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• Advanced Medicine Safety at AZ

• Reed lab at Cardiff University.

• Identifying genomic DNA breaks 

induced by gene editing protocols

Tackling Genome Editing’s ‘off-target’ problem

Background – Measuring Genomic Instability

    induced by gene editing
2

The problem: finding the needle in a haystack →

Gene Editing: Step 1 - DNA damage induction (eg DSBs). 

         Step 2  - DNA Repair introduces edit



In vivo vs ex vivo Gene Editing3

https://doi.org/10.1038/s41392-019-0089-y

Gene 

Therapy

Cell 

Therapy

A new paradigm for treating disease



Nuclease-dependent genome editing4

Genome Editing Nucleases

• Meganucleases

• ZFN

• TALENs

• CRISPR-Cas9

• CRISPR-Cas12a

• Novel/Engineered 

CRISPR Nucleases



Nuclease-independent genome editing5

• Transposase/Recombinase

• Peptide Nucleic Acids (PNAs)

• Base Editors (CBE/ABE)

• Prime Editors
• No DSBs (?)

• Extends the editable genome

Peptide Nucleic Acids

DNA Analogue

DNA Repair Proteins

Off-target editing remains 

a relevant issue



GE Delivery Systems can also impinge 

on genome stability
6



ex vivo

Early Gene Editing Successes7

in vivo

Mar 13, 2023Jun 21, 2021

Chart 1 - Selected Publicly-Traded Gene Editing Companies

Source: Jefferies, Company Reports, and FactSet



Safety concerns for Gene Editing Products8

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/human-gene-therapy-products-incorporating-human-genome-editing

https://www.cooley.com/news/insight/2022/2022-04-13-fda-releases-draft-guidance-on-development-of-genome-editing-and-car-t-therapies

Oct 8, 2021

Nov 7, 2022

Aug 01, 2022

Jan 5, 2023

Feb 2, 2022

https://www.fda.gov/regulatory-information/search-fda-guidance-documents/human-gene-therapy-products-incorporating-human-genome-editing
https://www.cooley.com/news/insight/2022/2022-04-13-fda-releases-draft-guidance-on-development-of-genome-editing-and-car-t-therapies


Taken from: Bouwman and Crosetto (2018). Genes. 

Indirect DSB measurements: 

• Using proteins and DSB repair as an indirect 

measure of breaks in cells

• DISCOVER-seq & GUIDE-seq

Direct DSB measurements:

• Required to determine the mechanism of 

break formation in the genome

• BLISS | DSBCapture | END-seq

Limitations of existing assays:

• PCR amplification bias

• Not scalable

• Relevant / in vivo context

Current methods for measuring off-target DSBs in cells

Direct DSB measurement
Indirect DSB measurement

(repair)

Indirect DSB measurement (protein)
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This makes unbiased, digital 

mapping of genomic breaks 

throughout the genome possible

INDUCE-seq flow cell enrichment 

was first demonstrated for the 

measurement of DSBs in cells

INDUCE-seq DSB library fragments are enriched 

on the flow cell with remarkable efficiency. Their 

location & frequency measured by sequencing 

INDUCE-seq flow cell enrichment pulls the needle out of the haystack for 

direct measurement on the illumina sequencer

INDUCE-seq solves the problem with a novel use of Illumina 

flow cells  
10



Breaks are labelled in situ 
using a full-length P5 
sequencing adapter. 

gDNA is extracted, 
fragmented, and prepared 
for sequencing using a
half-functional P7 adapter.

Loading on to an Illumina 
sequencing flow cell enriches 
for labelled break fragments 
and simultaneously removes 
all other DNA fragments.

This produces a digital 
readout for genomic breaks 
where each mapped read is 
equivalent to a single break 
end.

Days 1-2
Working with intact and 
crosslinked cells in Poly-D-
Lysine 96-well culture plate

Days 2-5
Working in vitro in PCR 
plate or microcentrifuge 
tube format

INDUCE-seq procedure overview11

Dobbs, F.M. et al. Precision digital mapping of endogenous and induced genomic DNA breaks by INDUCE-seq. Nat Commun 13, 3989 (2022).

https://doi.org/10.1038/s41467-022-31702-9

INDUCE-seq

1 read = 1 break

Unbiased 1:1 

representation

Alternative NGS-based 

approaches

1 read ≠ 1 break

Distortion of signal by 

PCR bias

Gain

Loss



INDUCE-seq sequences an order of magnitude fewer reads than other approaches, 

while sensitively detecting more AsiSI-induced break sites in the genome

2M

INDUCE-seq provides unparalleled signal-to-noise for in vivo 

nuclease-induced break detection12

AsiSI induced breaks 

(Lensing et al. 2016)

(Iannelli et al. 2017)

(Dobbs et al. 2022)
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1bp overhang

INDUCE-seq permits characterization of editing-

induced break events at single nucleotide resolution

Highly recurrent editing-

induced breaks



14 Comparing CRISPR-induced break structure with 
mutational (gene editing) outcome 

Editing at CRISPR on-target site 

correlates with break structure

1bp read overlap suggests 1bp ‘staggered’ 

break rather than expected blunt DSB

EMX1 on-target

Highest frequency mutation detected by targeted 

deep sequencing is 1bp insertion (37.24%) INDUCE-seq DSB 

reads

Targeted 

deep 

sequencing 

Read frequency

Editing-induced Mutations →



INDUCE-seq and Duplex-seq Cross-validation Study

HESI CT-TRACS
A collaborative, multi-sector consortium involving over 30 scientists contributing to all aspects of the study.



