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Full Interrogation of Nuclease DDSBEs

and Sequencing

CLAIM OF PRIORITY
‘This application claims prionty under 35 UST §119(e} to U5, Patent
Application Senal No. 62/217,690, filed on September 11, 20135, The entire contents

of the forecgomg are herebv mcorporated by reference.

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
This mvention was made with Government support under Grant No. DPI
GM105378 awarded by the National Institutes of Health, The Government has

certain rights i the mvention.

TECHNICAL FIELD
Described herein are i vifro methods for defining the genome-wide cleavage

specificities of engmeered nucleases such as CRISPR-CasY Nucleases.

BACUKGROUND
Engincered nuclease technology including zing fingers, TALENs, and
CRISPR~CasY nucleases, 1s revolutiomzing biomedical rescarch and providing

inportant new modalities for therapy of gene-based diseases.

SUMMARY

At least m part, the present mvention 1s based on the development of sensifive.
unbiased methods tor genome~wide detection of potential engincered nuclease (.8,
CRISPR~Cash) off-target cleavage sutes from cell type-specific genomic DNA
samples. The present methods use exonuclease selection of covalently closed DNA
molecuies to create a population of genomic DNA molecules with very tew freec DNA
ends, as a starting population for cleavage-specific ennchment and seguencing.
Ennchment of these cleaved fragments, estimated to be >20,000X from human
oenomic DNA, enables very sequencing-etticient discovery of 1 vitro cleaved DNA
fragments, m contrast to methods such as Dhigenome-Seq (Kun ¢t al., Nat Methods.
2055 Mar; 12(3):237-43) that relv on whole-genome sequencing. After optunization,
the present in vifre assay detected 100% of off-target cleavage sites detccted by the m-

cell GUIDE-seq assav at the VEGEA stie target site used as a test case and described
i
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i Tsai et al., Nat Biotechnol. 2015 Feb: 33(2):187-97 (in other words, the present i
vitro assay detects a superset of GUIDE-seq detected cleavage sites).

Described herein are methods of enzymatically prepanng a library of DNA
fragments without DNA double-stranded breaks (I35Bs} (the terms “breaks™ and
“cleavage” are used hercin interchangeably) by ligation of stem-loop or hatrpin
adapters tollowed by exonuclease selection, and for detecting nuclease-induced
cicavage of this enzymatically punfied hbrary of covalently closed DNA fragments
by sequencing. Together, these two methods comprise a strategy for etficiently
mining for nuckcase-induced cleavage sites 1in complex mixtares of BDNA . Thus the
methods can include creating a population of molecules without ends. treating that
population with a nuciease, and finding molecules in thas population that have newly
created ends as a result of nuclease-mduced cleavage.

In a first aspect, the invention provides methods tor preparing a hibrary of
covalently closed DNA fragmenis. 'The methods mclude providing DNA, e.g., gDNA
from a cell type or organism of mterest; optionally randomly shearing the DNA (o a
defined average length, ¢.g., an average length of about 200-1000 bps, ¢.g., about 500
bps, to provide a population of BNA fragments; preparing the fragments for end-
higation, ¢.g., bv end-~repaining and then A-tailing the sheared DNA ligating a first
hairpin adapter compnsing at least a single deoxyundine (uracil} and a first pnmer
site compatible for use 1 PCR primung and/or sequencing, €.g., next generation
sequencing (NGNS} to the ends of the fragments, to prepare a population of ligated
fragments; contacting the ligated fragments with a nuclease that mmduces double
stranded breaks: and punfving the ligated fragments using an exonuclease, thereby
preparing a hibrary of covalently closed DNA fragments.

The methods can also include contacting the library of covalently closed DNA
fragments with a nuclease to mduce site-specific cleavage; ligating a second hairpin
adapter comprising at least a single deoxyuriding and a second primer site compatible
for use with the first primer sitc m PCR pruning and/or sequencing; contacting the
library with an enzyme, e.g., uracd DNA glvcosylase (UDG) and/or endonuclease
Viii, a DNA glveosylase-lvase, to nick the DNA at the deoxyundine; and seguencimg
those fragments having a first and second hairpin adapter.

