and unique molecular identifier (UMI)-containing adaptor liga-
tion, PCR-based amplification using a tag-specific primer allows
identification and counting of genomic regions neighboring
nuclease cleavage sites thereby providing an assessment of
nuclease specificity. DSB DNA tag integration is thought to be
mediated by the nonhomologous end joining (NHE]) pathway,
which can insert linear duplex DNAs or DNA excised from
plasmid at the site of a nuclease-induced DSB with modest effi-
ciency in cells or in vivo30-33.

Tethering the Cas9-sgRNA complex to a donor DNA has
proven to be an effective method for template-directed genome
modification by increasing the local concentration of the donor at
the site of a DSB. Several methods for recruiting the DNA tem-
plate to the Cas9-sgRNA complex to enhance homology-directed
repair (HDR) have been reported in cells or mouse zygotes: (1)
high-affinity biotin-streptavidin interactions®%, (2) direct or
indirect covalent tethering, or (3) chemical modification3>-3,
The majority of these studies focus on employing tethered donors
to increase the rate of HDR, but the same rationale should apply
to the use of Cas9 tethered dsDNA donors to increase the effi-
ciency of insertion via NHE] at DSBs in adult animals.

In this study, we have adapted SpyCas9-mSA (monomeric
streptavidin)®* and biotinylated duplex DNAs to increase the effi-
ciency of targeted DNA insertion at DSB in vivo. In addition, we
have utilized Uni-Directional Targeted Sequencing (UDiTaS*0)
library construction methods to incorporate UMI-containing
adaptors to increase the efficiency of library construction thereby
reducing the required input DNA. Using this “GUIDE-tag” system,
we have achieved efficient duplex DNA capture at nuclease-induced
DSBs at off-target sites within the mouse liver and lung via two
different delivery modalities with the capture of sites where the
editing rate is >0.2%. Complementary UDiTaS analysis allows the
detection of additional genomic modifications (large deletions or
translocations) in vivo that are the consequence of programming
SpyCas9 with promiscuous guides. Consequently, GUIDE-tag

provides a direct and sensitive strategy for the identification of off-
target editing sites in vivo.

Results

SpyCas9-mSA with biotin-dsDNA donor increases the effi-
ciency of DNA insertion in cell culture systems. We first tested
whether biotin-dsDNA donors enable targeted NHEJ-mediated
insertion in an easy-to-transfect mouse neuroblastoma cell line,
N2A. We chose to insert an IRES-GFP fragment (1.7 Kb) into the 3/
UTR of Actb (beta-actin) at a previously described SpyCas9 target
site, such that the insertion in the forward orientation leads to co-
expression of GFP from the Actb promoter?! (Fig. 1a, Supplemen-
tary Fig. 1a, b, and Supplementary Table 1). Using one-step PCR
with either unmodified primers or 5 biotinylated primers from a
plasmid donor template>>4!, we generated unmodified linear
dsDNA or biotin-dsDNA donor cassette, respectively (Supplemen-
tary Table 2). We transfected either dsDNA or biotin-dsDNA with
or without expression plasmids for SpyCas9-mSA3* (or SpyCas9)
and sgRNA into N2A cells. After 4 days we determined the cassette
insertion efficiency by quantifying the percentage of GFP™ cells by
flow cytometry (Fig. 1b). We observed a low frequency of GFP+
cells when delivering dsDNA (1.1 +£0.1%) or biotin-dsDNA donor
(0.5 £ 0.2%) alone, likely due to random insertion. In the presence of
SpyCas9, we observed a higher fraction of GFPT cells for both
dsDNA (6.9 +0.3%) and biotin-dsDNA (6.2 + 0.2%), demonstrating
that biotinylated dsDNA generated by PCR is competent for
homology-independent insertion in cells. Notably, biotin-dsDNA
produces a 2.8-fold increase in insertion efficiency (14.5+0.6%)
relative to unmodified dsDNA in the presence of SpyCas9-mSA
(5.2 £0.8%) (P <0.001). To confirm targeted insertion, we amplified
the 5 junction site and 3’ junction site by PCR (Supplementary
Fig. 1c). A similar enhancement in donor DNA insertion by the
SpyCas9-mSA/biotin-dsDNA system was observed in human cells.
We compared the efficiency of insertion of an IRES-GFP fragment
(1.7Kb) into the 3' UTR of GAPDH. We observed a higher fraction
of GFPT cells when SpyCas9-mSA (9.9 +0.6%) was co-introduced
with biotin-dsDNA than dsDNA (Supplementary Fig. 1d). These
data indicate that tethering SpyCas9-mSA with biotin-dsDNA
donor promotes increased homology-independent cassette insertion
at the DSB in cells in culture.

To explore the translatability of the biotin-dsDNA-mSA
facilitated insertion to other nuclease systems, we generated
vectors expressing either enhanced Acidaminococcus sp.Casl2a
variant*? fused with mSA (enAsCas12a-mSA) or Staphylococcus
aureus Cas9%3 fused with mSA (SauCas9-mSA). To quantify the
insertion efficiency, we again targeted an IRES-GFP fragment
(1.7kb) into the 3’ UTR of Actb of N2A cells. We transfected
either dsDNA or biotin-dsDNA with or without expression
plasmids for SauCas9-mSA or enAsCasl2a-mSA and the
corresponding sgRNA or crRNA into N2A cells. Similar to
Spy9Cas9, we observed a higher fraction of GFPT cells for both
enAsCasl12a-mSA (11.1 £0.2%) and SauCas9-mSA (8.9 +0.1%)
with biotin-dsDNA than dsDNA (Fig. 1b and Supplementary
Fig. 1le). These data indicate that biotin-mSA tethering between
the donor and a co-delivered nuclease can provide a general
method to promote increased cassette insertion in cells.

biotin-dsDNA donor mediates insertion of reporter gene and
rescue cassette in mouse liver. Next, we tested the efficiency of
biotinylated dsDNA cassette insertion mediated by SpyCas9-mSA in
adult mouse liver. We delivered the 1.7 kb IRES-GFP donor either as
linear dsDNA or biotin-dsDNA with SpyCas9-mSA/sgActb
expression plasmid to wildtype FVB mice (n = 3 for each group) via
hydrodynamic tail vein injection (HT'VI), a method for in vivo gene
delivery to hepatocytes** (Fig. 1c). In mice treated with SpyCas9-
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Fig. 1 Tethering Cas9-mSA with biotin-dsDNA donor increases DNA cassette insertion rate in mouse liver. a Schematic of the Cas9-mSA fusion protein
with an sgRNA directing a DSB to the Actb (Actin) locus. The “IRES-GFP-pA” biotinylated linear dsDNA donor is tethered to Cas9 via the mSA-biotin
interaction to facilitate its insertion via non-homologous end joining (NHEJ). GFP expression reports integration of the IRES-GFP cassette in the forward
orientation. pA, polyA. b Mouse N2A cells were transfected with IRES-GFP donor (dsDNA or biotin-dsDNA) and various nuclease plasmids: SpyCas9/
sgRNA, SpyCas9-mSA/sgRNA, enAsCas12a/crRNA, or enAsCas12a-mSA/crRNA. Flow cytometry analysis was performed 4 days after transfection.
Biotin-dsDNA with SpyCas9-mSA or enAsCas12a-mSA increases GFP cells 2.8 fold or 2.3 fold compared to unmodified dsDNA, respectively. Results
were obtained from three independent experiments and presented as mean + SEM. ***P < 0.001 by two-way ANOVA with Tukey's multiple comparisons
test. “-" denotes donor only controls. € SpyCas9-mSA/sgActb expression vector plus IRES-GFP donor (dsDNA or biotin-dsDNA) were delivered to FVB
mouse liver by hydrodynamic tail-vein injection (left). At the indicated timepoint the fraction of GFP* cells in the liver was quantified by
immunohistochemistry (IHC) (right). Each dot represents the quantification of a 20x IHC image (4 mice per group). Results were obtained from six
independent experiments and presented as mean = SD. ***P < 0.001 by one-way ANOVA with Tukey's multiple comparisons test. d Schematic overview of
gene repair in Fah-deficient mice. Fah—/— mice harbor a neomycin cassette in exon 5, which abolishes FAH function. Insertion of a repair cassette (Fah exon
2 to 14 with splicing acceptor, SA) into intron 1 will restore FAH function. e Fah=/— mice were injected with either biotin-dsDNA alone (control), or biotin-
dsDNA plus Cas9-mSA+sgFah expression plasmid (n = 6) seven days prior to intial NTBC withdrawal. Two cycles of NTBC withdrawal (DO, D17, and
D27) and reintroduction (D13 and D22) were performed to allow expansion of FAHT hepatocytes. Body weight was normalized to pre-injection weight.
Error bars are SD. f Hematoxylin and eosin (H&E), and FAH IHC analysis (n = 3 mice for each group). Arrows denote FAHT hepatocytes. The scale bar is
100 um. Source data are provided as a Source Data file.

mSA/sgActb and dsDNA (7-days post injection), only 1.5+0.7% of day 7 and the GFP signal was comparable at 14 days (5.5 + 1.5%,
liver cells expressed GFP by immunohistochemistry staining (IHC)  Fig. 1c), suggesting that the GFP insertion is stable. To test whether
at day 7 (Fig. 1c), suggesting that unmodified dsDNA is inefficiently ~ there are detectable GFP insertions in other organs when delivering
inserted via plasmid-expressed SpyCas9 in hepatocytes using HTVI  editing components by HTVI. We performed IHC staining in the
delivery. By contrast, in mice treated with SpyCas9-mSA/sgActb and  following tissue: heart, kidney, lung, brain, colon, muscle, and
biotin-dsDNA, 6.4%+2.7% (p < 0.001) of liver cells expressed GFP at  spleen. No GFP expression was observed in any tissue other than
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liver (Supplementary Fig. 1f). Thus, utilization of a biotin dsDNA
donor in the context of SpyCas9-mSA increases the efficiency of
DNA insertion in the liver relative to an unmodified dsDNA donor.

To directly assess the efficiency of targeted DNA insertion, we
utilized a mouse model of hereditary tyrosinemia type I (HT-1)4°.
In this liver disease, loss of fumarylacetoacetate hydrolase (Fah)
leads to accumulation of toxic metabolites in hepatocytes, and
severe liver damage. Current treatments include consuming a
tyrosine-restricted diet and taking an inhibitor of the tyrosine
catabolic pathway called 2-(2-nitro-4-trifluoromethylbenzoyl)-
1,3-cyclohexanedione (NTBC)#0. More than 95 different patho-
logic mutations in the FAH gene (which contains 14 exons,
spanning 35 kb of DNA) have been identified*”48. We and others
have shown that CRISPR-mediated HDR can correct a splicing
site mutation in the Fah mutant mice#®>0. However, each HDR
donor/sgRNA can only correct mutations in a narrow genomic
region. Alternately a Fah repair cassette has been introduced via
nuclease-mediated ~ Microhomology-mediated end joining
(MME]) in intron 4 to correct downstream disruptions to Fah
with modest efficiency®!. We examined whether SpyCas9-mSA
can efficiently insert a biotinylated wildtype Fah exon 2-14 cDNA
cassette into intron 1, which should rescue any Fah mutations
downstream of the intron 1 insertion site.