Replicates 
(3)

Time point 
(2)

Target (5)
Cell-type 

(2)
Company 

(2)

AZ/NV

MCF10A AAVS1 6hr
Control 

(3)

GM24385

AAVS1

HBD

BCL11A

PCSK9-1

PCSK9-2

6hr

Control 
(3)

Mock (3)

Treated 
(3)

24hr

N.B. Guide sequences and target genes were blinded to Broken String Bio

HESI Project Overview16

August 2021 December 2021 July 2022 March 2023

1.Off-target Nomination

2.Panel Design

3.Cell work

4.Duplex-seq

5.Data Analysis

6.Reporting

n=192

n=66

Phase 1 | INDUCE-seq Phase 2 | Duplex-seq



Repeat Sample Chr Start End Breaks Target

1

Control 10 92,384,280 92,384,281 2 -

Mock 11 125,748,058 125,748,060 2 -

1 19 55,627,123 55,627,125 12 AAVS1

2 11 5,255,926 5,255,927 22 HBD

3 2 60,722,401 60,722,402 9 BCL11A

4 1 55,512,253 55,512,254 6 PCSK9 #1

5 1 55,527,174 55,527,175 11 PCSK9 #2

6 10 113,763,243 113,763,244 2 Scramble

AAVS1

HBD

BCL11A

PCSK9 (1 & 2)

Unbiased discovery of On-Target Editing17



MCF10A AAVS1 breakcounts

chr Coordinates Breaks

19 55627121 55627126 313

6 36765477 36765483 76

13 106612926 106612928 27

12 107486279 107486282 11

14 107161780 107161789 11

5 169511418 169511420 7

11 118717490 118717493 5

11 62609183 62609185 5

1 203238430 203238433 5

1 220445990 220445992 5

19 8509703 8509707 5

3 78708691 78708694 5

10 106321217 106321220 4

10 132580829 132580833 4

10 21581841 21581846 4

10 33482417 33482420 4

11 15129453 15129460 4

1 145066102 145066108 4

1 153072781 153072785 4

1 160555176 160555178 4

11 61111252 61111254 4

1 162106766 162106769 4

1 168378235 168378237 4

11 74359766 74359771 4

Rank n=10,000

Unbiased frequency-based break rank list

Phase 1: Off-target nomination process18

MCF10A - Control

MCF10A - AAVS1

MCF10A - HBD

MCF10A - BCL11A

MCF10A - PCSK9-1

MCF10A - PCSK9-2

{ AZ }

{ Novartis }

{ 6hrs }

{ 24hrs }

{ triplicate }

Rank n=10,000

GM24385- Control

GM24385 - AAVS1

GM24385 - HBD

GM24385 - BCL11A

GM24385 - PCSK9-1

GM24385 - PCSK9-2

{ AZ }

{ Novartis }

{ 6hrs }

{ 24hrs }

{ triplicate }

Rank n=10,000

+

ON Target  →

NOTE: Cell type affects ‘Off-target’ lists



Off Targets:     1 MC 1   combined off target dataset
  M

    C C  C T      C     T N    reak
Num Mismatches Coordinates

                          Target chr1 :     11       1  
       T C                  chr :                 
         T                 chr1 :1   1  11 1   1    
 T                      11  chr1 :1         1        
        C          C       chr :1   11 1  1   11   
C        C     T            chr11: 1111     1111   
     T T                   chr1 :1 1      1 1     
                         chr :                 
      C                   chr 1:       1         
       T                  chr1 :1      1  1        
                   C      chr1 :             
  T      C                 chr  :              1  
  T          C             chr :1     11  1     1  
 C T    T                   chr1 :                 
 T       C    C      T       chr1 :  1        1  1  
 C            C     C       chr1 : 1        1      
 T                C        chr :1      1  1        
 T              C          chr1 :                 
    T                   1  chr1 :               1 
C             C          1  chr1 :11        11       
       T                1  chr1 :1 11      1 11     
        C     C          1  chr11:     1 1      1  
        C               1  chr1 :1         1        
                       1  chr1 : 1 1      1 1  1 
 C T       T              1  chr1 :               1 
                  C   T  1  chr1 :1  1  1  1  1    
    T        T           1  chr1 :  11       11  11
        C               1  chr1 :       1         
      T  C           C    1  chr1:               
           T    T    C   C 1  chr :1        1      1
            C      T     1  chr :                 
                       1  chr :                 
        C               1  chr :  1        1   1 
 T          C            1  chr :1         1        
            T      T     1  chr :1         1        
T        C               1  chr :1       1 1        