Also provided herein are methods tor preparing a library of fragments

comprising nuclease-induced double stranded breaks m DNA, ¢.g., genomic DNA

PCT/US2016/051097
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(gDINA}). The methods can include providing DNA, e.g., gDINA from a cell type or
oreamism of interest; randomly sheanng the BNA to a defined average length, eg.. an
average length of about 200-1000 bps, ¢.g., about 100-500 bps; optionally end-
repairing and then A-taiing the sheared DNA; hgating a first single~taiied hawrpin
adapter, preferably comprising a first region, ¢.g., of about 10-20, ¢.g., 12 nucleotides;
a second region, ¢.g., of about 45-65, e.g., 5% nmucleotides, that forms one or more
hairpin loops and comprises a first primer site compatible for use in PUR prinung
and/or sequencimg, ¢.g., next generation sequencing (NGS), and a thard region, ¢.g., of
about 10-20, ¢.g., 13 nucleotides {e.g.. one longer than the first region) that 1s
compliementary to the first region, with a single deoxyundine nucleotide between the
first and second regions; contacting the sample with one or more exonucleases {¢.g

&9
bacteriophage lambda exonuclease, E. colt Exol, Plasmudbale™ ATP-dependent
cxonuclease}, sufficient to degrade anv DNA molecules that lack the first (c.g.. 37)
single-~taitied hairpin adapter ligated to both of their ends; treating the sample with a
nuclease to induce site-specific cleavage {¢.g., of on- and/or off-target sites, ¢.¢., o
imnduce blunt or staggered/overhanging ends) optionally end-repairing and then A-
taiimg the resulting ends; ligating a second {(¢.g., 3 '} single-tailed hairpin adapter
compnsing a first region of about 10-20, e.g., 15 nucleotides; a second region of about
43-60, e.g.. 48, nucleotides that forms on¢ or more hairpin loops and comprises a
second primer compatible for use with the first primer site 1n PCKR priming and/or
sequencing, ¢.g., next gencration sequencing (NGS), and a thurd region of about 10-
20, e.g., 16 nucleotides {¢.g., one longer than the first region) that 15 complementary
to the first region and that also contains a single deoxyuridine nucleotide between the
seeond and third regions, to create a population whercin the BNA fragments that were

cieaved by the nuclease have a first and second smgle~tailed hawrpin adapter hgated {o

their respective ends; therchy preparing a hibrary of fragments, ¢.g., wherein one end

was created by a nuclease-mduced double stranded break 1o the BDNA.

in some embodiments, the methods mclude contacting the library with uraci
DNA glycosviase {UD{) and/or endonuclease VIIL, a DNA glycosylase-lvase to nick
the DNA at the deoxyundine; and scguencing those fragments bearing a first and a
second hairpin adapier.

Also provided hercin are methods tor detecting nucicase-induced doubic

stranded breaks (BSBgs) m BNA, ¢.g., i genomic BDNA {gDNA)} of acell. The
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methods mclude providing DNA, ¢.g., gDINA from a ¢cell type or organism of micrest;
randomly shearing the BNA to a defined average length, ¢ g, an average length of
about 200-10040 bps, ¢.2., about 500 bps; optionally end-repairing and then A-taihing
the sheared DNA; higating a first smgle-tailed havpin adapter, preferably comprising a
first region, ¢.g., of about 18-20, ¢.g., 12 nuclcotides; a second region, ¢.g., of about
45-65, e.g., 58 nucleotides, that forms one or more hawrpin loops and comprises a first
primer siic compatibic for use i PCR primung and/or sequencing, €.¢., next
generation sequencing (NGDS); and a third region, ¢.g., of about 10-20, e.g., 13
nucleotides {¢.g., one longer than the first region) that 1s complementary to the first
region, with a singie deoxvurnidine nuclconide between the first and second regions:
contacting the sample with one or more exonucleases {¢.g., bactenophage lambda
cxonuclease, E. coli Exol, Plasmidbate™ ATP-dependent exomuclease), sufficient to
degrade anv DNA molecules that lack the first single-tailed hawrpin adapter ligated o
both of their ends; freating the sampie with a nuclease to imnduce site-specific cleavage
the DNA, e.g., to produse on- and/or off-target clecavage sites: optionally end-
repairing and then A-tathing the resulting cleaved ends; hgating a second {¢.g., 37}
single-tailed hairpin adapter comprising a first region of about 10-20, ¢.g., 15
nucleotides; a second region of about 40-60, ¢ g.. 48, nucleotides that forms one or
more hairpin loops and comprises a second primer compatible for usc with the first
primer stte i PUR priming and/or sequencing, €.¢.. next gencration sequencing
(NGS); and a third region of about 10-20, ¢.g., 16 nucleotides {¢.g., onc longer than
the first region) that 1s complementary {o the fivst region, and that also contains a
single deoxyundine nucleotide between the second and third regions, (o create a
population wherein the DNA fragments that were cleaved by the nuclease have the
first and second hairpin adapters higated to their respective ends; thereby prepanng a
hibrary of fragments comprising nuclease-mduced double stranded breaks in the DNA,
¢.g., wherein ong end was created by a nuclease-induced double stranded break in the
[3NA; contacting the library with uracil DNA glyvcosviase (VD) and/or
endonucliease VI a DNA glycosviase-lvase to mick the DNA at the deoxyunding;
and sequencing those fragments bearing a first and a second hawrpin adapter; thergby
detecting DSBs induced by the nuclease.