We first screened four sgRNAs targeting intron 1 of the Fah gene
in N2A cells. By Tracking of indels by decomposition (TIDE)
analysis®2, sgFahl.3 produced the highest editing efficiency
(41£0.3%), and so was selected for in vivo experiments
(Supplementary Fig. 2a and Supplementary Table 1). We generated
a Fah exon 2-14 cDNA donor flanked by a splice acceptor and
polyA signal (1.4 kb in length) using PCR with biotinylated primers
(Fig. 1d). Donor insertion in the forward orientation in intron
1 should produce a functional FAH protein by capturing
transcription from the endogenous Fah promoter (Fig. 1d). To test
the efficacy of the repair cassette, we used a Fah—/~ mouse model
that harbors a neomycin cassette insertion in exon 5, which causes a
loss of FAH protein®>. Adult Fah—/~ mice on NTBC water were
treated with biotin-dsDNA donor alone (n=6) or with an sgFah
and SpyCas9-mSA expression plasmid (n=6) via HTVL. NTBC
water was removed 7 days post injection (defined as NTBC on, DO0)
to assess the functional correction of Fah.

We performed two cycles of NTBC reintroduction and
withdrawal following gene repair to allow the proliferation of
Fah' hepatocytes in treated mice?®. As expected, Fah~/~ mice
treated with biotin-dsDNA donor alone rapidly lost 20% of body
weight by 17 days post-NTBC withdrawal and were sacrificed.
Fah—/~ mice treated with biotin-dsDNA + sgFah + SpyCas9-
mSA displayed a more moderate loss of body weight at day 17
(14%). By Day 34 oft NTBC, these mice regained their initial body
weight (Fig. le). In Day 0 livers prior to NTBC withdrawal, IHC
analysis revealed 3.8 £0.4% Fah™ hepatocytes in mice treated
with biotin-dsDNA + sgFah + Cas9-mSA but not in biotin-
dsDNA alone controls (Fig. 1f, left and center panels). At day 34,
we observed clusters of Fah™ hepatocytes, consistent with the
proliferation of Fah™t hepatocytes underlying the restoration of
body weight (Fig. 1f, right panel). We also detected the insertion
of the repair cassette within the Fah locus by PCR (Supplemen-
tary Fig. 2b) and the inclusion of exon 5 within the Fah transcript
by RT-PCR (Supplementary Fig. 2c). Collectively, these results
demonstrate the fidelity of SpyCas9-mSA mediated insertion in
mouse liver of a biotinylated repair cassette at a target locus via
rescue of the lethal phenotype of Fah—/~ mice.

One step quantification of on-target insertion and genome-
wide off-target sites in vivo. The efficient tagging of Cas9-
directed DSBs by SpyCas9-mSA with biotinylated donor DNA

presented the opportunity to explore the potential for this system
to identify off-target editing in vivo. GUIDE-seq* or variants
thereof®>> utilize linear duplex DNA co-delivered with a nuclease
to tag DSBs within the genome in cells. We endeavored to assess
if our SpyCas9-mSA biotin-DNA tagging strategy would facilitate
the identification of off-target editing sites in vivo. We adapted
the UDiTaS method*’ to generate “GUIDE-tag” libraries where
Tn5 transposase loaded with the Illumina forward adapter (i5)
containing a sample barcode and a unique molecule identifier
(UMI) is used to fragment the gDNA. As in the original GUIDE-
seq protocol, the incorporation of UMIs permits both quantitative
sequence analysis (alleviating the PCR amplification bias) and
detection of rare integration events. The utilization of Tn5 allows
much more efficient incorporation of the UMI-containing
adaptors relative to traditional end repair approaches after
shearing of the DNA. Tagmentation was performed on genomic
DNA from Fah~/~ mice treated with SpyCas9-mSA and the Fah
exon2-14 donor. Four different sequencing libraries were pre-
pared from each genomic DNA sample amplifying with a view-
point specific primer in conjunction with an adaptor specific
primer (Fig. 2a): two UDiTaS-based “locus-specific” viewpoints
with primers flanking the target site to provide information on
the editing outcomes at the target locus, and two GUIDE-seq-
based “insert-specific” viewpoints with primers anchored within
the donor DNA to identify repair cassette integration sites
throughout the genome (Supplementary Fig. 3a,b and Supple-
mentary Table 3). Together these four libraries allow the detec-
tion of on-target and off-target DNA insertions, as well as large-
scale chromosomal aberrations at the target locus.

Based on the UDiTaS analysis, we observed Fah biotin-dsDNA
integration rates at the target site of 2.8 £0.2% in the forward
orientation and 2.3 £0.2% in the reverse orientation at the Fah
target site at day 0 (n=3 livers) (Fig. 2b and Supplementary
Table 4), which is consistent with the expectation that NHE]
integration will insert donors in both orientations®. A similar
distribution of integration orientations was observed by UDiTaS
from the other viewpoint at the Fah locus (Supplementary
Fig. 4a). The observed rate of forward integrations is consistent
with the day 0 IHC data on Fah cells in the liver (~3.8%, Fig. 1f).
As expected, the percentage of repair cassette insertions in the
forward orientation increased significantly at D34 (11.6 + 1.9%)
due to the proliferation of Fah™ hepatocytes with functional
cassettes (Fig. 2b). The percentage of cassette insertions in the
reverse orientation (0.8 +0.1%) and indels (2.5 + 1.5%) decreased
at D34 relative to DO (Fig. 2b). The majority of forward
orientation insertions exhibit imprecise repair at both junction
sites (D34), with the fraction of precise insertions of ~3% at each
junction (Supplementary Fig. 4b, c).

Using the GUIDE-tag (donor centric) sequencing of libraries
from Fah~/~ mice injected with Fah biotin-dsDNA + SpyCas9-
mSA (NTBC off DO, n =3 mice), we mapped donor integration
sites throughout the genome and identified 7 top-ranking OT
sites, all of which harbor 1 to 3 nt mismatches within the guide
region (Fig. 2c and Supplementary Data 1). Using the
CRISPRseek software package>>—forty seven potential off-target
sites were predicted with the Fah sgRNA with 3 or fewer
mismatches (Supplementary Data 2). Seven of these sites
overlapped with the GUIDE-tag identified off-target sites (Fig. 2d
and Supplementary Fig. 5a). To verify nuclease activity at these
seven potential off-target sites, we measured the indel rate by
targeted amplicon deep sequencing (n =3 livers). Indels were
detected at all seven of the off-target sites ranging from 0.98% to
2.28% (Supplementary Data 1). Encouragingly, the rate of
mutagenesis at each off-target site positively (R = 0.83) correlated
with the observed rate of DNA tag insertion (Fig. 2e and
Supplementary Fig. 5b). To examine the efficiency of GUIDE-tag
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Fig. 2 GUIDE-tag enables genome-wide off-target analysis in vivo. a Schematic of GUIDE-tag editing outcomes and strategies to create UDiTaS or
GUIDE-tag lllumina sequencing libraries, where insertion is the DNA tag. Tn5 enzyme tagments genomic DNA and adds UMI, pooling barcode, and i5
primer sites. Desired genomic regions are amplified with i5 Primer and a viewpoint specific primer: for UDiTaS a locus-specific genomic forward or reverse
(Locus_F or R) and for GUIDE-tag a tag-specific forward or reverse (Insert_F and R). A second round of PCR adds the i7 adaptor sequence. b Quantification
forward/reverse donor insertion and indels (Locus_F) at the Fah target site in biotin-dsDNA plus Cas9-mSA+sgFah treated animals by UDiTaS. Genomic
DNA was collected from NTBC on DO and D34 mice in Fig. 1. Values are mean £ SD (n = 3 mice each group). * P< 0.05 by unpaired, two-tailed Student's
t-test. ¢ In vivo off-target (OT) sites identified by GUIDE-tag in biotin-dsDNA plus Cas9-mSA+sgFah treated animals. Mismatches relative to the target
site (On) are shown with colored boxes. UMI numbers for each site are shown (average of three mice). 1,2,3 are three different mice with indel rates
indicated as a heatmap. d Venn diagram of sgFah off-target sites identified by GUIDE-tag or by CRISPRseek prediction. e Scatter plot shows correlation
between unique UMI% and indel rates at the 7 sgFah off-target sites (average of 3 mice). Dashed lines represent the linear regression fit (Pearson
correlation calculated). The p-value for Pearson’s correlation coefficient was determined by the two-tailed t-distribution table. Dots on Y-axis represent
UMIs for each OT for each of 3 mice. Source data are provided as a Source Data file.
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employing short double-strand oligonucleotides as a donor
typically used for GUIDE-seq, we co-delivered iGUIDE duplex
oligos (46bp)>3 with or without biotin with the sgFah and
SpyCas9-mSA expression plasmid by HTVI to B6 mice. GUIDE-
tag analysis successfully recovered the previously identified seven
off-target sites plus two additional potential off-target sites
(Supplementary Fig. 5c, d) demonstrating that short biotinylated
double-strand oligonucleotides can efficiently discover off-target
sequences in vivo. Of the top 9 identified sgFah OT sites, 4 sites
are intragenic falling within introns. None of these occur within
known cancer genes (723 cancer genes in COSMIC v92)
(Supplementary Fig. 5e). Whole exome sequencing of liver
DNA from hepatocytes in Fah repaired livers (D34) showed that
bio-dsDNA+sgFah+SpyCas9-mSA did not induce additional
SNV compared to bio-dsDNA control (Supplementary Fig. 5f).