Phase 2: Off-target nomination process19

Unbiased frequency-based approachGuide homology approach

Off-target Superset identified in cells 

INDUCE-seq digital DSB readout 

Position in genome

D
S

B
 n

u
m

b
e
r

MCF10A_01_AAVS1_Novartis_breaks

19 55627121 55627126 313

6 36765477 36765483 76

13 106612926 106612928 27

12 107486279 107486282 11

14 107161780 107161789 11

5 169511418 169511420 7

11 118717490 118717493 5

12

Breaks@ Guide-like sequences



Off Targets:     1 MC 1   combined off target dataset
  M

    C C  C T      C     T N    reak
Num Mismatches Coordinates

                          Target chr1 :     11       1  
       T C                  chr :                 
         T                 chr1 :1   1  11 1   1    
 T                      11  chr1 :1         1        
        C          C       chr :1   11 1  1   11   
C        C     T            chr11: 1111     1111   
     T T                   chr1 :1 1      1 1     
                         chr :                 
      C                   chr 1:       1         
       T                  chr1 :1      1  1        
                   C      chr1 :             
  T      C                 chr  :              1  
  T          C             chr :1     11  1     1  
 C T    T                   chr1 :                 
 T       C    C      T       chr1 :  1        1  1  
 C            C     C       chr1 : 1        1      
 T                C        chr :1      1  1        
 T              C          chr1 :                 
    T                   1  chr1 :               1 
C             C          1  chr1 :11        11       
       T                1  chr1 :1 11      1 11     
        C     C          1  chr11:     1 1      1  
        C               1  chr1 :1         1        
                       1  chr1 : 1 1      1 1  1 
 C T       T              1  chr1 :               1 
                  C   T  1  chr1 :1  1  1  1  1    
    T        T           1  chr1 :  11       11  11
        C               1  chr1 :       1         
      T  C           C    1  chr1:               
           T    T    C   C 1  chr :1        1      1
            C      T     1  chr :                 
                       1  chr :                 
        C               1  chr :  1        1   1 
 T          C            1  chr :1         1        
            T      T     1  chr :1         1        
T        C               1  chr :1       1 1        

Curated Off-target Break Classes20

key: On-target | Common | Unbiaseduniq

MCF10A AAVS1 breakcounts

chr Coordinates Breaks

19 55627121 55627126 313

6 36765477 36765483 76

13 106612926 106612928 27

12 107486279 107486282 11

14 107161780 107161789 11

5 169511418 169511420 7

11 118717490 118717493 5

11 62609183 62609185 5

1 203238430 203238433 5

1 220445990 220445992 5

19 8509703 8509707 5

3 78708691 78708694 5

10 106321217 106321220 4

10 132580829 132580833 4

10 21581841 21581846 4

10 33482417 33482420 4

11 15129453 15129460 4

1 145066102 145066108 4

1 153072781 153072785 4

1 160555176 160555178 4

11 61111252 61111254 4

1 162106766 162106769 4

1 168378235 168378237 4

11 74359766 74359771 4

n=10,000

Common

U
n

b
ia

s
e
d

 -
N

o
 g

u
id

e
 h

o
m

o
lo

g
y

Sequence-based (Guide-like homology)

Lower down the hierarchy



Contiguous list of top-rank DSBs

Break Class Hierarchy21

AAVS1

n=10,000

Unbiased AAVS1 -lower confidence off-targets-
• Unique INDUCE-seq digital read-out

• Recurrent

• Single base pair resolution

• Not discoverable by guide homology!

Sequence-based AAVS1 -lower confidence off-targets-
• Unique INDUCE-seq digital read-out
• Lower recurrency
• Single base pair resolution
• Map exactly to guide-like sequences
• Lower-down the ranked list!

Common AAVS1 -high confidence off-targets-
• Unique INDUCE-seq digital read-out

• Highly Recurrent

• Single base pair resolution

• Map exactly to guide-like sequences1

2

3



Replicates 
(3)

Time point 
(2)

Target (5)
Cell-type 

(2)
Company 

(2)

AZ

MCF10A AAVS1 6hr
Control 

(3)

GM24385

AAVS1

HBD

BCL11A

PCSK9-1

PCSK9-2

6hr

Control 
(3)

Mock (3)

Treated 
(3)

24hr

N.B. Guide sequences and target genes were blinded to Broken String Bio

Phase 2 – Mutational (editing ) Outcome22

August 2021 December 2021 July 2022 March 2023

1.Off-target Nomination

2.Panel Design

3.Cell work

4.Duplex-seq

5.Data Analysis

6.Reporting

n=192

n=66

Phase 1 | INDUCE-seq Phase 2 | Duplex-seq



Easy
Genetic difference 

between two people

Very Difficult
Detecting one

cancer cell among

10,000 normal cells

DNA sequencing has transformed medicine and biology with the detection of

clonal genetic variants, but remains poor at detecting rare, sub-clonal variants.

The Problem: Signal-to-Noise

4Confidential. For Research Use Only. Not for use in diagnostic procedures.

Duplex-seq improves average sequencing error rate from 1 in 1,000 to 1 in 10,000,000



For Research Use Only. Not for use in diagnostic procedures. 11

Final target sites of 5 sgRNAs

AAVS1 HBD BCL11A PCSK9-1 PCSK9-2

 Each guide has >50 target sites: 

 The number of sites in each 

category varies per guide.

 The length of target sites 

varies across categories.

 There are 10 probes (target sites) 

serving as controls across all 

guides. 

 Internal controls (TP53 and one 

random mutagenesis region) are 

not shown here.

Target site length Color represents target site category.  

Off-target likelihood rank

Potential off-target sites as discovered by INDUCE-seq



Duplex-seq overall mutation data summary25

CCell-line Donor cells



Characterise Novel off-targets discovered by INDUCE-seq26

key: Common | Sequniq | Singletons | Unbiaseduniq | GM24385 | MCF10A | Control | TP53 | RNG | 

HBD BCL11A

PCSK9-1 PCSK9-2



AAVS1 Mutation Report27

Off-target name chr start end indel mnv snv sv indel mnv snv sv indel mnv snv sv indel mnv snv sv

01_AAVS1_common 19 55,627,121 55,627,127 753 0 Pass 2944 136 595 143 5 0 14 1 4395 223 739 205 5 0 13 0

02_AAVS1_common 6 36,765,477 36,765,483 196 3 Pass 2342 105 592 50 1 0 1 1 3925 159 777 65 1 0 0 0

03_AAVS1_common 13 106,612,923 106,612,929 73 3 Pass 1052 27 140 8 0 0 1 0 3795 162 477 40 0 0 4 0

04_AAVS1_common 12 107,486,278 107,486,282 40 4 Pass 992 36 73 0 2 0 2 0 1298 55 64 1 1 0 2 0