In some embodiments, the engincercd nucicase i1s selected from the group

consisting of meganucleases, MegaTALs, zinc-finger mucleases, transcription

PCT/US2016/051097
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activator eftector-like nucleascs {TALEN}), and Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)/Cas RNA-guided nucleases {CRISPR/Cas RGNs).

In some embodiments, treating the sampic with a nuclease to mduce site-
specific cleavage, ¢.g., at on- and oft-target sites, comprises contacting the sample
with a Cas9 nuclease complexed with a specific guide RNA (gRNA).

Further, provided herein are methods for determuning which of a plurality of
gutde RNAs 1s most spectiic, 1.¢., mnduces the fewest ott-target DSBs. The methods
wnclude, for each of the plurality of ginde RNAS: providing gDNA from a cell tvpe or
orgamism of interest; randomly shearing the gDINA to a defined average length, e g,
an average length of about 200-10040 bps, ¢.2., about 300 bps; optionally end-repairing
and then A-tailing the sheared gDINA; higating a first single-tailed hairpin adapier,
preferably comprising a first region, ¢.g., of about 10-20, ¢.g., 12 nucleotides; a
second region, €.g., of about 43-65, ¢.g.. 5% nucleotides, that forms one or more
hairpin loops and comprises a first primer site compatible for use in PUR prinung
and/or sequencing, €.2., next generation sequencing (NGS); and a thard region, ¢.g., of
about 10-20, ¢.g., 13 nucleotides (e.g., one longer than the first region) that s
compliementary to the first region, with a sigle deoxyundmne nucleotide between the
first and second regions; contacting the sample with one or more exonucleases (¢.g.,
bacteriophage lambda exonuclease, E. colt Exol, Plasmudbale™ ATP-dependent
cxonuclease}, sufficient to degrade anv DNA molecules that lack the first hatrpin
adapter ligated to both ot thewr ends; treating the samplie with a Cas9 nuclease
compatibic with the guide RNA to mduce site-specitic cleavage (¢.g., of on~ and/or
oft-target sies, €.g., to produce blunt or staggered/overhanging ends}; optionally end-
repairing and then A-tadmmge the resulting cleaved ends; higating a second {¢.g., 3 ')
single-tailed hairpm adapter comprising a first region of about 10-20, ¢.g., 15
nucicotides; a second region of about 40-60, ¢.g., 48, nucleotides that forms one or
more hairpin loops and comprises a second primer compatible for use with the first
primer stie i PCR priming and/or scquencing, €.2., next gencration sequencing
(NGS): and a third region of about 10-20, e.g., 16 nucleotides {¢.g., ong fonger than
the first region) that 1s complementary to the first region, and that also contams a
single deoxyundine nucleotide between the second and third regions, 1o create a
population wherein the DNA fragments that have a first and second hairpin adapter

higated to therr ends are those that were cleaved by the nuclease: thereby prepanng a

.y
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library of fragments comprising nuclease-mnduced double stranded breaks m DNA,
¢.g.. wherein one end was created by a nuclease-induced double stranded break 1n the
DNA; contacting the library with uraci DNA glveosvlase (UD{G) and/or
cndonuciease VI, a DNA givcosylase-lvase to mick the DNA at the deoxvunding;
and scquencing those fragments bearing a first and a sccond hairpin adapter, thercbhy
detecting DSBs mduced by the nuclease 1n each sample; optionally identifying
whether cach DB 1s on-target or ofi-target; comparning the D5Bs mnduced by the
nuclease i each sample; and determiming which of the plurality of guide RNAs
induced the fewest otf-target DSBs.

