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Genome editing for therapeutics
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Exciting promise of genome editing is
the potential to develop curative genetic therapies.
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Safety considerations:

What about off-target effects”

e [ypically, hundreds of millions or more cells
modified by therapeutic gene editing

* Even low-frequency off-target mutations may be
relevant If they induce a cellular growth advantage

e Important to address, particularly for therapeutic
applications

®
St. Jude Children's
Research Hospital
ALSAC * Danny Thomas, Founder
Finding cures. Saving children.



Defining where off-targets may occur

enables critical satety monitoring

* Unlike gene therapy, no vector integrations in gene editing for easy tracking

* Defining off-target locations is important, even if we cannot currently
interpret the function of many off-target sequences

 Methods for defining off-targets as comprehensively as possible enable
monitoring for clonal expansion of cells harboring specific unintended

edits

 However, new methods for assessing functional impact (risk) are urgently
needed.
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In silico prediction

Intended target site

Computational PrinCiple

prediction

< | « Computationally predict sites based on
:Predicted oﬁ—targetsites: Sequence Slml a”tya etC

I Cleavage with Cas9—gRNA
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l Targeted PCR amplification ° EaSy
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Disadvantages

Detection of Cas9-

mediated mutations
El at amplified sites by : :
high-throughput * Bilased by assumptions

sequencing or
| biochemical assays,
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The Streetlight Effect
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Whole genome sequencing

'S broad but shallow

* not practical to
seguence large numbers
of genomes

* significant limitation: it
will miss off-target effects
with low-frequency (i.e.
sensitivity 1S poor)




Strategies for Defining Gene Editing

Nuclease Genome-wide Activity

Cell-based Methods
e Integration deficient lentiviral (IDLV) capture
* High-throughput genome-wide translocation sequencing (HTGTS)
e Breaks labeling, enrichment on streptavidin and next-generation sequencing (BLESS)
 Genome-wide unbiased identification of DSBs enabled by sequencing (GUIDE-seq)

In vitro Methods

* Digested genome sequencing (Digenome-seq)
* selective enrichment and identification of adapter-tagged DNA ends by sequencing (SITE-Seq)

e Circularization for in vitro Reporting of Cleavage Effects by Sequencing (CIRCLE-seq)
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GUIDE-seq: Genome-wide unbiased

identification of DSBs enabled by sequencing

Principle

 Optimized tag integration into DSBs
followed by tag-specific amplitication
and sequencing

dsODN

Advantages
dsODNtag e Quantitative and unbiased method
. L cell genome
f » Can identify background or fragile sites
lTag integration in live cells Disad t
\ iISadvantages
L g
T N * Requires transfection of DNA tag,

lTag—speciﬁc amplification

@ Imiting use In some primary cells
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Research Hospital
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UIDE-seqg In Human Primary I-cells
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GUIDE-seq Iis quantitative

put has [Imits to sensitivity

b VEGFA site 1 C VEGFA site 2 d VEGFA site 3
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e [ag Iintegration proportional to mutagenesis frequency

* |ncreasing sensitivity will require linear scaling of input genomes and
seqguencing
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Digenome-seq:

Digested Genome Seqguencing

Cas9 PrinCiple

cleavage site

N — * In vitro cleavage of genomic DNA, whole
- genome sequencing, and identify sites with
| | Caso cleavage uniform ends
l shearing
4 Advantages

e Simple, PCR-free

Disadvantages
l adapter ligation
e mapping + High number of sequencing reads required and
_ reference Nigh backgrouna

genome

e Candidate sites need to be confirmed In cells
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Standing out from a crowd
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CIRCLE-seq: Circularization for in vitro

reporting of cleavage effects by sequencing

Cas9 . .
cleavage site Prl NCi ple
sheared : :
genomic DNA * Selective sequencing of nuclease-cleaved

genomic DNA

Clrcularlzatlon
degrade residual linear DNA

Advantages
. © * Low backgrouna

leaved leaved ' 1\
cleave neleae * High sensitivity

Ca39 cleavage

e Reference-free
l adapter ligation + PCR

paired-end Disadvantages

high-throughput sequencing

l

—_— e Candidate sites need cellular confirmation
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CIRCLE-seqg improves signal to noise

while using 100-fold less reads

Digenome-seo CIRCLE-se0 HBB
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CIRCLE-seg genome-wide

nuclease activity profiles
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CIRCLE-seq detects nearly all sites

previously detected by GUIDE-seq

Site 1 Site 2 Site 3 Site 4 VEGFA site 1
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lTargeted tag sequencing strategy can overcome

standard NGS |Iimits of detection

dsODN tag

Targeted Tag Sequencing

 Background indel rate of modern high-throughput sequencing around 0.1%
e Tag integration is unambiguous evidence of DSB repair

* Proxy for mutagenesis frequency
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Technical limitations of standarao

nigh-throughput segquencing

e Error-rate obscures

11n 10
low-frequency detectable 1in 102
mutatons |/ 1in10°  fimit of
1in 104 detection
e Short read \eng.th 108
%revengs map.p.mg detl;lggb‘e 108
t OUY epelitive 1In 107 therapeutic
regions 1in 108 cell dose
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What Is technical reproducibllity

of measurements”
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What determines relationsnip between

cellular and /n vitro measurements”

functional
Impact
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What is the impact of human genetic

variation on genome editing activity”?

Site 3

CIRCLE-seq read counts
K562

Jude Children’s
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Could be tested in genome-in-a-bottle reference cell lines.
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Towards Developing Genome Editing

Measurement Standards

e Reference standards for validating low-
frequency mutation detection.

* Challenge and benchmark detection
methods at common targets/nucleases/cells.

* Define reproducibility and limits of detection.
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summary

* Important to empirically define genome-wide activity of gene editing
for therapeutics

« GUIDE-seq and CIRCLE-seq are two complementary methods to
define genome-wide genome editing activity

* (Glass half full: fortunate to have many sensitive and unbiased
genomic methods to define nuclease specificity

e NIST consortium has opportunity to develop standards to define
genome editing measurements and increase confidence in safety of
promising genome editing therapeutics
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