05_AAVS1_common 5 169,511,417 169,511,421 40 3 Pass 560 21 85 1 1 0 13 0 1621 67 172 5 2 0 9 0

06_AAVS1_common 11 61,111,251 61,111,254 24 4 Pass 218 6 25 2 2 0 0 0 615 23 66 7 0 0 2 0

07_AAVS1_common 10 132,580,828 132,580,833 15 4 Pass 57 1 2 1 0 0 3 0 144 4 15 0 0 0 3 0

08_AAVS1_common 8 144,885,132 144,885,136 14 3 Pass 61 0 1 0 0 0 1 0 282 7 21 1 1 0 10 0

09_AAVS1_common 19 16,174,992 16,174,995 12 3 Intermediate

10_AAVS1_common 8 22,635,586 22,635,589 11 3 Pass 177 4 24 0 1 0 3 0 579 7 43 2 0 0 7 0

11_AAVS1_common 11 118,717,490 118,717,493 9 5 Fail

12_AAVS1_common 15 67,137,278 67,137,283 9 4 Pass 5 0 4 1 0 0 5 0 22 1 14 1 0 0 12 0

13_AAVS1_common 7 73,521,155 73,521,158 9 4 Fail

14_AAVS1_common 11 65,297,767 65,297,771 8 4 Pass 13 0 2 0 0 0 0 0 26 1 10 0 0 0 1 0

15_AAVS1_common 10 121,198,694 121,198,697 7 4 Pass 51 0 13 1 1 0 6 1 124 1 14 0 0 0 8 0

16_AAVS1_common 5 175,794,470 175,794,474 6 5 Fail

17_AAVS1_common 6 53,200,090 53,200,095 6 6 Pass 55 0 20 0 5 0 6 0 28 0 13 0 0 0 3 0

18_AAVS1_common 15 90,476,691 90,476,696 5 4 Pass 23 0 22 0 1 0 9 0 49 1 24 0 1 0 14 0

19_AAVS1_common 16 765,573 765,575 5 4 Intermediate

20_AAVS1_common 19 13,906,202 13,906,206 1 4 Intermediate

Control

C
o

m
m

o
n

Break 

Score

Misma

tches

Panel 

Design

Treated Control Treated

INDUCE-seq Break Data GM24385 MCF10A

Off-target Report: Mutation and Break Data Summary

AAVS1 Control Date:

67 11,869 505 Variants Detected (GM24385) Version: 1.0

34,225 22,356 552 Variants Detected (MCF10A) Author: Patrick van Eijk

Off-target name chr start end indel Freq D2B* mnv snv sv indel Freq D2B* mnv snv sv indel Freq D2B* mnv snv sv indel Freq D2B* mnv snv sv

01_AAVS1_common 19 55,627,121 55,627,127 753 0 Pass 2944 136 595 143 5 0 14 1 4395 223 739 205 5 0 13 0

02_AAVS1_common 6 36,765,477 36,765,483 196 3 Pass 2342 105 592 50 1 0 1 1 3925 159 777 65 1 0 0 0

03_AAVS1_common 13 106,612,923 106,612,929 73 3 Pass 1052 27 140 8 0 0 1 0 3795 162 477 40 0 0 4 0

04_AAVS1_common 12 107,486,278 107,486,282 40 4 Pass 992 36 73 0 2 0 2 0 1298 55 64 1 1 0 2 0

05_AAVS1_common 5 169,511,417 169,511,421 40 3 Pass 560 21 85 1 1 0 13 0 1621 67 172 5 2 0 9 0

06_AAVS1_common 11 61,111,251 61,111,254 24 4 Pass 218 6 25 2 2 0 0 0 615 23 66 7 0 0 2 0

07_AAVS1_common 10 132,580,828 132,580,833 15 4 Pass 57 1 2 1 0 0 3 0 144 4 15 0 0 0 3 0

08_AAVS1_common 8 144,885,132 144,885,136 14 3 Pass 61 0 1 0 0 0 1 0 282 7 21 1 1 0 10 0

09_AAVS1_common 19 16,174,992 16,174,995 12 3 Intermediate

10_AAVS1_common 8 22,635,586 22,635,589 11 3 Pass 177 4 24 0 1 0 3 0 579 7 43 2 0 0 7 0

11_AAVS1_common 11 118,717,490 118,717,493 9 5 Fail

12_AAVS1_common 15 67,137,278 67,137,283 9 4 Pass 5 0 4 1 0 0 5 0 22 1 14 1 0 0 12 0

13_AAVS1_common 7 73,521,155 73,521,158 9 4 Fail

14_AAVS1_common 11 65,297,767 65,297,771 8 4 Pass 13 0 2 0 0 0 0 0 26 1 10 0 0 0 1 0

15_AAVS1_common 10 121,198,694 121,198,697 7 4 Pass 51 0 13 1 1 0 6 1 124 1 14 0 0 0 8 0

16_AAVS1_common 5 175,794,470 175,794,474 6 5 Fail

17_AAVS1_common 6 53,200,090 53,200,095 6 6 Pass 55 0 20 0 5 0 6 0 28 0 13 0 0 0 3 0

18_AAVS1_common 15 90,476,691 90,476,696 5 4 Pass 23 0 22 0 1 0 9 0 49 1 24 0 1 0 14 0

19_AAVS1_common 16 765,573 765,575 5 4 Intermediate

20_AAVS1_common 19 13,906,202 13,906,206 1 4 Intermediate

01_AAVS1_sequniq 21 42,892,941 42,892,964 11 3 Pass 216 5 22 0 2 0 6 0 301 9 25 2 0 0 7 0