In some embodiments, the DNA 1s 1solated from a mammalian, plant,
bactenal, or fungal cell {e.g., gDNA}.

In some embodiments, the DN A 1s synthetic,

In some cmbodiments, the engineered nuclease 1s a TALEN, zince finger,
meganuclease, megal AL, or a CasY nuclease.

In some embodiments, the engmeered nuclease 15 a CasY nuclease, and the
method also mcludes expressing in the celis a guide RNA that directs the CasY
nucicase 1o a target sequence in the genome,

In some embodiments, the primer site in the first or second hairpin adapter
comprnises a next generalion sequencing pnmer sife, a randonnzed DINA barcode or
unique molecular identifier (UMI}

the present methods have several advantages. For exampic, the present
methods are in vitro, m contrast, GUIDE-seq 15 cell-based, requiring the mtroduction
of double stranded chigodeoxvnucleotides (dsODN) as well as expression or
introduction of nuclease or nuclease-encoding components into celis. Not all cells
will allow the mtroduction of dsODNs and/or nuclease or nuclease-encoding
components, and these reagents can be toxic i some cases. If a cell type of particular
mterest 1s not amenable to mwiroduction of dsODNs, mucleases, or nuclease-encoding
components, a surrogate cell tvpe might be used, but celi-specitic ettects nught not be
detected. The present methods do not require dehivery of the dsQODN, nuclease, or
nuclease-encoding components mto a cell, are not influcnced by chromatin state, do
not create toxicity 1ssues, and enable micrrogation of specitic cellular genomes by

cleavage of genomic DNA that 1s obtamed from the celi-type ot micrest.

PCT/US2016/051097
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Pnless otherwise defined, all technical and scientific terms used hercin have
the same meaning as commoniy understood by one of ordinary skill 1n the art to
which this inveniion belongs. Mcethods and maternials are described berein for use n
the present mvention; other, suitable methods and matenals known in the art can also
be used. The materials, methods, and examples are tllustrative only and not mtended
to be hinuting. All publications, patent apphications, patents, sequences, database
cnines, and other references mentioned herein are incorporated by reference wn ther
entirety. In case of conflict, the present specification, including defimtions, will
control.

{Mher features and advantages of the mvention will be apparent from the

tollowing detailled descriphion and figures, and trom the claims.

DESCURIPTION OF DRAWINGS

Figures 1A-B. Overview of an exemplary i vitro assay for genome-wide
identification of CRISPR/CasY cleavage sites from complex mixtures of DNA called
FIND-seqg (Full Interrogation of Nuclease DSBs). (a) Genomic DNA 15 1solated from
human cells and sheared to an average of ~500 bp using a Covans §220 AFA
mstrument. Sheared BNA 1s end-repaired, A-tatled, and ligated with a 57 single-tailed
hairpin adapter containing a single deoxyvuradine. Successtul hgation of the hairpin
adapter 1o both ends of the DNA tragments will result in covalently closed DNA with
no free end. Lambda Exonuclease and E. coli Exol or PlasmudSate ATP-dependent
exonuciease can then be used to dramaticallv reduce the background of DINA with
free ends, leaving a predominantly untform population of covalently closed DNA
molecules. Cas? cleavage of adapter-ligated gDNA will produce ends with free 57
phosphates for the ligation of a second 37 single-tailed hatrpm adapter that also
contains a single uracil base. Treatment with USER enzyme nuxture and PCR
enriches for DNA molecules that have been ligated with both 57 and 37 single-tailed
adapters. The use of smgle-tarled adapters reduces background, as only molecules that
contamn both 5™ and 37 adapters can be amplified and sequenced. (b} Detailed
schematic of adapter ligation steps, with sequence and predicted DINA secondary
structure of hairpin adapters. Ligation of haurpin adapters at both ends creates
covalently closed BNA molecules that can be subsequently reopened at uracii-

containing sies.
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Figures 2ZA-B. Reads mapped at on-target and off-target clecavage sites.

{(a} Visualization of "on-target’ genomis regions where bidirectionally mapping
uniform-end read signatures of CasY cleavage can be identified. Reads are mdicated
by rectangles; coverage 1s displaved above. The arrow mdicates the predicted cut site
and data 1s shown for 3 target sites mn the VEGFA locus. A sample treated with
Strepiococcus pvogenes LasY complexed with EMX1 gRNA 15 also shown as a
ncgative control. (b} Visualization of example “off-farget” genonuc region
20:36175349-56175372 m VEGEFA sute 1. Bidirectionally mappimg reads with
uniform’ ends can be observed m this region and are typical of sites detected by this
in vitro assay. Reads gencrally start withun 1-bp of the predicted cut-site and onginaie
outward m both directions from thus position.