To examine the generality of the GUIDE-tag approach, we
prepared libraries from FVB mice injected with biotin-IRES-GFP
donor with either SpyCas9-mSA or SpyCas9-mSA*, an improved
version of SpyCas9-mSA with additional nuclear-localization
sequences (NLS) to increase its cellular activity (Supplementary
Fig. 6a-c). SpyCas9-mSA* increased integration rates of IRES-
GFP donors of different lengths (1.7-4.5kb) in N2A cells
(Supplementary Fig. 6d-f). SpyCas9-mSA* modestly increased
the rate of DNA tag incorporation in vivo at the target locus
(2.0% versus 2.4%) (Supplementary Data 3), which is consistent
with the higher rates of GFP + N2A cells observed with this
nuclease (Supplementary Fig. 6d-f). We identified 12 top-ranking
sgActin off-target sites from the livers of FVB mice, all of which
harbor 0 to 3 mismatches in the guide regions (Supplementary
Fig. 7a, b and Supplementary Data 4). We were able to validate
off-target editing at 10 of these sites by amplicon deep sequencing
with indel percentages from 0.28 to 5.73% (Supplementary
Data 4). As observed for the Fah sgRNA, with the Actb sgRNA
there was a positive linear correlation (R = 0.67) between the tag
integration rate and editing rate at the identified off-target sites
(Supplementary Fig. 7c, d). Together, these data suggest that
GUIDE-tag enables quantification of genome-wide off-target sites
in vivo.

Comparing GUIDE-tag with VIVO and DISCOVER-Seq. Next,
we evaluated in vivo GUIDE-tag in mouse liver at a promiscuous
target site in Pcsk9 (Pcsk9-gP) that has been previously char-
acterized by VIVO?8 and DISCOVER-seq?®. For this target site,
we co-delivered iGUIDE duplex oligos (dsDNA or biotin-
dsDNA) together with expression vectors for Cas9-mSA* and the
sgRNA by HTVL. We then performed GUIDE-tag on mice
sacrificed at day 7 post injection. GUIDE-tag libraries were pre-
pared from genomic DNA and sequenced. Using a conservative
(filter 1: UMIs > 5 and total reads > 50 in at least 4 mice of 6
iGUIDE treated mice) or a more relaxed (filter 2: UMIs > 1 in at
least 4 mice of 6 iGUIDE treated mice) threshold, we identified 70
(filter 1) or 89 (filter 2) off-target sites (Supplementary Fig. 8 and
Supplementary Data 5). We observed a modest increase in the tag
integration rate when employing biotinylated iGUIDE duplex
(1.25-fold), but the enrichment is less pronounced than observed
with the 1.7 kb GFP donor DNA at the Actb locus (Supplemen-
tary Fig. 9a, b). Putative off-target sites identified by GUIDE-tag
include 16 of 19 validated off-target sites captured by VIVO and
24 of 26 validated off-targets captured by DISCOVER-Seq
(Fig. 3a, b and Supplementary Data 5). We chose 52 sites (16
overlapping sites with VIVO, 24 overlapping sites with DIS-
COVER-Seq, 17 sites identified by CIRCLE-seq but not validated
by VIVO?® and 6 sites identified only by GUIDE-tag) for
amplicon deep sequencing to verify the presence of indels.
Importantly, we were able to validate editing at 40 of the 52 tested

sites based on statistical analysis. The indel rates range from 0.16
to 32.2% (Fig. 3a and Supplementary Data 5). Similar to obser-
vations at the Actb and Fah sites, PCR amplicon deep sequencing
across forty off-target sites indicates that there is a positive linear
correlation (R =0.66) between the fraction of UMIs associated
with each locus and the observed indel rate (Fig. 3¢). Editing rates
at the common off-target sites that were assessed appear to be
similar across all three studies (Supplementary Fig. 9¢c, d). Fur-
thermore, we repeated the in vivo GUIDE-tag experiment at the
Pcsk9 target site (HTVI delivery) with the original GUIDE-seq
donor (34 bp) and biotinylated-GUIDE-seq donor. The GUIDE-
seq donor results in slightly more integrations than the iGUIDE
donor based on UMI counts (Supplementary Fig. 9¢ and Sup-
plementary Data 6). These data demonstrate that GUIDE-tag is
compatible with both types of short donors in vivo. Notably,
biotinylated donors are significantly better than non-biotin/end-
protected donors based on the recovered UMI counts for top 50
OTs. Overall, these data demonstrate that GUIDE-tag provides a
straightforward approach to detect genome editing at off-target
sites in vivo.

in vivo analysis of large-scale genomic alterations by UDiTaS.
Utilization of the UDiTaS tagmentation approach with locus-
specific primers for library construction? affords the opportunity
to assess the rate of large deletions*? or other types of genomic
rearrangements>° in vivo, which remain relatively unexplored
(Supplementary Fig. 10a). Genomic rearrangements between the
target site and off-target site (Translocations or inversions/dele-
tions when on the same chromosome) serve as an independent
verification of off-target site activity’. UDiTaS analysis at the
Pcsk9 locus revealed translocations between the target site and
four off-target sites (Fig. 4a, b and Supplementary Data 7).
Amplicon deep sequencing across off-target sites indicates that
there is a positive correlation (R = 0.86) between the fraction of
UMIs associated with translocation events and the observed indel
rate at each off-target site (Supplementary Fig. 10b). Importantly,
translocation between Pcsk9 locus and Ramp2 locus (OT-1) was
validated by junction primers and sanger sequencing (Supple-
mentary Fig. 10c, d). At the Pcsk9 locus more than 95% of the
editing observed at the target site consists of small indels (<50 bp,
Fig. 4c). We also observed 3.3% of the edited alleles contain large
deletions (>50bp) (Fig. 4c, d) and some large deletions harbor
short homologous sequences at the deletion junction®” (Fig. 4e).
Using UDiTaS, we were able to identify large deletions and
translocations at the other two target sites (Actb & Fah) char-
acterized in this study (Fig. 4f). UDiTaS analysis at the Actb locus
reveals the presence of translocations between the target locus
and three different off-target sites (Supplementary Fig. 10e). The
high translocation frequency at the sgActb target site is likely due
to OT sites with the same sequence as the target site (Supple-
mentary Fig. 7b). Together, these data suggest that UDiTaS
enables the detection of nuclease-driven low frequency large-scale
genomic alterations that occur in vivo.

Genome-wide off-target analysis in mouse lung with SpyCas9-
mSA RNP. Efficient genome editing in the lung would provide an
opportunity to target the genetic causes of a number of disorders.
McCray and colleagues have demonstrated the feasibility of
editing the lung airway epithelia through intratracheal delivery of
Cas9 or Casl2a RNPs with a shuttle peptide®®. We examined the
feasibility of RNP-based editing through intratracheal delivery
when formulated with poly-L-glutamic acid (PGA), which can
increase the efficiency of co-delivery of Cas9 RNPs and an HDR
donor to primary cells via electroporation®. We delivered
enAsCasl2a protein plus a crRNA targeting the LoxP sequence
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Fig. 3 Comparisons of off-target sites discovered by GUIDE-tag, VIVO, and Discover-seq at Pcsk9 locus. a Comparison of off-target site detection for a
promiscuous sgRNA targeting Pcsk9 (Pcsk9-gP or sgPcsk9) by GUIDE-tag, VIVO, and Discover-seq. For GUIDE-tag analysis genomic DNA was isolated
from the liver of mice injected with plasmid expressing sgPcsk9-SpyCas9-mSA* plus iGUIDE or biotin-iGUIDE donors (n = 3). UMI numbers recovered for
each site are shown (Average of three mice). Mismatches relative to the on-target site are shown with colored boxes. Indel frequencies determined by
targeted amplicon sequencing from the liver of three mice are presented as a heat map (1,2,3 are three mice) and average indel% (right). Forty of 52 tested
GUIDE-tag discovered off-target sites show statistically significant indels (p < 0.05) (ranked by average indel%). N.V, not verified, identified by CIRCLE-seq
but not chosen for validation in the VIVO study. Dash, off-target site not identified by VIVO or DISCOVER-seq. b Venn diagram of the overlap of validated
off-target cleavage sites discovered by GUIDE-tag (40 validated loci), VIVO (19 validated loci), and DISCOVER-seq (26 loci) for sgPcsk9. Note only a
subset of potential off-target sites were tested in each study. ¢ Scatter plots of average indel frequency (x-axis, targeted amplicon deep sequencing) and
average UMI% (y-axis, n =3 mice) for verified sgPcsk9 off-target sites identified by GUIDE-tag. Dashed lines represent the linear regression fit
(Spearman'’s correlation calculated). The p-value for Pearson’s correlation coefficient was determined by the two-tailed t-distribution table. Source data are
provided as a Source Data file.
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Fig. 4 Analysis of in vivo translocations and large deletions by UDiTaS. a Circos plots of statistically significant translocations identified by UDiTaS at
Pcsk9 locus. Translocations are shown as arcs between the Pcsk9 site and the chromosome position of each off-target site. b Examples of ligation junctions
of translocations between the Pcsk9 site on chromosome 4 and the OT1 off-target site on chromosome 11. Reference (Ref) sequence is the predicted
junction of the translocation for a precise ligation between the anticipated cleavage positions for the on-target and off-target site. The sequences below
show representative small deletions for different translocation junctions that were observed. L and R denote left and right chromosome arms. ¢ Fraction of
edits that are small indels (<50 bp), large deletions (>50 bp) and translocations at Pcsk9 site by UDiTaS. Numbers are average of 3 mice. d Length
distribution of large deletions (>50 bp) at Pcsk9 site. Values are mean + SD (n = 3 mice). e Examples of large deletions at Pcsk9 site. Short homology arms
present at the deletion junction are labeled magenta and blue, where the segment in the dotted red box is lost (including one of the homology arms) likely
due to MMEJ-based repair. f Summary table of translocations and large deletion frequency detected by UDiTaS among all edited (non-wild type)
sequences at three target sites. Vector insertion indicates the presence of plasmid sequence at the target site. n.s., not significant. Source data are provided
as a Source Data file.

formulated in PGA intratracheally in LSL-Tomato (Ai9) reporter  containing sgActin (UTR) and IRES-GFP donor resulted in

mice® to excise the stop cassette. Three days after 3 sequential
deliveries of Casl2a RNP, IHC staining showed 10.0 +1.0%
Tomato™ cells in the large airway surface of the lung (Supple-
mentary Fig. 11).