02_AAVS1_sequniq 22 44,699,097 44,699,120 10 3 Intermediate

03_AAVS1_sequniq 21 29,719,114 29,719,137 9 4 Pass 8 0 2 0 1 0 1 0 54 1 13 0 0 0 3 0

04_AAVS1_sequniq 22 22,479,063 22,479,086 9 4 Pass 7 0 26 0 2 0 12 0 7 0 34 0 1 0 14 0

05_AAVS1_sequniq 9 100,062,554 100,062,577 8 4 Fail

06_AAVS1_sequniq 10 115,704,562 115,704,585 7 4 Pass 13 0 1 0 1 0 1 0 109 2 8 1 0 0 0 0

07_AAVS1_sequniq 1 49,442,700 49,442,723 7 4 Pass 20 0 0 0 5 0 1 0 25 0 9 0 6 0 3 0

08_AAVS1_sequniq 13 100,280,739 100,280,762 6 4 Pass 3 0 3 0 0 0 0 2 11 0 8 0 0 0 7 0

09_AAVS1_sequniq 16 31,484,902 31,484,925 6 4 Pass 5 0 2 0 0 0 1 0 8 0 2 0 0 0 0 0

10_AAVS1_sequniq 6 24,124,892 24,124,915 6 4 Pass 5 0 10 0 1 0 4 0 14 0 12 0 1 0 7 0

11_AAVS1_sequniq 15 89,175,079 89,175,102 5 4 Pass 40 6 10 0 8 3 7 0 63 7 11 0 13 3 5 0

12_AAVS1_sequniq 2 205,396,126 205,396,149 5 4 Pass 152 0 8 1 2 0 2 0 425 10 37 0 0 0 1 0

13_AAVS1_sequniq 22 26,818,088 26,818,111 5 5 Fail

14_AAVS1_sequniq 12 108,581,675 108,581,698 4 3 Pass 15 0 16 0 0 0 6 0 59 2 19 0 0 0 10 0

15_AAVS1_sequniq 15 37,287,856 37,287,879 4 4 Fail

16_AAVS1_sequniq 15 45,827,892 45,827,915 4 3 Pass 16 0 3 0 0 0 1 0 38 0 7 1 0 0 2 0

17_AAVS1_sequniq 17 77,121,114 77,121,137 4 4 Pass 3 0 29 0 1 0 12 0 1 0 19 0 0 0 8 0

18_AAVS1_sequniq 8 140,763,725 140,763,748 4 4 Fail

19_AAVS1_sequniq 10 69,247,871 69,247,894 3 4 Fail

20_AAVS1_sequniq 11 98,664,289 98,664,312 3 6 Intermediate

01_AAVS1_unbiaseduniq 20 34,042,570 34,042,577 11 - Fail

02_AAVS1_unbiaseduniq 22 18,559,031 18,559,039 11 - Fail

03_AAVS1_unbiaseduniq 1 93,297,437 93,297,442 10 - Fail

04_AAVS1_unbiaseduniq 1 150,459,922 150,459,929 10 - Fail

05_AAVS1_unbiaseduniq 2 88,990,978 88,990,984 10 - Fail

06_AAVS1_unbiaseduniq 3 113,415,872 113,415,877 10 - Fail

07_AAVS1_unbiaseduniq 6 26,066,267 26,066,273 10 - Fail

08_AAVS1_unbiaseduniq 6 30,509,348 30,509,352 10 - Fail

09_AAVS1_unbiaseduniq 12 7,062,737 7,062,743 10 - Fail

10_AAVS1_unbiaseduniq 12 49,463,976 49,463,983 10 - Pass 2 0 10 0 1 0 4 0 2 0 11 0 1 0 4 0

11_AAVS1_unbiaseduniq 20 20,840,987 20,840,992 10 - Intermediate

12_AAVS1_unbiaseduniq 1 55,512,252 55,512,254 8 - Intermediate

13_AAVS1_unbiaseduniq 7 114,505,778 114,505,782 7 - Fail

14_AAVS1_unbiaseduniq 11 63,753,817 63,753,822 7 - Intermediate

15_AAVS1_unbiaseduniq 1 162,106,766 162,106,769 6 - Pass 3 0 1 0 1 0 0 0 0 0 8 0 0 0 2 0

16_AAVS1_unbiaseduniq 2 70,475,938 70,475,941 6 - Pass 3 0 6 0 1 0 3 0 2 0 16 0 1 0 8 0

17_AAVS1_unbiaseduniq 2 159,047,922 159,047,923 6 - Pass 7 0 8 2 3 0 4 0 7 0 6 0 3 0 4 0

18_AAVS1_unbiaseduniq 5 68,530,719 68,530,726 6 - Pass 1 0 1 0 0 0 1 0 0 0 3 0 0 0 0 0

19_AAVS1_unbiaseduniq 6 53,844,421 53,844,424 6 - Fail

20_AAVS1_unbiaseduniq 6 143,166,472 143,166,476 6 - Fail

01_AAVS1_singletons 10 62,319,023 62,319,046 1 4 Fail

02_AAVS1_singletons 10 68,355,899 68,355,922 1 4 Intermediate

03_AAVS1_singletons 11 70,251,749 70,251,772 1 4 Pass 0 0 3 0 0 0 0 0 0 0 8 0 0 0 5 0

04_AAVS1_singletons 13 61,514,892 61,514,915 1 4 Fail

05_AAVS1_singletons 15 58,272,863 58,272,886 1 4 Fail

06_AAVS1_singletons 15 64,218,787 64,218,810 1 4 Pass 5 0 7 0 0 0 5 1 8 0 15 0 0 0 8 0