Figures 3A-D. Analvsis of FIND-seq in vitro cleavage sclection assay results
usmg different exonuclease treatment conditions. {a) Mapped read counts at genome-
wide in vitro cleavage assay detected sites for a under different exonuclease
treatments. (b} Number of sites detected by genome-wide 1n vitro cleavage assay with
different exonuclease treatments. (¢} Average read counts at genome-wide m vitro
cleavage assay detected sites under different exonuclease treatments. {d) Percentage
of GUIDE-seg detected sites that are detected by genome-~-wide 1n vitro cleavage
assay. Note there are three condiions where 1009% of GUIDE-seq sites are detected
usmg the simple m vitro assay.

Figure 4. Venn diagram of overlap between GUIDE-seq and FIND-seg
genomic i vitro cleavage assay performed with 1 hour of lambda exonuclease and E.
colt exomuclease I, and 1 hour of PlasmidSate exonuclease treatment at the VEGHA
target site 1. In this condition, 100% of GUIDE-scq sites are also detected with the n
vitro assay,

Figures SA-B. Analysis of FIND-seq genomnc m vitro cleavage assay testing
the adapter ligation order with different exonucicase treatment conditions. The
condition that detected the highest number of sites was | hr PlasnudSate, | hr
Lambda exonucliecase/E. Coli exonuclease T treatment, with the 37 adapter added first,
{a} Number of sites by FIND-s¢g genome-wide 1 vitro cleavage assay with different
exonuclease treatments and adapter heation order. (b) Read counts at FIND-seg
detected oft-target sites using different exonuclease treatments and adapter ligation

order.

PCT/US2016/051097
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DETAILED DESCRIPTION

An mnportant consideration for the therapeutic deployment of CRISPR-Cas?
nucleases 15 having robust, comprehensive, unbiased, and highly sensitive methods
for defining thewr off-target etfects. Recently, a number of methods for definmmg the
genome-wide off-target effects of CRISPR-CasY and other customizable nucleases
have been described. For example, the GUIDE-seq method, which relics on uptake of
a short double-stranded oligonucicotide “tag™ mto nucicase-nduced 35Bs m ving
cells, has been shown to define off-target sites on a genome-wide scale, identitymng
sttes that are mutagemized with freguencies as low as 0.1% of the time 1n a population
of cells (Tsat et al., Nat Biotechnol. 2013} Other cell-based methods for defuung

nucicase-mduced off-target breaks nclude a method that maps translocation fusions

to the on-target sie and another that relies on aptake of micgration-deficient lentivirus

{(IDLVY) genomes o sites of DSBs.

Pespite this recent progress, cchi-based methods tor oft-target determanation
have a number of hmtations including: (1) a requurement to be able to mtroduce both
the nuclease components and a tag such as the dsODN or IDLYV genome mnto cells: (2)
biological sclection pressures that might favor or disfavor the growth of cells
harboring certain types of oft-target mutations; and/or (3} the potential confounding
ctiects of cell-type-specific parameters such as chromatin, DNA methylation, gene
cxpression, and nuclear architecture on nucicase oft-target activities/eftects.

In vitro methods using purified genonuc BN A provide an aftractive alicrmative
because they would sidestep these vanous limitations of cell-based approaches.
However, in vitro methods face the challenge that isolated genomic DNA 15 by
experimental necessity randomly sheared {or broken) mto smaller pieces. This poses a
challenge because it 1s not easy to differentially wdentity DSBs mduced by shearing
from those mduced by treatment of the genomic DNA 1n vitro by nucleases. The
recently described Digenome attempted to use alignment of common ends mduced by
nucicases in genomic sequence but the signal for this type of event can be challenging
to discem relative to the background of random DSBs from shearing of genonuc
DNA mduced dunng genomic DNA 1solation and by deliberate shearing of the DNA
to smaller s1ze preces required for BNA sequencing methods. in addition, and perhaps
more unportantly, because there is no enrichment for the nuclease-mduced DS Bs,

ncarly all of the sequencing data gencrated with Digenome 18 just re-sequencing of
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random genomic DNA | a factor that further limits the sensitivity of the method since
very few reads generated contribute the destred mformation about nuclease-induced
DSBs. Indeed, Digenome fated to identity a number ot oft-target sites found by
GUIDE-seq for a particular gRNA, although the caveat must be added that the two
cxperiments were performed in different cell hines.