To demonstrate the feasibility of targeted DNA insertion by
SpyCas9 RNP within the lung, we purified SpyCas9-mSA*
protein. Transfection of N2A cells with SpyCas9-mSA* RNP

increased insertion rate for a biotin-dsDNA donor compared to
unmodified dsDNA donor (Fig. 5a). Consistent with the
increased DNA insertion rate, native electrophoretic mobility
shift assays (EMSA) demonstrate an association between
biotinylated-donor DNA and SpyCas9-mSA* protein (Supple-
mentary Fig. 12a). To demonstrate that tethering the donor
template to Cas9 through mSA is an important element for the
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Fig. 5 SpyCas9-mSA RNP delivery enables off-target editing discovery in the lung. a Delivery of RNP and donor DNA in vitro. Mouse N2A cells were
transfected by Lipofectamine CRISPRmax with SpyCas9-mSA* sgActin (UTR) RNP and IRES-GFP donor (dsDNA or biotin-dsDNA). Flow cytometry
analysis for GFPT cells was performed 4 days after transfection. Results from three independent experiments are presented as mean £ SEM. ***P < 0.001
by one-way ANOVA with Tukey's multiple comparisons test. b For GUIDE-tag analysis in lung, Ai9 mice were injected intratracheally with polymer-
stabilized sgAi9-SpyCas9-mSA* RNP, sgPcsk9 SpyCas9-mSA* RNP plus biotin-iGUIDE donor (n=2). GUIDE-tag libraries were prepared with gDNA
isolated from sorted tdTomato™ lung cells. ¢ List of validated OT sites in the lung. Average UMI numbers and average indel frequencies determined by
targeted amplicon sequencing of sorted Tomato+ cells are shown (ranked by indel%, n =2 mice). Mismatches relative to the on-target site are shown
with colored boxes. d Venn diagram comparing potential OT sites discovered in the lung and liver by GUIDE-tag. e Scatter plots of average indel frequency
and average UMI% for validated sgPcsk9 off-target sites in the lung. Dashed lines represent the linear regression fit (Spearman’s correlation calculated).
The p-value for Pearson’s correlation coefficient was determined by the two-tailed t-distribution table. Source data are provided as a Source Data file.

increased insertion efficiency, we co-transfected plasmids with
separate expression cassettes for NLS-mSA and SpyCas9 or the
fused system with biotin-IRES-GFP donor into N2A cells. The
highest rate of GFP™ cells were observed when the SpyCas9-mSA
fusion was used (Supplementary Fig. 12b). These data suggest
that simple nuclear localization of the DNA donor is not the only
important feature that is afforded by the Cas9-mSA system.
Having established the functionality of the SpyCas9-mSA*
RNP for DNA insertion in vitro, we co-delivered SpyCas9-mSA*
+sgPcsk9 RNP with bio-iGUIDE donor intratracheally in Ai9
reporter mice three times over a four day span. We also included
SpyCas9-mSA*+ Ai9 sgRNA®! RNP in the delivery under the

assumption that Ai9 edited Tomato positive cells would also have
successful delivery of the Pcsk9 targeting complex, which would
allow enrichment of the edited population (Fig. 5b and
Supplementary Fig. 12c). We employed the GUIDE-tag protocol
on genomic DNA from sorted Tomato positive cells to assess
editing at the target site and throughout the genome. This
analysis confirmed the incorporation of the iGUIDE donor at the
Pcsk9 target site (Fig. 5¢ and Supplementary Figs. 13, 14). With
gDNA from sorted cells, we identified 169 potential off-target
sites in the lung (Fig. 5d and Supplementary Data 8). All of the
potential off-target sites recovered in the lung overlap with off-
target sites that were identified from editing in the liver (Fig. 5d).
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We chose 18 off-target sites for amplicon deep sequencing and
validated editing at the tested sites (indel rates range from 1.9 to
11.4%) (Fig. 5¢ and Supplementary Data 8). Notably, there is a
positive linear correlation (R = 0.9) between the fraction of UMIs
observed at each of the off-target sites and the observed indel rate
(Fig. 5e).

Examining alternate forms of biotinylated donors for GUIDE-
tag analysis. We observed a modest increase in the tag integration
rate when employing synthetic biotinylated GUIDE-seq donor
relative to the unbiotinylated donor in mice (Supplementary
Fig. 9e). This is in contrast to the >3-fold improved integration
rate observed for the PCR-generated biotinylated IRES-GFP
donor relative to the unbiotinylated donor in mice (Fig. 1c). To
analyze integration rates for different types of synthetic biotiny-
lated donors (dsODN), we employed Hepal-6 cells, where we
tested integration rates of Guide-seq donors with different types
and number of tethered biotins (Supplementary Fig. 15a). We
first performed a dose response for editing with 3xNLS-SpCas992
RNP with or with the mSA fusion targeting the PCSK9 locus to
define subsaturating editing conditions (Supplementary Fig. 15b).
Similarly, we titrated the concentration of an internally biotiny-
lated Guide-seq donor to define subsaturation conditions to
measure Cas9-mediated dsODN insertion rates for comparison of
different donors (Supplementary Fig. 15c). Unlike our in vivo
analysis, Guide-seq donors with two 5’ terminal Biotins (GS1-5'
Bio + GS2-5'Bio) under sub-saturating editing conditions dis-
played lower insertion rates than 5’ phosphorated donors
(GS1 + GS2) (Supplementary Fig. 15d-f). By contrast, Guide-seq
donors with internal biotin (Biotin dT, IDT) displayed higher
insertion rates with SpyCas9 RNP under subsaturating conditions
(2pmol RNP and 5pmol dsODN) and further improvement when
delivered with SpyCas9-mSA RNP (Supplementary Fig. 15d-f).
These data suggest that Guide-seq donors with an internal Biotin
may provide an improved donor for GUIDE-tag in vitro in some
contexts, and they should be compatible with the RNP delivery
method for in vivo off-target editing analysis.

Discussion

Our DSB tagging methodology leverages the previously described
SpyCas9-mSA system that can increase the efficacy of HDR in
mouse embryos via tethering a biotinylated donor DNA34, We
have extended this system to adult animals, where we employed
the SpyCas9-mSA-biotin DNA tethering system to insert large
linear dsDNA donors (>1 kb) containing a reporter gene or res-
cue cassette in the mouse liver. We demonstrated proof-of-
concept for in vivo rescue of the disease phenotype of HT-I mice
by inserting a donor dsDNA in the 1st intron of Fah (Fig. 1).
Although the correct forward insertion rate is low (3-6%) due to
the modest efficiency of hepatocytes editing by HTVI, the
insertion rate is comparable with our previous study* using
nanoparticle delivery of Cas9 mRNA and AAV delivery of HDR
donor (~6% corrected hepatocytes) and is substantially higher
than an MME]-based integration approach (~0.2%) also utilizing
HTVIPL. None of the 9 identified sgFah OT sites occur within
known cancer genes or DNA repair genes (Supplementary
Fig. 5e), and we did not observe any liver tumors or genetic
evidence of genome instability (based on WES) after two months
proliferation under selective pressure. The functional con-
sequence of off-target editing events in vivo warrants further
investigation as therapeutic translation of editing approaches are
envisioned for specific disorders, but our chosen target sites were
not optimized for the minimization of off-target events, and
we are not employing high fidelity versions of SpyCas9 that can
attenuate undesired editing events!3. Future work can also

evaluate the efficacy and safety of alternate Cas9-DNA tethering
systems for NHEJ-mediated dsDNA insertion efficiency, as well
as the delivery of dsDNA larger than 4.8 kb (AAV capacity®?) in
cells and mouse models, as a potential therapeutic approach for
gene repair.

The increased insertion rate of large linear dsDNA donors at
Cas9 DSBs in vivo by the SpyCas9-mSA tethering system spurred
the development of the in vivo GUIDE-tag platform for identi-
fying off-target sites. Current strategies for the in vivo assessment
of nuclease activity have been indirect (e.g., VIVO?8) or involve
more cumbersome approaches for off-target identification (DIS-
COVER-seq?¢ or ITR-seq®*). We demonstrated the feasibility of
the identification of Cas9 off-target sites by GUIDE-tag when
delivering components through HTVI. GUIDE-tag was able to
detect genuine nuclease off-target sites with an indel frequency as
low as 0.2%, which is approaching the typical limit of detection
(0.1%) by NGS. In direct comparisons at the Pcsk9 locus with
VIVO and DISCOVER-Seq, GUIDE-tag successfully captured 16
of 19 validated off-target sites by VIVO, and 24 of 26 validated
off-targets by DISCOVER-Seq. In addition, GUIDE-tag identified
a small number of sites that were not captured by the other two
methods. These data suggest that GUIDE-tag provides a sensitive,
genome-wide method for identifying potential off-target sites
in vivo. Tn5 tagmentation of the treated genome allows the same
input genomic DNA to be used for UDiTaS$ analysis to identify
large deletions and translocations at nuclease target sites. The
ability to identify translocations anchored at the target site pro-
vides independent validation of potential off-target sequences
beyond the traditional amplicon deep sequencing analysis®.

While the SpyCas9-mSA system provided a substantial
increase in integration rates (4.3 fold) for large biotinylated
donors (GFP cassettes) relative to 5’ large phosphorylated donors,
the integration rate for short synthetic duplex oligos delivered by
HTVI was only modestly improved by biotin-mediated tethering.
One notable difference between these donor types is that the
GUIDE-seq donor contains phosphorothioates on the 5 and 3’
ends of the duplex, whereas the PCR-generated IRES-GFP donor
lacks these modifications. 5 modifications can interfere with
NHE]J-mediated DNA donor insertion into the genome37-3%, and
the presence of phosphorothioates at the ends of the DNA may
impede the removal of the 5 biotin from the synthetic donors
and thereby reduce insertion rates. Indeed, shifting the biotin
from a 5 terminal position to an internal position within the
donor significantly enhanced insertion efficiency for both Spy-
Cas9 RNP and SpyCas9-mSA RNP in cell culture, suggesting that
dsODN with internal biotin may represent an improved mod-
ification for GUIDE-tag by leaving the 5-ends of the donor
accessible for NHE]J-mediated insertion. Under HTVI conditions,
an additional difference between long and short donors in vivo is
the molar amount of donor that is delivered: ~250-fold more
short synthetic duplex is delivered than the large GFP cassettes on
a molar basis, and consequently capture of a short synthetic
duplex at the DBS site may be less dependent on Cas9 tethering.
Thus, when duplex DNA can be efficiently delivered to cells in a
target tissue in vivo or in cell culture, the SpyCas9-mSA system is
unlikely to provide an appreciable advantage over standard
SpyCas9 systems for tagging DSBs. In some instances, the amount
of Cas9 RNP and donor DNA delivered in vivo may be limiting
and subject to dilution by diffusion. Under these circumstances,
the association of the Cas9-mSA and biotin-donor could be
advantageous for labeling DSBs.

Intratracheal delivery of polymer-stabilized SpyCas9-mSA
ribonucleoprotein complexes and biotin-dsDNA donor demon-
strated a proof of concept for off-target analysis in vivo using an
approach with potential therapeutic application. While enrich-
ment of edited cells via fluorescent cell sorting was required for
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the assessment of off-target editing rates in the lung, it demon-
strates the feasibility of this approach. We anticipate adapting this
DSB tagging system to other DNA delivery methods such as
nanoparticle or naked dsDNA-bearing chemical conjugates to
facilitate tissue-selective uptake®. These donors could be used in
conjunction with Cas9 nuclease delivered through a therapeutic
compatible modality (AAV, nanoparticle, RNP) in additional
tissue types. This envisioned next-generation GUIDE-tag system
would permit the evaluation of in vivo editing in the context of a
therapeutically relevant disease mouse model. While this system
would not provide information on the specificity of editing in the
context of the human genome, it would provide data on differ-
ences in off-target editing rates in the context of relevant cell
types or organ systems that will have differences in actively
transcribed genes, chromatin accessibility and differentiation
state, which are difficult to mimic in cell culture. In principle,
such a system could be translated to non-human primates, other
representative large animal models, or mouse xenograft of human
tissue®® to provide additional insights into the safety of ther-
apeutic genome editing in humans.

