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INDUCE-seqTM |
More precise methods are needed for testing off-target 
gene-editing during all phases of therapeutic 
development, including treatment follow-up. At present, 
standardised assays to assess the safety of gene editing-
based therapies are lacking1. INDUCE-seq was developed 
to address this2.
INDUCE-seq is a scalable platform technology for 
mapping and characterizing DNA breaks. It leverages a 
novel PCR-free methodology for in situ break capture 
and sequencing by NGS, revealing the breaks induced by 
any nuclease-based genome editing system with high 
precision.
INDUCE-seq is the first unbiased cell-based solution that 
is free from PCR induced biases that distort 
measurements, has broad compatibility with a wide 
range of therapeutically relevant cells, and applicable to 
any nuclease-based gene editing system. INDUCE-seq 
provides data-driven and actionable insights to 
accelerate research & development, pre-clinical and 
clinical stages gene editing programs.

Step 1 introduces some form of damage in the DNA targeted to a 
specific location (e.g. a DSB induced by CRISPR-Cas9). Step 2, gene 
editing occurs as a result of endogenous DNA repair mechanism in 
the cell, typically utilising one of two major DNA repair pathways 
(Non-Homologous End Joining (NHEJ) and Homology-Direct Repair 
(HDR)). The outcome of the repair reaction results in a mutation at 
the target-site, modifying the gene of interest.
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* The Challenge: Identifying editing-induced breaks 
throughout the genome 

Figure 1 | Gene-editing is a two-step process

In situ break labelling in fixed and permeabilised cells is 
performed by ligating a full-length, chemically modified P5 
sequencing adapter to end-prepared DSBs. Genomic DNA is 
then extracted, fragmented, end-prepared and ligated using a 
chemically modified half-functional P7 adapter. Resulting DNA 
libraries contain a mixture of functional DSB-labelled fragments 
(P5:P7) and non-functional genomic DNA fragments (P7:P7). 
Subsequent sequencing of INDUCE-seq libraries enriches for 
DSB-labelled fragments and eliminates all other non-functional 
DNA. As the INDUCE-seq library preparation is PCR-free, each 
sequencing read obtained is equivalent to a single labelled 
DSB-end from a cell2.
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INDUCE-seq | Day 1
•Ligation tagging of DSBs using P5 adapter

INDUCE-seq | Day 0
• Intact and crosslinked cells
• Poly-D-Lysine culture plate
• 100-400K cells per well
• Automation friendly
• 96-well format

INDUCE-seq | Day 2
•gDNA extraction & fragmentation

INDUCE-seq | Day 3
•Ligation of truncated P7 adapter

INDUCE-seq | Day 4
•Direct enrichment of tagged DNA on 

flow cell
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Figure 2 | Detecting editing-induced breaks 
using INDUCE-seq

Top Panel | Using the unique digital read-out of the INDUCE-
seq DSB detection method, we developed an off-target 
nomination process that combines simple break recurrency 
with guide sequence homology to generate a superset of 
potential off-targets. Middle Panel | A hierarchical break report 
is generated enabling a data-driven analysis of off-target 
likelihood, as shown in three classes (i) common, (ii) unbiased & 
(iii) sequence-based. Bottom Panel | Genome browser view 
demonstrating break recurrency at HBD gene-edit locus.
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Figure 3 | Identifying on & off-target editing-induced 
breaks with INDUCE-seq 
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Off-target Nomination Hierarchy

2. Unbiased Intermediate confidence off-targets
• Breaks do not map to guide-like 

sequences
• Lower recurrent break count
• Single base pair resolution
• NOT discoverable by guide homology5

1. Common High confidence off-targets
• Unique INDUCE-seq digital read-out
• Recurrent break count
• Single base pair resolution
• Breaks map to guide-like sequences

Hierarchical 
Break Report

Genome browser view of INDUCE-seq data at the 
targeted HBD locus following Cas9 editing. Distinct 
stacks of reads reveal break recurrency on both sides 
of the Cas9-induced break. These features are 
diagnostic for nuclease induced DSBs formed during 
gene editing. Similar features are detected at off-
target locations.
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HESI Cross-Validation Study |
Here we describe a pilot study to evaluate the method 
involving a consortium of partners under the umbrella of 
HESI CT-TRACS committee3. CRISPR-Cas9-based gene 
editing of five well-studied genetic targets was 
conducted by two independent industry partners (AZ & 
Novartis), using two different cell types. On- and off-
target gene editing was assessed by measuring breaks 
in the genome using INDUCE-seq. The genetic changes 
at these locations were subsequently measured using 
error-corrected sequencing using Duplex-seq4 which 
allows for sensitive detection of mutations.