Descrnibed herein 1s an im vifro method that enables comprehensive
determination of PDSBs mduced by nucicases on any genomic DNA of interest. This
method enables enrichment of nuclease-mduced BSBs over random DSBs mduced by
shearing of genomic BNA. An overview of how the method works can be found in
Figures 1A and 1B. In brief, genonuc DNA from a cell tvpe or organism of interest is
randomly sheared to a defined average length. In the present experunents, an average
length of 300 bps worked well for subseguent next-gencration seguencing steps;
however, shorter or longer lengths can also be used. The random broken ends of this
ocnomic DNA are end repatred {(1.¢., the random overhanging ends are tilled
m/blunted, ¢.g., using T4 polymerase, Klenow fragment, and T4 Polynucleotide
Kinase (PNK)) and then A-tailed (i.e.. an A {adenosine) 1s enzymatically added to the
3" end of a blunt, double-stranded DNA molecule). This then cnables the higation of a

haupin adapter, preferably bearing a 57 end next-generation sequencing primer site,

that also contamms a single deoxvuridine nucleotide at a specific position (Figure 1B}

and a I-nucleotide {thyvmudine} overhang at the 37 end: hercatier this adapter s
referred to as the 537 single-tailed hairpin adapter” or ssmply ™37 hamrpin adapier”.
Following higation of this adapier, the sample 15 then treated with one or more
exomicleases {€.g., bacteriophage lambda exonuclease, E. coli Exol, Plasmiddatc™
A'TP-dependent exonuclease) that degrade any BNA molecules that bave not bad the

il

57 single-tailed haurpin adapter hgated to both of their ends. The collection of
molecules 1s then treated to mduce blunt-end cuts, ¢.g., with a Cas9 nuclease
complexed with a specific guide RNA {gRNA}. The resulting nuclease-induced blunt
cnds are A-tailed and then a second hairpin adapter beaning a 3 ¢nd next-gencration
sequencing primer site and that also contamns a single deoxyunidine nucleotide at a
specitic position 1s hgated to these ends; this adapter 1s also reterred to hercin as the
“3 single-tatled hairpin adapter” or sumply 3 hatrpin adapter”™

As a result of these treatments, the only DNA fragments that should have a 5

and a 3~ smgle-tarled hairpin adapter ligated to theiwr ends are those that were cleaved

134
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by the nuclease. Following treatment {¢.g., by the USER enzyme miuxture) to nick
DNA wherever a deoxyundine 1s present, only those fragments bearnng the two types
of adapters can be sequenced.

The present methods can be used to prepare hibranes of fragments for next
generation sequencing, ¢.¢., (o identify guide RNA/Cas® combinations that mduce the
most specific PSBs {e.g.. that have the fewest off-targct cifects). ¢.g.. for therapeutic

O TCSCarci purposes.

Singole-Tailed Hairpin Adapiers

The present methods include the use of non-naturally occurnng 3" and 57
smngle-tatled hairpin adapters. The hairpin adapters inchide (from 57 to 37) a first
region, ¢.g.. of about 10-20, c.g., 12 or 15, nucleotides: a second region, ¢.g., of about
43-65, ¢.g., 5% or 48, nuclcotides that forms one or more haurpin loops and includes a
sequence compatbible for use i PUR priming and/or scguencing, €.¢., next gencration
sequencing (NGS); and a third region, e.g.. of about 10-20, ¢ g., 13 or 16, nucicotides
that 1s compiementary to the first region. 1he lengths of the first, second and thurd
regions can vary depending on the NGD method selected, as thev are dependent on the
sequences that are necessary for priniing for use with the selected NG5S plattorm.