Methods

Generation of plasmid. pX330 SpyCas9-mSA was a gift from Janet Rossant
(Addgene plasmid # 113096). sgRNAs targeting Actb gene, Fah gene, or Pcsk9 gene
(gP from VIVO) were cloned into plasmid pX330 SpyCas9-mSA®7. pET-45b(+)-
Tn5 was a gift from Frank Pugh (Addgene plasmid # 112112) Sequences of all
sgRNAs are listed in Supplementary Table 1. The modified SpyCas9-mSA* con-
struct was generated through Gibson assembly, by combining the following four
DNA fragments: (i) PCR amplified 3xc-Myc NLS fragment, (ii) PCR-amplified
mammalian codon-optimized Cas9 cassette, (iii) a DNA gblock (linker-mSA-
2xNLS), and (iv) Agel/EcoRI-digested pX330 SpyCas9-mSA backbone. The Sau-
Cas9-mSA* construct was generated through Gibson assembly, by combining the
following two DNA fragments: (i) a DNA gblock (linker-mSA-2xNLS), and (ii)
EcoRI-digested customized pmax SauCas9 expression vector. The enAsCas12a-
mSA* construct was generated through Gibson assembly, by combining the fol-
lowing two DNA fragments: (i) a DNA gblock (linker-mSA-2xNLS), and (ii)
EcoRI-digested customized pmax enAsCasl2a expression vector.

Donors for GUIDE-tag. To generate IRES-GFP donors for Actb gene, a vector
(Addgene plasmid # 83575) containing IRES-GFP was used as a template for PCR
amplification using Phusion master mix (ThermoFisher Scientific) with either
biotinylated primers or standard primers (Supplementary Table 3). To generate
exon 2-14 donors for the Fah gene, a gene block (IDT) containing a 3’ splice
acceptor and Fah cDNA of exon 2-14 was used as a donor for PCR amplification
with either biotinylated primers or standard primers (Supplementary Table 3).
iGUIDE donor>3 was prepared by annealing the following two oligos:
5'-P-G*C*TCGCGTTTAATTGAGTTGTCATATGTTAATAACGGTATACG
C*G*A and 5'-P-T*C*GCGTATACCGTTATTAACATATGACAACTCAAT
TAAACGCGA*G*C.
GUIDE-seq donor* was prepared by annealing the following two oligos:
5'-P-G*T*TTAATTGAGTTGTCATATGTTAATAACGGT*A*T and
5/-P-A*T*ACCGTTATTAACATATGACAACTCAATTAA*A*C.
Biotin-iGUIDE donor was prepared by annealing:
5'-biotin-G*C*TCGCGTTTAATTGAGTTGTCATATGTTAATAACGGTAT
ACGC*G*A and 5'-biotin-T*C*GCGTATACCGTTATTAACATATGACAA
CTCAATTAAACGCGA*G*C.
Different Biotin-GUIDE donor combinations were prepared by annealing the
following oligos:
GS1: 5'-P-G*T*TTAATTGAGTTGTCATATGTTAATAACGGT*A*T,
GS2: 5'-P-A*T*ACCGTTATTAACATATGACAACTCAATTAA*A*C,
GS1-5'Bio: 5'-biotin-G*T*TTAATTGAGTTGTCATATGTTAATAACGGT*
A*T, GS2-5'Bio: 5'-biotin-A*T*ACCGTTATTAACATATGACAACTCAAT
TAA*A*C, GS1-IntBio: 5'-P-G*T*TTAATTGAGTTGTCAT(biotin) ATGTT
AATAACGGT*A*T and GS2-IntBio: 5'-P-A*T*ACCGTTATTAACATAT
(biotin) GACAACTCAATTAA*A*C P is 5’ phosphorylation and * indicates
phosphorothioate bond.

Cell culture and transfection. Neuro 2A (N2A) cells were purchased from ATCC,
and cells were maintained in Dulbecco’s Modified Eagle’s Medium supplemented
with 10% FBS at 37° and 5% CO,.

For transfection-based editing experiments in N2A cells, cells were plated
30,000 cells per well in a 12-well plate. 24 h later, the cells were co-transfected with
the indicated dose of SpyCas9-mSA plasmid, and biotinylated dsDNA donors.
Lipofectamine 3000 (for plasmids) or CRISPRmax (for RNP) was used for the
transfection according to the manufacturer’s instructions. FACS analysis was

performed 4 days after transfection, and genomic DNA was isolated for PCR
analysis.

For editing experiments in Hep1-6 cells, 25k Hepal-6 cells were electroporated
with 2 pmol of 3xNLS-SpyCas9 sgPcsk9 RNP or 3xNLS-SpyCas9-mSA sgPcsk9
RNP (sgRNA from IDT) and 5pmol of each different GUIDE-seq donor duplex
DNA (except in the case of the RNA and donor titration experiments, where the
dose range delivered is indicated in the figure legend). gDNA were isolated 3 days
after transfection from each group and the insertion and indel percentages were
measured by deep sequencing PCR amplicons spanning the Pcsk9 target site.

Animal studies. All animal experiments were authorized by the Institutional
Animal Care and Use Committee (IACUC) at UMASS medical school. All DNA
vectors were prepared by EndoFreeMaxi kit (Qiagen).

For in vivo Actb gene editing, FVB/NJ (Strain #001800) mice were purchased
from Jackson Laboratories. Eight-week-old mice were injected with 2-2.5 ml 0.9%
saline containing 20 pg sgActb-SpyCas9-mSA or sgActb-SpyCas9-mSA* and 4 pg
of dsDNA donor or biotinylated dsDNA donor (IRES-GFP) into the tail vein
in 5-7s.

For in vivo Fah gene editing, Fah—/~ (deltaExon5) mice were a gift from Dr.
Markus Grompe (Oregon Health Science University) and were kept on 10 mg/L
NTBC water. Eight-week-old mice were injected with 2-2.5 ml 0.9% saline
containing 20 pg sgFah-SpyCas9-mSA and 4 pug of dsDNA donor or biotinylated
dsDNA donor (Fah exon 2-14). NTBC water was removed 7 days post injection
(defined as NTBC on, DO) to assess the functional correction of Fah. Two cycles of
NTBC withdrawal (D0, D19, and D26) and reintroduction (D17 and D22) were
performed to allow expansion of FAHT hepatocytes.

For in vivo Pcsk9 gene editing, C57BL/6] (Strain #000664) mice were purchased
from Jackson Laboratories. 15 Eight-week-old mice were randomally allocated into
five groups. Mice were injected with 2-2.5ml 0.9% saline containing (i) 1nmol of
iGUIDE donor, or (ii) 1nmol of biotinylated iGUIDE donor, or (iii) 30 pg sgPcsk9
gP-SpyCas9-mSA*, or (vi) 30 pg sgPcsk9 gP-SpyCas9-mSA* and 1nmol of
iGUIDE donor, or (v) 30 pg sgPcsk9 gP-SpyCas9-mSA* and 1nmol of biotinylated
iGUIDE donor.

Animals were sacrificed at the end of each experiment (7 days for the Actb and
Pcsk9 editing). Livers were fixed with formalin or stored at —80 °C until further
analyses. No animals were excluded from the analyses. No sample size calculation
was performed and each group consisted of at least three mice for statistical
analysis.

Lung RNP delivery. Alt-R sgRNA (sgPcks9 and sgAi9) or Alt-R crRNA were
chemically synthesized by Integrated DNA Technologies (IDT), resuspended in
IDT duplex buffer at a concentration of 100 uM, and stored in aliquots at —80 °C
(Supplementary Table 1). Ai9 mice were purchased from Jackson Laboratories
(strain #007909). Fresh SpyCas9-mSA™* RNPs or enAsCas12a RNPs were generated
as previously described®®. For each mouse, 4.5 nmol sgRNA was first mixed 1:0.8 v/
v with 15-50 kDa PGA (100 mg/ml, Sigma-Aldrich) prior to complexing with

3 nmol Cas9-mSA* or Casl2a proteins for a final volume ratio of sgRNA:PGA:-
Cas9 of 1:0.8:1. For donor co-delivery, 1nmol bio-iGUIDE donor was mixed with
RNPs (after 10 min) to form complexes. The RNP complexes were then delivered
to mouse lung through intratracheal injection. tdTomato positive cells were sorted
from dissociated mouse lung as previously described®®. gDNA was isolated from
~200,000 sorted cells from each treated mouse and GUIDE-tag libraries were
prepared as below.

Whole exome sequencing (WES) and variant calling. The livers of 3 control
mice that received biotin-Fah-dsDNA by HTLV and 3 mice received with sgFah-
SpyCas9-mSA and biotin-Fah-dsDNA by HTLV were analyzed to determine the
rate of genome-wide variants after hepatocyte expansion (at D34). 1.5ug of gDNA
per mouse was used for library preparation and an average of 120 Gb of deep
sequencing data (~1000x) was generated per mouse (GENEWIZ). The original
downstream analysis procedure has been described previously®. In brief, raw reads
were processed with fastqc (Version 0.11.9) and trim_galore (Version 0.6.5)
(https://www.bioinformatics.babraham.ac.uk/projects/) to remove reads with low
quality and trim adapters. Then processed reads were mapped to Mouse GRCm38/
mm10 with BWA-mem (v0.7.15)7°, Picard (v1.119) (https://github.com/
broadinstitute/picard) was used to mark duplicated reads. Genome Analysis
Toolkit (GATK; version 4.1.6.0)70 was used for variant calling of low-frequency
SNVs and INDELS with default parameters. Final SNVs in 3 treatment mice were
extracted and filtered by 3 control mice.