07_AAVS1_singletons 17 19,014,414 19,014,437 1 4 Intermediate

08_AAVS1_singletons 17 37,735,422 37,735,445 1 4 Intermediate

09_AAVS1_singletons 19 19,587,435 19,587,458 1 4 Pass 15 0 4 0 1 0 0 0 29 1 3 0 0 0 3 0

10_AAVS1_singletons 19 49,252,930 49,252,953 1 4 Fail

11_AAVS1_singletons 20 42,338,562 42,338,585 1 3 Pass 10 0 4 0 1 0 0 0 6 0 6 0 0 0 5 0

12_AAVS1_singletons 2 16,765,428 16,765,451 1 4 Pass 3 0 14 0 0 0 6 0 0 0 13 0 0 0 8 0

13_AAVS1_singletons 2 175,556,312 175,556,335 1 4 Intermediate

14_AAVS1_singletons 2 192,063,367 192,063,390 1 4 Fail

15_AAVS1_singletons 2 96,055,573 96,055,596 1 4 Pass 1 0 1 0 0 0 2 0 2 0 10 0 1 0 5 0

16_AAVS1_singletons 3 47,028,166 47,028,189 1 4 Pass 1 0 8 1 1 0 4 0 0 0 8 0 0 0 5 0

17_AAVS1_singletons 4 5,425,423 5,425,446 1 4 Intermediate

18_AAVS1_singletons 8 97,990,038 97,990,061 1 4 Fail

19_AAVS1_singletons 9 136,892,383 136,892,406 1 4 Fail

20_AAVS1_singletons X 112,432,593 112,432,616 1 4 Fail

01_AAVS1_common_cell 1 2,836,450 2,836,473 3 4 Pass 26 0 8 1 14 0 5 1 22 0 22 0 12 1 10 0

02_AAVS1_common_cell 15 25,467,894 25,467,917 3 3 Pass 5 0 8 0 0 0 4 0 0 0 3 0 0 0 0 0

03_AAVS1_common_cell 2 148,314,532 148,314,555 3 4 Pass 3 0 1 0 2 0 0 1 1 0 8 0 1 0 1 0

04_AAVS1_common_cell 2 199,781,323 199,781,346 3 4 Pass 1 0 0 0 2 0 1 0 2 0 7 0 1 0 3 0

05_AAVS1_common_cell 3 39,232,234 39,232,257 3 4 Pass 9 7 58 0 4 3 27 0 8 12 78 0 3 6 38 0

06_AAVS1_common_cell 11 78,498,151 78,498,174 2 4 Pass 17 0 18 0 11 0 12 0 2 0 24 0 2 0 19 0

07_AAVS1_common_cell 1 181,190,076 181,190,099 2 4 Pass 3 0 9 0 1 0 5 0 0 0 8 0 1 0 7 0

08_AAVS1_common_cell 18 45,748,531 45,748,554 2 4 Pass 8 0 9 0 6 0 9 0 0 0 10 0 0 0 8 0

09_AAVS1_common_cell 4 22,173,605 22,173,628 2 4 Pass 1 0 0 1 0 0 0 0

01_AAVS1_uniq_MCF10A 12 132,311,856 132,311,879 2 4 Pass 6 0 2 1 27 0 9 0 4 0 12 0 21 0 10 0

02_AAVS1_uniq_MCF10A 14 80,822,956 80,822,979 2 6 Pass 49 0 28 0 25 0 13 0 42 0 23 0 25 0 16 0

03_AAVS1_uniq_MCF10A 5 103,932,913 103,932,936 2 4 Pass 1 0 2 0 1 0 1 0 0 1 8 0 0 0 3 0

01_AAVS1_uniq_GM24385 17 14,183,117 14,183,140 3 5 Pass 2 0 0 0 0 0 0 0 2 0 2 0 0 0 2 0

02_AAVS1_uniq_GM24385 2 69,726,052 69,726,075 3 4 Pass 1 0 16 0 0 1 9 0 0 0 17 0 0 0 18 0

03_AAVS1_uniq_GM24385 11 27,086,379 27,086,402 2 6 Pass 1 0 13 0 7 7 35 1 0 0 25 0 2 0 22 0

04_AAVS1_uniq_GM24385 1 6,361,007 6,361,030 2 6 Pass 1 0 14 0 0 0 9 0 0 0 13 0 1 0 7 0

05_AAVS1_uniq_GM24385 17 39,686,081 39,686,104 2 4 Pass 1 0 0 0 1 0 1 1 0 0 3 0 1 0 4 0

06_AAVS1_uniq_GM24385 2 16,151,656 16,151,679 2 5 Fail

07_AAVS1_uniq_GM24385 2 98,614,742 98,614,765 2 5 Fail

08_AAVS1_uniq_GM24385 3 184,458,292 184,458,315 2 5 Fail

09_AAVS1_uniq_GM24385 7 12,558,957 12,558,980 2 4 Fail

10_AAVS1_uniq_GM24385 7 16,099,366 16,099,389 2 4 Fail

region_5020 - - Pass 3 0 54 1 4 0 26 1 3 1 60 0 3 3 33 0

tp53_exon02 - - Pass 0 0 1 0 0 0 1 0

tp53_exon04 - - Pass 1 0 6 0 0 0 3 0 0 0 7 0 2 0 3 1

tp53_exon05 - - Pass 0 0 1 0 1 0 0 0

tp53_exon06 - - Pass 0 0 3 0 0 0 1 0

tp53_exon07 - - Pass 0 0 9 0 0 0 6 0

tp53_exon08 - - Pass 0 0 2 0 0 0 0 0 0 0 9 1 0 0 6 0

tp53_exon09 - - Pass 0 0 0 1 0 0 0 0

tp53_exon09a_9b - - Pass 0 0 0 1 0 0 0 1

tp53_exon10 - - Pass 0 0 1 0 0 0 0 0

tp53_exon11 - - Pass 0 0 2 0 0 0 1 0 0 0 1 0 0 0 0 0

* D2B - Distance To Break

Treated
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BCL11A Mutation Report28