the hatrpm adapters include at least one, preferably only one, uraci that
allows the adaptor to be opened by Uracil DNA glycosviase (UDG) and Endonucleasc
Vi, a DNA glycosvlase-ivase, e.g., the USER {(Uracil-Specitic Excision Reagent)
Enzyvme mixture {New England BicLabs}. The UDG catalvzes the excision of uraci
bascs to form an abasic site but leave the phosphodicster backbone intact {(see, ¢.g.,
Lindhal et al., J. Biol Chem.. 252:3286-3294 (1977); Lindhal, Annu. Rev. Biochem.
531:61-64 {(1982}). The Endonuclease VI breaks the phosphodiester backbone at the
3" and 37 sides of the abasic site (see, ¢.g., Melamede et al., Biochemustry 33:1255-
1264 (1994); hang et al., J. Biol. Chem. 272:32230-32239 {1997}). This combination
generates a single nucleotide gap at the location of a uracd. In some embodiments, in
the 5™ single-tatled hairpin adapters the uracil 18 placed at or within |, 2, 3, or 4
mucleotides of the end of the first region and the beginning of the second region, and
in the 37 single~tailed hairpin adapters the uracil s placed at or withun 1, 2, 3, or 4
nucicotides of the end of the first region and the beginning of the second region.

in the present methods, all parts of the hawrpin adapters are prefcrably
orthologous to the genome of the cell {1.¢., are not present it or complementary o a

b
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sgquence present 1n, 1.¢., have no more than 10%, 20%, 30%, 40%, or 30% 1dentity o
a sequence present m, the genome of the cell}. The hatrpin adapters can preferably be
between 63 and Y3 nts long, ¢.g., 70-90 nts or 73-83 nts long.

Each of the 5 and 3° single-tatled bairpin adapters should include a primer
site that 1s a randomized DNA barcode {(¢.g.. SHAPE-SEQ, Lucks et al., Proc Natl
Acad Sci U § A 108: 11063-11068), umgue molecular identificr (UMI) (sce, ¢
Kivioja et al., Nature Methods 9, 72-74 (2012); islam et al., Nature Mecthods 11,
163166 (2014); Karlsson ¢t al., Genomues. 2015 Mar 105(3): 150-8), or umique PCR

priming sequence and/or unique sequence compatible tor use m sequencing {€.g.,

NGS). The sequence compatible for use m sequencing can be sclected for use with a

desired seguencing method, €.g., a next generation sequencing method, e.g., HHununa,
fon Torrent or hbrary preparation method like Roche/454, Hlomina dolexa Genome
Analyzer, the Applied Biosystems SOLiID™ system, fon Torrent™ semiconductor
sequence analvzer, PacBio® real-time sequencing and Helicos™ Single Molecule
Sequencing (SMS) See, ¢.g., WO2014020137, Voelkerding et al., Cluucal Chemastry
53:4 641-658 (2009} and Metzker, Nature Reviews Geneties 11:31-46 (201033 A
number of kits are commercially avadable for prepanng DNA for NG5S, including the
ThruPLEX DNA-seq kit (Rubicon: see U .S, Patents 7,803,550, 8,071,312; 8,399 199;
8,728,737} and NEBNext® (New England BioLabs; sec ¢.g., U.S. patent 8,420,319}}.
Exemplary sequences are shown m 1able A, below.

in some embodiments, the hairpin adapters mcehude a restriction cnzyme
recognifion siute, preferably a site that 15 relatively uncommon m the genome of the
cell.

‘the hairpin adapters are preferably modificd; in some embodiments, the 57
cnds of the hairpin adapters are phosphorviated. In some embodiments, the hairpn
adapters are blunt ended. In some embodiments, the hairpin adapters mchude a

random variety of 1, 2, 3. 4 or more nucleotide overhangs on the 3 or 3 ¢nds, or
mclude a single T at the 5™ or 37 end.

¢ hairpin adapters can also mnclude one or more additional modifications,
¢.£., as known m the art or desertbed i PUT/USZ011/060493 . For example, m some
embodiments, the hairpin adapters 1s biotinylated. The bictin can be anywhere
internal to the hairpin adapters {¢.g., a modified thymidine residue (Biotin-dT) or

B
asing biotin azide), but not onthe 5 or 37 ends. 'This provides an altemate method of

12
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recovenng fragments that contam the FIND-scg hairpin adapters. Whereas in somie
embodiments, these sequences are retrnieved and wlentified by PCR, in this approach
thev are physically pullied down and enriched by using the biotin, ¢.g., by binding to
streptavidin~coated magnetic beads, or using solution hyvbrid capture; see, ¢.g., Gnirke
¢t al., Nature Biotechnology 27, 182 - 189 (2009},

Although the present working examples mclude higating the 57 adapter and
then the 37 adapter, the adapters can be added i either order, 1.€., 37 adapter then 3
adapter, or 37 adapter then 3 adapter. The order may be optimized depending on the
exonuclease treatment used, ¢.g.. for Lambda exonuciease, which s a highly
processive 3 -> 37 exonucicase, where adding the 57 adapter second may be

advantageous.