Electrophoretic mobility shift assays (EMSA). An iGUIDE sense oligonucleotide
with 5’biotin and 3/Cy3 terminal modifications was purchased from IDT. To make
biotin-iGUIDE-Cy3 donor duplex, 5'-biotin and 3’-Cy3 labeled iGUIDE sense
oligonucleotide and anti-sense 5'-biotin iGUIDE oligonucelotide were mixed

1:1 mol/mol ratio and annealed. Ten pmol SpyCas9-mSA* (or SpyCas9 lacking
mSA) in 7.5 uL was mixed at an equal molor ratio with 7.5 uL of sgRNA and
incubated at room temperature for 10 min. Next, the 15 pL of Cas9-mSA* RNP
was incubated with biotin-iGUIDE-Cy3 donor or a control Cy3-labeled duplex
DNA lacking biotin at a 5:1 molor ratio unless otherwise indcated in a total volume
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of 30 uL of EMSA buffer [50 mM Tris-HCI, pH 7.0, 20 mM KCl, 1 mM MgCl,,
0.1% NP-40, 0.1% Tween20, 6% glycerol and 5 mM tris(2-carboxyethyl) phosphine
(TCEP)]. Samples were analyzed by electrophoresis on a 4% native PAGE and
DNA visualized by Cy3 fluorescence.

Protein purification. Protein purification followed a previously described proto-
cols for Cas9-based proteins®? and Casl2a-based proteins’!. Tn5 purification
utilized a modified protocol’? that includes the addition of PEI and (NH,),SO,
precipitations. pET-45b(+)-Tn5 (for Tn5 protein, a gift from Frank Pugh -
Addgene plasmid # 112112) or pET-21a-SpyCas9-mSA* (for Cas9-mSA* protein)
or pET-21a-3xNLS-SpyCas9-mSA (for 3xNLS-SpyCas9-mSA protein) or pET-21a-
3xNLS-SpCas9 (Plasmid #114365) or pET-21a-enAsCas12a (for enAsCasl2a
protein) were introduced into E. coli Rosetta2(DE3)pLysS cells (EMD Millipore)
for protein overexpression. Cells were grown at 37 °C to an OD600 of ~0.2, then
shifted to 18 °C and, at OD600 of ~0.4, induced for 16 h with IPTG (0.7 mM final
concentration). Following induction, cells were pelleted by centrifugation and then
resuspended with Nickel-NTA buffer (20 mM TRIS + 1 M NaCl + 20 mM imi-
dazole + 1 mM TCEP, pH 7.5) supplemented with HALT Protease Inhibitor
Cocktail, EDTA-Free (100X) [ThermoFisher] and lysed with LM-20 Microfluidizer
(Microfluidics) following the manufacturer’s instructions. For Tn5 purification
prior to Ni-NTA purification, the nucleic acids were removed by precipitation with
0.25% w/v PEI and centrifuged @10,000 x g for 10 min. The PEI was removed by
precipitating the protein with 70% (NH,),SO, at 4 °C and centrifuged @12,000 x g
for 15 min. The protein pellet was resuspended in Nickel-NTA buffer and purified
with Ni-NTA resin and eluted with elution buffer (20 mM TRIS, 500 mM NaCl,
250 mM Imidazole, 10% w/v glycerol, pH 7.5). Tn5 protein was dialyzed overnight
at 4 °C in 20 mM HEPES, 500 mM NaCl, 1 mM EDTA, 10% w/v (8% v/v) glycerol,
pH 7.5. Subsequently, Tn5 protein was step dialyzed from 500 mM NaCl to

200 mM NacCl (Final dialysis buffer: 20 mM HEPES, 200 mM NaCl, 1 mM EDTA,
10% w/v glycerol, pH 7.5). Next, the Tn5 protein was purified by cation exchange
chromatography (Column = 5 ml HiTrap-S, Buffer A =20 mM HEPES pH

7.5+ 1 mM TCEP, Buffer B =20 mM HEPES pH 7.5+ 1 M NaCl + 1 mM TCEP,
Flow rate = 5 ml/min, CV = column volume = 5 ml). The primary protein peak
from the CEC was dialyzed to 2xTn5 buffer (100 mM HEPES-KOH at pH 7.2,
0.2M NaCl, 0.2 mM EDTA, 2 mM DTT, 0.2% Triton X-100, 20% glycerol) and
concentrated in an Ultra-15 Centrifugal Filters Ultracel —30K (Amicon) to a
concentration of 63.5 uM. Finally, 0.827 volumes of 100% glycerol was added for a
final concentration of 55% glycerol and then the Tn5 is stored at —20 °C until
needed for transposome assembly.

Synthesis of oligonucleotides. Biotinylated oligonucleotides generated in house
were synthesized at 1 umole scale on a Biolytic Dr. Oligo 48 synthesizer. Standard
phosphoramidites were purchased from ChemGenes. 5’ biotin (10-5950) and
internal biotin (Biotin dT; 10-1038) phosphoramidites were purchased from Glen
Research. Oxidation to phosphodiester linkages was accomplished with 0.05 M
Todine in 90% pyridine/10% water. Sulfurization to phosphorothioate linkages was
accomplished with 0.1 M DDTT solution (ChemGenes). Oligonucleotides were
deprotected with 30% NHj; in water (16 h at 55 °C), and then the ammonia was
removed under vacuum. The oligonucleotides were then desalted (3x RNase-free
water wash, 14 Krpm, 15 min) using Amicon Ultra 0.5 mL 3 K filters (Millipore,
Billerica, MA), and resuspended in 400 uL RNase-free water. Oligonucleotides were
analyzed on an Agilent 6530 Q-TOF LC/MS system with electrospray ionization
and time-of-flight ion separation in negative ionization mode. Liquid chromato-
graphy was performed using a 2.1 x 50 mm AdvanceBio oligonucleotide column
(Agilent Technologies, Santa Clara, CA). The data were analyzed using Agilent
Mass Hunter software. Buffer A: 100 mM hexafluoroisopropanol with 9 mM trie-
thylamine in water; Buffer B: 100 mM hexafluoroisopropanol with 9 mM tri-
methylamine in methanol. Samples were resolved over an elution gradient from 0
to 100% Buffer B over 5 min.

Tn5 tagmentation and library preparation for GUIDE-tag and UDiTaS. 25 mg
of frozen liver tissue was lysed to isolate ~25 ug genomic DNA using DNeasy blood
& tissue kits (Qiagen). Adaptor oligonucleotides were synthesized by IDT (Sup-
plementary Table 3). Transposon assembly was done by incubating 158ug Tn5
with 1.4 nmol annealed oligo (contains the full-length Illumina forward (i5)
adapter, a sample barcode, and UMI)4? at room temperature for 60 min.

For tagmentation, 200 ng of genomic DNA was incubated with 2 pl of assembled
transposome at 55° for 7 min, and the product was cleaned up (20 pl) with a Zymo
column (Zymo Research, #D4013). Tagmented DNA was used for the 1st PCR using
PlatinumTM SuperFi DNA polymerase (Thermo) with i5 primer and gene-specific
primers (Supplementary Table 3). Four different libraries were prepared for gDNA
from each mouse with different combinations of primers (i5+Locus_F [UDiTa$],
i5+Locus_R [UDiTaS$], i5+Insert_F [GUIDE-tag] and i5+Insert_R [GUIDE-tag]).
The i7 index was added in the 2nd PCR and the PCR product was cleaned up with
Ampure XP SPRI beads (Agencourt, 0.9X reaction volume). Completed libraries were
quantified by Tapestation and Qubit (Agilent), pooled with equal mole, and
sequenced with 150 bp paired-end reads on an Illumina MiniSeq instrument.

GUIDE-tag and UDiTaS data analysis. The GUIDE-tag and UDiTa$ analysis
pipeline was built using python code. Code is available at https://github.com/
locusliu/GUIDESeq-Preprocess_from_Demultiplexing_to_Analysis and as we
previously reported’2. Briefly, it consists of the following steps:

i. Demultiplexing and UMI extraction. Raw BCL files were converted and
demultiplexed using the appropriate i5 and i7 sequencing barcodes, allowing
up to one mismatch in each barcode. UMIs for each read were extracted into
UMl fastq files after filtering out the UMIs containing ‘N’ for further
downstream analysis.

ii. Raw reads were processed with fastqc (Version 0.11.9) and trim_galore
(Version 0.6.5) (https://www.bioinformatics.babraham.ac.uk/projects/) to
remove reads with low quality and trim adapters (regular Illumina adapter
sequences), inserted tag (GUIDE-seq, iGUIDE) sequences, locus-specific
sequences in UDiTaS (gene-specific primers) or IRES-GFP and FAH repair
cassette for GUIDE-tag.

iii. For UDiTaS create a reference sequence based on the UDiTaS$ locus-specific
primer position and donor map separately. Build index files for the reference
using bowtie2-index, version 2.4.0.

iv. Alignment analysis. Paired reads were then globally aligned (end-to-end
mode) to mouse genome (mm1l0) and all the reference amplicons using
bowtie2’s very sensitive parameter. Finally, Samtools (version 0.1.19) was
used to create an index-sorted bam file.

v. Data anlaysis:

a. For UDiTasS analysis at each target site, locus-specific primers were used
to construct UDiTaS$ libraries, precise editing or small indels were
analyzed as previously described”>. Pindel (version 0.2.5b8) was used to
detect breakpoints of large deletions and donor integration. Raw
sequencing reads that align to the reference sequence were collapsed
to a single read by common UMI and categorized as an exemplar for
each UMI to a specific category—for example, Wild Type, precise
editing, small indel/substitution (<50 bp), and Large Deletions/Insertions
(>50bp). Then the number of UMIs assigned per category was
determined to define the ratio of each event.

b. For GUIDE-Tag, iGUIDE-Tag or long donor-based (IRES-GFP and
FAH repair cassette) analysis for off-targets identification the analysis
pipeline that was used is dependent on the sequence of the DNA donor
that was used. For synthetic duplex donors containing the iGUIDE
sequence, the data was preprocessed using iGUIDE package®? to remove
mispriming events (https://github.com/cnobles/iGUIDE) before running
through the Bioconductor GUIDE-seq analysis pipeline as previously
described’47>. After these preprocessing steps all data were analyzed for
off-target site identification through the Bioconductor GUIDE-seq
analysis pipeline. Briefly, for GUIDE-seq analysis processed paired
reads were merged (if they overlap) and then globally aligned to the
mouse genome (mml10) using bowtie2. Then BAM files and UMI files
were used to aggregate unique reads. Default parameters were used for
defining peaks composed of unique reads that may represent off-target
sites. Potential off-target site identification within these peaks required
the presence of a near-cognate recognition sequence for Cas9 with these
parameters: the maximum number of allowed mismatches is 6 positions
with one DNA/RNA bulge permitted and the presence of an NNG or
NGN PAM is required. The peaks that represent potential off-targets
sites were extracted from the GUIDE-Tag R package output files, which
have the location information, then the header and UMI sequence for
each read were extracted from UMIfastq files. Subsequently, UMI
counts within peaks that represent potential off-targets sites were
counted, where a UMI is required to have at least three read counts to be
included to reduce UMI singletons associated with sequencing errors.