Off-target name chr start end indel mnv snv sv indel mnv snv sv indel mnv snv sv indel Freq D2B* mnv snv sv

01_BCL11A_common 2 60,722,398 60,722,406 702 0 Pass 3088 122 575 104 0 0 10 0 4804 225 904 249 0 0 6 0

01_BCL11A_sequniq 2 211,395,382 211,395,405 8 4 Pass 0 0 2 0 1 0 0 0 3 1 1 0 0 0 0 0

02_BCL11A_sequniq 8 141,153,116 141,153,139 5 3 Pass 15 0 12 0 4 0 7 0 18 0 16 0 4 0 8 0

03_BCL11A_sequniq 6 29,936,060 29,936,083 3 4 Fail

04_BCL11A_sequniq 10 34,042,251 34,042,274 2 4 Pass 2 0 9 0 1 0 3 0 5 0 6 0 3 0 2 0

05_BCL11A_sequniq 11 18,336,599 18,336,622 2 6 Fail

06_BCL11A_sequniq 1 18,342,060 18,342,083 2 6 Pass 3 0 6 0 1 0 3 0 4 0 17 0 1 0 8 0

07_BCL11A_sequniq 1 203,687,903 203,687,926 2 6 Fail

08_BCL11A_sequniq 12 105,662,939 105,662,962 2 6 Pass 0 0 6 0 0 0 3 0 1 0 3 0 0 0 0 0

09_BCL11A_sequniq 1 236,099,848 236,099,871 2 6 Fail

10_BCL11A_sequniq 14 58,659,277 58,659,300 2 6 Pass 1 0 4 0 1 0 0 1

11_BCL11A_sequniq 16 7,469,218 7,469,241 2 6 Fail

12_BCL11A_sequniq 18 77,689,301 77,689,324 2 6 Pass 1 0 7 1 0 0 4 0 0 0 12 0 0 0 8 0

13_BCL11A_sequniq 2 99,730,584 99,730,607 2 6 Pass 1 0 7 0 0 0 3 0 0 0 10 1 0 0 5 0

14_BCL11A_sequniq 4 100,540,897 100,540,920 2 6 Pass 3 0 7 0 0 0 4 0 1 0 15 0 0 0 11 0

15_BCL11A_sequniq 4 10,747,452 10,747,475 2 6 Pass 3 0 11 0 1 0 6 0 0 0 11 0 0 0 5 0

16_BCL11A_sequniq 4 119,091,045 119,091,068 2 6 Fail

17_BCL11A_sequniq 4 18,109,458 18,109,481 2 6 Fail

18_BCL11A_sequniq 5 114,678,383 114,678,406 2 6 Pass 0 0 7 0 0 0 3 0 0 0 9 0 0 0 5 0

19_BCL11A_sequniq 5 55,996,084 55,996,107 2 6 Pass 4 0 2 0 3 0 0 0 2 0 13 0 1 0 7 0

20_BCL11A_sequniq 7 116,548,904 116,548,927 2 6 Fail
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This guide RNA is being used by Vertex and CRISPR Therapeutics and is in BLA for treatment of Sickle Cell Disease



29 Closing Remarks

• INDUCE-seq: An unbiased, genome-wide measurement of On and Off-target DNA breaks

–Generating a ranked list of induced breaks easily identifies On Target editing.

–Off-target editing based on induced break recurrency and structure can also be observed.

• Duplex-seq: A sensitive, targeted mutation assay revealed the mutational outcome of editing.

• What is the relationship between DSB induction at On and Off-targets and editing outcome?

– 1. Nuclease-induced break recurrency is highly correlated with mutation frequency.

– 2. Induced break features can be used to predict editing outcomes.

• On and Off-target break and mutation data publicly available in due course.
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www.hesiglobal.org 

HESI is a global non-profit, scientific organization for PUBLIC BENEFIT. 
It facilitates public-private partnerships to address contemporary issues 
in human and environmental health and safety, collaboratively, through 
the engagement of scientists from academia, government, industry, 
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Off-target name chr start end indel mnv snv sv indel mnv snv sv indel mnv snv sv indel mnv snv sv

01_HBD_common 11 5,255,921 5,255,929 1399 0 Pass 3001 165 452 208 1 0 5 0 5053 275 720 252 0 0 4 0

02_HBD_common X 24,521,594 24,521,597 285 3 Pass 1845 69 239 43 0 0 1 0 5972 283 859 220 0 0 3 0

03_HBD_common 10 66,509,508 66,509,511 30 5 Pass 89 0 6 0 1 0 1 0 166 6 21 0 0 0 7 0

04_HBD_common 1 46,987,123 46,987,125 26 4 Fail

05_HBD_common 20 21,928,955 21,928,958 19 4 Pass 63 0 18 0 0 0 7 0 112 1 15 1 1 0 5 0

06_HBD_common 13 21,300,111 21,300,113 16 3 Pass 146 5 27 0 1 0 1 0 340 16 29 0 1 1 0 0

07_HBD_common 11 66,610,211 66,610,213 15 3 Intermediate 49 0 3 1 1 0 0 0 411 10 47 6 0 0 3 0

08_HBD_common 11 74,935,022 74,935,025 13 4 Pass 6 0 6 0 1 0 5 0 11 1 30 0 0 1 8 0

09_HBD_common 3 58,080,494 58,080,498 13 5 Pass 9 1 8 0 0 0 4 0 52 0 11 0 0 0 4 0