Figure 4 | The experimental plan undertaken by the CT-
TRACS consortium
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Phase 1 | INDUCE-seqTM

Unbiased genome-wide break detection
Phase 2 | DuplexSeqTM

Targeted mutation detection

1. Measure breaks in situ
2. Off-target Nomination
3. Hybrid-capture Panel Design
4. Duplex-seq
5. Data Analysis

HESI CT-TRACS 
Consortium
International gene-editing study

Mutations at the high-confidence class of off-target are shown 
here, demonstrating a strong proportional relationship between 
break count and the accumulation of mutations. Importantly, 
mutation rates in the control sample indicate the background 
level of mutation.

Figure 5 | Mutation analysis at on- and off-target sites by 
DuplexSeq

• INDUCE-SEQ PERFORMANCE METRICS •
INDUCE-seq’s ability to differentiate between induced vs endogenous 
recurrent breaks was calculated using a standard induced break 
dataset.

Metrics

Sensitivity How well we can call editing-induced breaks in 
a background of endogenous ones ~94%

Specificity Our ability to call endogenous breaks from 
induced ones at low recurrence ~85%

Precision Our ability to accurately call induced breaks at 
high recurrency ~96%

FNR Occur at a recurrency at which mutations occur 
at background levels ~6.5%

FPR What fraction of our off-target list of recurrent 
breaks are false positives ~15%
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Conclusions | 
• INDUCE-seq reproducibly detects on-target 

editing between the two laboratories and cell 
types. 
• INDUCE-seq reproducibly identifies off-targets 

between laboratories.
• INDUCE-seq detects both common and unique 

off-targets in different cell types.
•DSB recurrency at both on- and off-targets 

correlates with mutational frequency.

INDUCE-seq measures DSBs in an unbiased way. An inventory of 
the high-level break numbers are presented here. A) Total 
Breaks: Breaks measured by INDUCE-seq are reproducible 
between triplicates. GM24385 and MCF10A cells have different 
total amounts of DSBs that accumulate over time post gene-
editing. B) Number of Off-targets: The number of sequence-
based off-targets detected by INDUCE-seq is consistent between 
replicates. The majority of CRISPR-Cas9 activity is registered at 6 
hours after transfection. Off-targets discovery is consistent 
between the two experiments. C) On- & Off-target Break 
relationship: Detailed analysis of the on- and off-target DSBs 
demonstrates a highly reproducible break detection across the 5 
gene-editing experiments. All data shown plotted as the mean 
for each triplicate with error bars representing the standard 
deviation.
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Figure 6 | INDUCE-seq reproducibility

Background |
Advances in genome editing are facilitating the 
development of novel cell and gene therapies. These 
innovations enable precise modifications to existing genes 
and the creation of synthetic genes, particularly beneficial 
for generating immune-compatible cells for allogeneic 
therapy, providing readily available treatment options.
Despite the potential of gene editing in disease treatment, 
ensuring its safe and effective application demands the 
development of new tools. Risks associated with genome 
editing include the potential for malignant transformation 
of cultured cells, attributed to mutations acquired during 
cell culture, as well as the induction of genomic instability, 
especially in cells with pre-existing DNA repair defects.
Moreover, the tools used for gene editing can 
inadvertently cause DNA breaks at unintended sites in the 
genome, leading to off-target effects. Such off-target 
editing poses risks such as the activation of proto-
oncogenes or disruption of tumor suppressors, potentially 
driving carcinogenesis. Additionally, off-target 
mutagenesis may generate neoantigens, triggering 
autoimmune reactions or other forms of cellular 
dysfunction. Identifying and addressing off-target gene 
editing is crucial in mitigating these risks.
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3. Sequence-based   Lower confidence off-targets
• Unique INDUCE-seq digital read-out
• Very low recurrent break count
• Single base pair resolution
• Map exactly to guide homology sequences
• Positioned low in the break hierarchy!
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