For computational prediction comparison, we used CRISPRseek®” to predict
potential off-targets sites for sgActb and sgFah sgRNAs, allowing up to three
mismatches.

Targeted amplicon deep sequencing to assess editing rates. Genomic DNA
was isolated for indel analysis from the frozen liver of mice injected with sgRNA
+SpyCas9-mSA. For the Actb and Fah sgRNA, we validated all off-target sites
identified by GUIDE-tag. For the Pcsk9 sgRNA, we seleted 52 off-target sites

(16 overlapping sites with VIVO, 24 overlapping sites with DISCOVER-seq,

17 sites identified by CIRCLE-seq but not validated by VIVO and 6 sites identified
by GUIDE-tag) for amplicon deep sequencing to verify the presence of indels.
200 ng of genomic DNA was used for PCR using Phusion master mix (Thermo)
with locus specific primers. All primers used for amplicon sequence are listed in
Supplementary Table 3. PCR products were purified with Ampure beads (0.9X
reaction volume) and eluted with 25 pl of TE buffer, and were quantified by
Tapestation and Qubit. Equal mole of each amplicon was pooled and sequenced
using Illumina Miniseq. Amplicon sequencing data were analyzed with CRIS-
PResso (https://crispresso.pinellolab.partners.org/).
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Immunohistochemistry and immunofluorescence. For immunohistochemical
studies, formalin-fixed, paraffin-embedded (FFPE) mouse liver samples were sec-
tioned at 4 um, deparaffinized, and subsequently stained with anti-GFP (1:200,
CST, Cat. #2956) or anti-Fah antibody (1:100, Abcam, Cat. #83770). Visualization
was performed using the DAB Quanto kit (Fisher Scientific, Cat. # TA-125-QHDX)
as instructed by the manufacturer.

For immunofluorescence, N2A cells grown on coverslides were fixed with 4%
paraformaldehyde for 15 min at room temperature (RT) and permeabilized with
0.1% Triton X-100/PBS at RT for 15 min. Cells were then incubated overnight at
4 °C with anti-streptavidin antibody (1:100, Vector, Cat. # BA-0500-.5) and 1h at
room temperature with Alexa Fluor 647 Donkey anti-goat IgG (Invitrogen, Cat.
#A32849). Nuclei were counterstained with DAPI. Images were acquired on a Leica
DMi8 imaging microscope.

Statistical analysis. Statistical analyses for plotted data were performed using
GraphPad Prism 8.4. Sample size was not pre-determined by statistical methods, but
rather, based on preliminary data. Group allocation was performed randomly. In all
studies, data represent biological replicates (1) and are depicted as mean + s.d. as
indicated in the figure legends. Comparison of mean values was conducted with
unpaired, two-tailed Student’s t-test; one-way ANOVA; or two-way ANOVA with
Tukey’s multiple comparisons test, as indicated in the figure legends. R (version 3.4.3), a
system for statistical computation and graphics, was used for the analysis of the sig-
nificance of Indel and translocation rates’°. Indel frequency and translocation rate were
first arcsine transformed to homogenize the variance. For the experiment with more
than two groups (Actin), Levene’s test indicates that the assumption of homogeneity of
variances was met for the on-target and all off-targets. Therefore, one-way analysis of
variance (ANOVA) with completely randomized design was performed followed by
pre-specified contrasts for the on-target and each off-target. For experiments with two
groups (Fah and Pcsk9), Welch two sample t-test was performed for the on-target and
each off-target. P values were adjusted using the Benjamini & Hochberg (BH) method
to correct for multiple inferences in each experiment’’. Correlation coefficient
(Spearman and Pearson) were analyzed using R (version 3.4.3). In all analyses, P values
< 0.05 were considered statistically significant.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

The next-generation sequencing data have been deposited in the NCBI Sequence Read
Archive database under the bioProject accession code PRINA726835. All other relevant
data are available from corresponding authors upon request. Source data are provided as
a Source Data file. Source data are provided with this paper.

Received: 19 December 2021; Accepted: 11 January 2022;
Published online: 21 January 2022

References

1. Fu, Y. et al. High-frequency off-target mutagenesis induced by CRISPR-Cas
nucleases in human cells. Nat. Biotechnol. 31, 822-826 (2013).

2. Hsu, P. D. et al. DNA targeting specificity of RNA-guided Cas9 nucleases. Nat.
Biotechnol. 31, 827-832 (2013).

3. Kosicki, M., Tomberg, K. & Bradley, A. Repair of double-strand breaks
induced by CRISPR-Cas9 leads to large deletions and complex
rearrangements. Nat. Biotechnol. 36, 765-771 (2018).

4. Tsai, S. Q. et al. GUIDE-seq enables genome-wide profiling of off-target
cleavage by CRISPR-Cas nucleases. Nat. Biotechnol. 33, 187-197 (2015).

5. Frock, R. L. et al. Genome-wide detection of DNA double-stranded breaks
induced by engineered nucleases. Nat. Biotechnol. 33, 179-186 (2015).

6. Schmid-Burgk, J. L. et al. Highly parallel profiling of Cas9 variant specificity.
Mol. Cell 78, 794-800.6798 (2020).

7.  Casini, A. et al. A highly specific SpCas9 variant is identified by in vivo
screening in yeast. Nat. Biotechnol. 36, 265-271 (2018).

8. Chen, J. S. et al. Enhanced proofreading governs CRISPR-Cas9 targeting
accuracy. Nature 550, 407-410 (2017).

9. Hu, J. H. et al. Evolved Cas9 variants with broad PAM compatibility and high
DNA specificity. Nature 556, 57-63 (2018).

10. Kleinstiver, B. P. et al. High-fidelity CRISPR-Cas9 nucleases with no
detectable genome-wide off-target effects. Nature 529, 490-495 (2016).

11. Lee, J. K. et al. Directed evolution of CRISPR-Cas9 to increase its specificity.
Nat. Commun. 9, 3048 (2018).

12. Slaymaker, I. M. et al. Rationally engineered Cas9 nucleases with improved
specificity. Science 351, 84-88 (2016).

13. Vakulskas, C. A. et al. A high-fidelity Cas9 mutant delivered as a
ribonucleoprotein complex enables efficient gene editing in human
hematopoietic stem and progenitor cells. Nat. Med. 24, 1216-1224 (2018).

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Kocak, D. D. et al. Increasing the specificity of CRISPR systems with
engineered RNA secondary structures. Nat. Biotechnol. 37, 657-666 (2019).
Fu, Y., Sander, J. D., Reyon, D., Cascio, V. M. & Joung, J. K. Improving
CRISPR-Cas nuclease specificity using truncated guide RNAs. Nat. Biotechnol.
32, 279-284 (2013).

Yin, H. et al. Partial DNA-guided Cas9 enables genome editing with reduced
off-target activity. Nat. Chem. Biol. 14, 311-316 (2018).

Rose, J. C. et al. Suppression of unwanted CRISPR-Cas9 editing by co-
administration of catalytically inactivating truncated guide RNAs. Nat.
Commun. 11, 2697 (2020).

Doench, J. G. et al. Optimized sgRNA design to maximize activity and minimize
off-target effects of CRISPR-Cas9. Nat. Biotechnol. 34, 184-191 (2016).

Lessard, S. et al. Human genetic variation alters CRISPR-Cas9 on- and off-
targeting specificity at therapeutically implicated loci. Proc. Natl Acad. Sci.
USA 114, E11257-e11266 (2017).

Kim, D., Luk, K., Wolfe, S. A. & Kim, J. S. Evaluating and enhancing target
specificity of gene-editing nucleases and deaminases. Annu. Rev. Biochem. 88,
191-220 (2019).

Lazzarotto, C. R. et al. CHANGE-seq reveals genetic and epigenetic effects on
CRISPR-Cas9 genome-wide activity. Nat. Biotechnol. 38, 1317-1327 (2020).
Tsai, S. Q. et al. CIRCLE-seq: A highly sensitive in vitro screen for genome-
wide CRISPR-Cas9 nuclease off-targets. Nat. Methods 14, 607-614 (2017).
Cameron, P. et al. Mapping the genomic landscape of CRISPR-Cas9 cleavage.
Nat. Methods 14, 600-606 (2017).

Kim, D. et al. Digenome-seq: Genome-wide profiling of CRISPR-Cas9 off-target
effects in human cells. Nat. Methods 12, 237-243 (2015). 231 p following 243.
Kim, D. & Kim, J. S. DIG-seq: A genome-wide CRISPR off-target profiling
method using chromatin DNA. Genome Res. 28, 1894-1900 (2018).
Wienert, B. et al. Unbiased detection of CRISPR off-targets in vivo using
DISCOVER-Seq. Science 364, 286-289 (2019).

Yan, W. X. et al. BLISS is a versatile and quantitative method for genome-wide
profiling of DNA double-strand breaks. Nat. Commun. 8, 15058 (2017).
Akcakaya, P. et al. In vivo CRISPR editing with no detectable genome-wide
off-target mutations. Nature 561, 416-419 (2018).

Shapiro, J. et al. Increasing CRISPR efficiency and measuring its specificity in
HSPCs using a clinically relevant system. Mol. Ther. Methods Clin. Dev. 17,
1097-1107 (2020).

Auer, T. O., Duroure, K., De Cian, A., Concordet, J. P. & Del Bene, F. Highly
efficient CRISPR/Cas9-mediated knock-in in zebrafish by homology-
independent DNA repair. Genome Res. 24, 142-153 (2014).

Suzuki, K. et al. In vivo genome editing via CRISPR/Cas9 mediated homology-
independent targeted integration. Nature 540, 144-149 (2016).

He, X. et al. Knock-in of large reporter genes in human cells via CRISPR/
Cas9-induced homology-dependent and independent DNA repair. Nucleic
Acids Res. 44, €85 (2016).

Zhang, J. P. et al. Curing hemophilia A by NHE]J-mediated ectopic F8
insertion in the mouse. Genome Biol. 20, 276 (2019).

Gu, B,, Posfai, E. & Rossant, J. Efficient generation of targeted large insertions
by microinjection into two-cell-stage mouse embryos. Nat. Biotechnol. 36,
632-637 (2018).

Ling, X. et al. Improving the efficiency of precise genome editing with site-
specific Cas9-oligonucleotide conjugates. Sci. Adv. 6, eaaz0051 (2020).

Aird, E. J., Lovendahl, K. N., St Martin, A., Harris, R. S. & Gordon, W. R.
Increasing Cas9-mediated homology-directed repair efficiency through
covalent tethering of DNA repair template. Commun. Biol. 1, 54 (2018).
Savic, N. et al. Covalent linkage of the DNA repair template to the CRISPR-
Cas9 nuclease enhances homology-directed repair. Elife 7, €33761 (2018).
Lim, D. et al. Engineering designer beta cells with a CRISPR-Cas9 conjugation
platform. Nat. Commun. 11, 4043 (2020).