10_HBD_common 5 138,374,009 138,374,011 8 5 Fail 3 0 2 0 3 0 0 0 2 0 3 0 1 0 1 0

11_HBD_common 2 231,737,856 231,737,861 7 5 Pass 81 0 13 0 3 0 4 0 3 1 9 0 0 0 7 0
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01_HBD_unbiaseduniq 2 91,816,830 91,816,841 12 Fail

02_HBD_unbiaseduniq 2 214,013,745 214,013,753 12 Fail

03_HBD_unbiaseduniq 5 74,632,729 74,632,742 12 Pass 355 18 55 2 1 0 4 0 13 0 7 0 7 0 3 0

04_HBD_unbiaseduniq 20 35,402,159 35,402,169 12 Fail

05_HBD_unbiaseduniq 1 174,968,472 174,968,476 11 Fail

06_HBD_unbiaseduniq 1 249,120,945 249,120,952 11 Fail

07_HBD_unbiaseduniq 12 40,501,557 40,501,562 11 Pass 191 7 22 0 1 0 7 0 0 0 10 0 0 0 7 0

08_HBD_unbiaseduniq 13 28,558,530 28,558,541 11 Fail

09_HBD_unbiaseduniq 19 42,724,469 42,724,472 11 Fail

10_HBD_unbiaseduniq 1 214,758,727 214,758,735 10 Intermediate

11_HBD_unbiaseduniq 10 59,417,158 59,417,166 10 Fail

12_HBD_unbiaseduniq 12 4,964,742 4,964,748 10 Fail

13_HBD_unbiaseduniq 14 23,058,076 23,058,080 10 Fail

14_HBD_unbiaseduniq 14 50,429,588 50,429,596 10 Fail

15_HBD_unbiaseduniq 17 3,571,871 3,571,876 8 Pass 5 0 19 0 1 1 9 0 0 0 19 0 2 0 8 0

16_HBD_unbiaseduniq 6 31,515,374 31,515,383 6 Missing

17_HBD_unbiaseduniq 6 33,043,583 33,043,593 6 Intermediate

18_HBD_unbiaseduniq 6 43,337,577 43,337,581 6 Intermediate

19_HBD_unbiaseduniq 7 89,975,854 89,975,859 6 Fail

20_HBD_unbiaseduniq 8 17,785,549 17,785,553 6 Fail
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Off-target name chr start end indel mnv snv sv indel mnv snv sv indel mnv snv sv indel mnv snv sv

01_HBD_common 11 5,255,921 5,255,929 1399 0 Pass 3001 165 452 208 1 0 5 0 5053 275 720 252 0 0 4 0

02_HBD_common X 24,521,594 24,521,597 285 3 Pass 1845 69 239 43 0 0 1 0 5972 283 859 220 0 0 3 0

03_HBD_common 10 66,509,508 66,509,511 30 5 Pass 89 0 6 0 1 0 1 0 166 6 21 0 0 0 7 0

04_HBD_common 1 46,987,123 46,987,125 26 4 Fail

05_HBD_common 20 21,928,955 21,928,958 19 4 Pass 63 0 18 0 0 0 7 0 112 1 15 1 1 0 5 0

06_HBD_common 13 21,300,111 21,300,113 16 3 Pass 146 5 27 0 1 0 1 0 340 16 29 0 1 1 0 0

07_HBD_common 11 66,610,211 66,610,213 15 3 Intermediate 49 0 3 1 1 0 0 0 411 10 47 6 0 0 3 0

08_HBD_common 11 74,935,022 74,935,025 13 4 Pass 6 0 6 0 1 0 5 0 11 1 30 0 0 1 8 0

09_HBD_common 3 58,080,494 58,080,498 13 5 Pass 9 1 8 0 0 0 4 0 52 0 11 0 0 0 4 0

10_HBD_common 5 138,374,009 138,374,011 8 5 Fail 3 0 2 0 3 0 0 0 2 0 3 0 1 0 1 0

11_HBD_common 2 231,737,856 231,737,861 7 5 Pass 81 0 13 0 3 0 4 0 3 1 9 0 0 0 7 0
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R² = 0.9841

R² = 0.9936
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15 Comparing CRISPR induced break structure with 
mutational outcome 

EMX1 off-target 1

INDUCE-seq DSB 

reads

Targeted 

deep 

sequencing 

Read frequency

Similar 1bp overlapping break pattern and 

mutational outcome observed at top scoring off-

targets: 

- OT-1 (18.75%, 1bp insertion) 

Mutational outcome at CRISPR 
on-target site correlates with 
break structure

1bp read overlap suggests 1bp ‘staggered’ 

break rather than expected blunt DSB

Highest frequency mutation detected by targeted 

deep sequencing is 1bp insertion (37.24%)



Mutation Frequency of Gene-edited cells37
M

u
ta

ti
o

n
 F

re
q

u
e
n

c
y

C



Mutation Frequency at different time point after gene editing38
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INDUCE-seq detects break Structure & Frequency39

Cas12a - Type V  NucleaseCas9 - Type II Nuclease

HBD

MCF10A

6hr

Distinct blocked stacks of reads on both 

sides of a break is diagnostic for 

endonuclease induced DSBs

Stacks of staggered reads across a 6-8bp window of a Cas12a-

induced break indicates a different DBS induction mechanism

WT-

Cas12a

HEK293 4hr

Cas12a-

Engineered

HEK293 4hr

Breaks induced by an engineered Cas12 enzyme changes the 

shape of the breaks revealing an altered DSB induction

Egineered Cas12a

sgRNA

sgRNA

sgRNA

DNMT1
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