Ghanta, K. S. et al. 5-Modifications improve potency and efficacy of DNA
donors for precision genome editing. Elife 10, €72216 (2021).

Giannoukos, G. et al. UDiTaS™, a genome editing detection method for indels
and genome rearrangements. BMC Genomics 19, 212 (2018).

Mou, H. et al. CRISPR-SONIC: Targeted somatic oncogene knock-in enables
rapid in vivo cancer modeling. Genome Med. 11, 21 (2019).

Kleinstiver, B. P. et al. Engineered CRISPR-Casl2a variants with increased
activities and improved targeting ranges for gene, epigenetic and base editing.
Nat. Biotechnol. 37, 276-282 (2019).

Ran, F. A. et al. In vivo genome editing using Staphylococcus aureus Cas9.
Nature 520, 186-191 (2015).

Suda, T. & Liu, D. Hydrodynamic gene delivery: Its principles and
applications. Mol. Ther. 15, 2063-2069 (2007).

Grompe, M. et al. Loss of fumarylacetoacetate hydrolase is responsible for the
neonatal hepatic dysfunction phenotype of lethal albino mice. Genes Dev. 7,
2298-2307 (1993).

Kubo, S. et al. Hepatocyte injury in tyrosinemia type 1 is induced by
fumarylacetoacetate and is inhibited by caspase inhibitors. Proc. Natl Acad.
Sci. USA 95, 9552-9557 (1998).

| (2022)13:437 | https://doi.org/10.1038/541467-022-28135-9 | www.nature.com/naturecommunications 13


https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA726835
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Bergman, A. J. et al. Spectrum of mutations in the fumarylacetoacetate
hydrolase gene of tyrosinemia type 1 patients in northwestern Europe and
Mediterranean countries. Human Mutation 12, 19-26 (1998).

St-Louis, M. & Tanguay, R. M. Mutations in the fumarylacetoacetate
hydrolase gene causing hereditary tyrosinemia type I: Overview. Human
Mutation 9, 291-299 (1997).

Yin, H. et al. Therapeutic genome editing by combined viral and non-viral delivery
of CRISPR system components in vivo. Nat. Biotechnol. 34, 328-333 (2016).
Shao, Y. et al. Cas9-nickase-mediated genome editing corrects hereditary
tyrosinemia in rats. J. Biol. Chem. 293, 6883-6892 (2018).

Yao, X. et al. CRISPR/Cas9—mediated precise targeted integration in vivo using a
double cut donor with short homology arms. EBioMedicine 20, 19-26 (2017).
Brinkman, E. K. & van Steensel, B. Rapid quantitative evaluation of CRISPR
genome editing by TIDE and TIDER. Methods Mol. Biol. 1961, 29-44 (2019).
Nobles, C. L. et al. iGUIDE: An improved pipeline for analyzing CRISPR
cleavage specificity. Genome Biol. 20, 14 (2019).

Li, Y. et al. A versatile reporter system for CRISPR-mediated chromosomal
rearrangements. Genome Biol. 16, 111 (2015).

Zhu, L. J., Holmes, B. R, Aronin, N. & Brodsky, M. H. CRISPRseek: A
bioconductor package to identify target-specific guide RNAs for CRISPR-Cas9
genome-editing systems. PLoS One 9, 108424 (2014).

Nelson, C. E. et al. Long-term evaluation of AAV-CRISPR genome editing for
Duchenne muscular dystrophy. Nat. Med. 25, 427-432 (2019).

Owens, D. D. G. et al. Microhomologies are prevalent at Cas9-induced larger
deletions. Nucleic Acids Res. 47, 7402-7417 (2019).

Krishnamurthy, S. et al. Engineered amphiphilic peptides enable delivery of
proteins and CRISPR-associated nucleases to airway epithelia. Nat. Commun.
10, 4906 (2019).

Nguyen, D. N. et al. Polymer-stabilized Cas9 nanoparticles and modified repair
templates increase genome editing efficiency. Nat. Biotechnol. 38, 44-49 (2020).
Madisen, L. et al. A robust and high-throughput Cre reporting and
characterization system for the whole mouse brain. Nat. Neurosci. 13, 133-140
(2010).

Staahl, B. T. et al. Efficient genome editing in the mouse brain by local delivery
of engineered Cas9 ribonucleoprotein complexes. Nat. Biotechnol. 35, 431-434
(2017).

Wu, Y. et al. Highly efficient therapeutic gene editing of human hematopoietic
stem cells. Nat. Med. 25, 776-783 (2019).

Wang, D., Zhang, F. & Gao, G. CRISPR-based therapeutic genome editing:
Strategies and in vivo delivery by AAV vectors. Cell 181, 136-150 (2020).
Breton, C., Clark, P. M., Wang, L., Greig, J. A. & Wilson, J. M. ITR-Seq, a
next-generation sequencing assay, identifies genome-wide DNA editing sites
in vivo following adeno-associated viral vector-mediated genome editing.
BMC Genomics 21, 239 (2020).

Khvorova, A. & Watts, J. K. The chemical evolution of oligonucleotide
therapies of clinical utility. Nat. Biotechnol. 35, 238-248 (2017).

Walsh, N. C. et al. Humanized mouse models of clinical disease. Annu. Rev.
Pathol.: Mech. Dis. 12, 187-215 (2017).

Ran, F. A. et al. Genome engineering using the CRISPR-Cas9 system. Nat.
Protoc. 8, 2281-2308 (2013).

Rogers, Z. N. et al. A quantitative and multiplexed approach to uncover the
fitness landscape of tumor suppression in vivo. Nat. Methods 14, 737-742
(2017).

Jin, S. et al. Genome-wide specificity of prime editors in plants. Nat.
Biotechnol. 39, 1292-1299 (2021).

Li, H. & Durbin, R. Fast and accurate long-read alignment with
Burrows-Wheeler transform. Bioinformatics 26, 589-595 (2010).

Liu, P. et al. Enhanced Casl2a editing in mammalian cells and zebrafish.
Nucleic Acids Res. 47, 4169-4180 (2019).

Liu, P. et al. Improved prime editors enable pathogenic allele correction and
cancer modelling in adult mice. Nat. Commun. 12, 2121 (2021).

Bolukbasi, M. F. et al. Orthogonal Cas9-Cas9 chimeras provide a versatile
platform for genome editing. Nat. Commun. 9, 4856 (2018).

Zhu, L. J. et al. GUIDEseq: A bioconductor package to analyze GUIDE-Seq
datasets for CRISPR-Cas nucleases. BMC Genomics 18, 379 (2017).
Rodriguez TC. et al. Genome-wide detection and analysis of CRISPR-Cas off-
targets. Prog Mol Biol Transl Sci 181, 31-43 (2021)

Thaka, R. & Gentleman, R. R: A language for data analysis and graphics. J.
Comput. Graph. Stat. 5, 299-314 (1996).

77. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: A practical
and powerful approach to multiple testing. J. R. Stati. Soc. Ser. B
(Methodological) 57, 289-300 (1995).

Acknowledgements

‘We thank C. Mello, Anastasia Khvorova, and P. Zamore for discussions and E. Haberlin
for editing the manuscript. We thank Dr. Markus Grompe (Oregon Health & Science
University) for providing the Fah mice. We thank Y. Liu and E. Kittler in the UMass
Morphology and Deep Sequencing Cores for support. We thank Dan Wang for
instructions on the ddPCR instrument. We thank Chi-Yuan Zhang and Christian
Brendel (Boston Childrens Hospital) for sharing their experience with the insertion of
biotinylated DNA donors at Cas9 double strand breaks. W.X. was supported by grants
from the National Institutes of Health (DP2HL137167, PO1HL131471, U24HG010423,
and UG3HL147367), American Cancer Society (129056-RSG-16-093), and the Cystic
Fibrosis Foundation. J.L.S. was supported by the National Cancer Institute
F30CA239483, the University of Massachusetts Medical School Cancer Biology
T32CA130807, and MSTP T32GM107000. P.P.L. and S.A.W. were supported in part by
grants from the National Institutes of Health (ROIGM115911, ROIHL150669,
U24HG010423, and UG3TR002668). J.L. and ].K.W. were supported by U24HG010423.
X.D. and E/J.S. were supported by NIH grant UG3TR002668, U24HG010423, and by the
Leducq Foundation Transatlantic Network of Excellence Program. Q.Y. and C.M.H. were
supported by NIH grant ROIAG040061.

Author contributions

S.Q.L. and P.P.L. performed the experiments, analyzed data, and wrote the manuscript
with coauthors. J.S., Q.Y., and X.D. performed experiments and analyzed data. E.M. and
S.M. prepared protein and optimized the UDiTa$ protocol. ]J.L. and J.LK.W. designed and
synthesized a subset of the chemically modified oligonucleotides. L.J.Z. performed
CRISPRseek off-target analysis of sgRNAs and statistical analysis of sequencing data.
S.QL, P.PL, S.AW,, and W.X. conceived the project. CM.H.,, E.J.S.,, AW, and W.X.
supervised the study.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-28135-9.

Correspondence and requests for materials should be addressed to Scot A. Wolfe or
Wen Xue.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in

published maps and institutional affiliations.
Open Access This article is licensed under a Creative Commons
BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

| (2022)13:437 | https://doi.org/10.1038/s41467-022-28135-9 | www.nature.com/naturecommunications


https://doi.org/10.1038/s41467-022-28135-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Genome-wide detection of CRISPR editing in�vivo using GUIDE-tag
	Results
	SpyCas9-mSA with biotin-dsDNA donor increases the efficiency of DNA insertion in cell culture systems
	biotin-dsDNA donor mediates insertion of reporter gene and rescue cassette in mouse liver
	One step quantification of on-target insertion and genome-wide off-target sites in�vivo
	Comparing GUIDE-tag with VIVO and DISCOVER-Seq
	in�vivo analysis of large-scale genomic alterations by UDiTaS
	Genome-wide off-target analysis in mouse lung with SpyCas9-mSA RNP
	Examining alternate forms of biotinylated donors for GUIDE-tag analysis

	Discussion
	Methods
	Generation of plasmid
	Donors for GUIDE-tag
	Cell culture and transfection
	Animal studies
	Lung RNP delivery
	Whole exome sequencing (WES) and variant calling
	Electrophoretic mobility shift assays (EMSA)
	Protein purification
	Synthesis of oligonucleotides
	Tn5 tagmentation and library preparation for GUIDE-tag and UDiTaS
	GUIDE-tag and UDiTaS data analysis
	Targeted amplicon deep sequencing to assess editing rates
	Immunohistochemistry and immunofluorescence
	Statistical analysis

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