fnginecred Nucleases

‘There are presently four main classes of engmecred nucleases: 1}
meganucicases, 2} zinc-finger nucleases, 3) transcription activator ctfector-like
nucleases {TALEN), and 4} Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) Cas RNA-guided nucleases (RGN} See, ¢.g., Gay et al., Trends
Biotechnol. 2013 Jul;31{7}:397-405. Any of these, or varnants thereot, can be used in
the present methods. The nuclease can be transiently or stably expressed 1n the cell,
using methods known i the art; tvpically, to obtain expression, a sequence encoding
a protein 18 subcloned mto an expression vector that contains a promoier to direct
transcription. Suttable cukarvoiic expression systems are well known 1n the art and
desceribed, ¢.g.. 1in Sambrook ¢t al., Molecular Cloning, A Laboratory Manual (4th ed.
2013); Knegler, Gene Transfer and Expression: A Laboratory Manual (2006}, and
Curvent Protocols in Molecular Biology ( Ausubel ¢t al., eds., 2010}, Transtormation
of eukaryotic and prokarvotic cells are performed according to standard technigques
(sce, ¢.g., the reference above and Morrison, 1977, J. Bacteniol. 132:349-351; Clark-
Curtiss & Curtiss, Methods in Enzyvmology 101:347-362 (Wu et al ., eds, 1983).

Homing Meganucieases

Meganucleases are sequence-specific endonucleases origmating from a varety
of organisms such as bactena, veast, algae and plant organclies. Endogenous
meganucicases have recogmtion siies of 12 to 30 base pairs; custonized DNA bimnding
sites with 18bp and 24bp-long meganucicase recognition sites have been described.
and cither can be used 1n the present methods and constructs. See, ¢.9., dilva, (o, ¢t

3
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al., Current Gene Therapy, 11:11-27, {(2011); Amould et al., Joumal of Molecalar

Biology, 355:443-38 (2006); Arnould ¢t al.. Protein Engmmeering Design & delection,
24:27-31 (2011}; and Stoddard, Q. Rev. Biophvs. 3%, 49 (2005); Gnizot ¢t al., Nucleic
Acids Research, 38:2006-18 (20103.

CRISPR-Cas Nucleases

Recent work has demonstrated that clustered. regularly interspaced, short
pahindromic repeats (CRISPRYCRISPR-associated (Cas) systems (Wicdenhett ef al.,
Nature 482, 331-338 (2012}, Horvath et al., Science 327, 167-170 (2010} Tems et al,
Curr Opin Microbiol 14, 321-327 (2G11)}) can serve as the basis of a sumple and
highly efficient method tor perfornung genome editing in bactena, veast and human
cells, as well as in vivo o whole organisms such as fruit flies, zebrafish and nuce
{Wang ct al., Cell 153, 910-918 {(2013); Shen et al., Ccll Res {(2013); Dicarlo et al.,
Nucleic Acuds Res {(2013); Jiang et al., Nat Biotechnol 31, 233-239 (2013} hinck ¢t
al., Elife 2, ¢00471 (2013); Hwang ¢t al., Nat Biotechnol 31, 227-229 (2013); Cong ¢t
al., Science 339, 819-823 (2013}, Mal et al | Science 339, 823-826 (2013¢), Cho ¢f
al., Nat Biotechnol 31, 230-232 (2013}; Gratz ¢t al., Genetics 194{(4}:1029-35 (2013}).
The Cas9 nuclease from 5. pyogenes can be guided via simple base pair
complementanty between 17-20 nucleotides of an engineered guide RNA (gRNA),
¢.g.. asmgle gutde RNA or crRNA/tracrRNA pair, and the complementary strand of a
target genomic BNA sequence of mitcrest that lies next to a protospacer adjacent motit
(PAM)}, c.g., a PAM matching the sequence NGG or NAG (bhen et al, Cell Res
(2013}; Dicarlo et al., Nucleic Acids Kes (2013); Jiang et al., Nat Biotechnol 31, 233-

39 (2013}, Jmek et al ., Elife 2, 200471 (2013); Hwang ¢t al., Nat Biotechnol 31, 227-

229 (2013}, Cong ¢t al., Science 339, 819-823 (2013); Mali et al., Science 339, 823-
826 {2013¢c}; Cho et al., Nat Biotechnol 31, 230-232 (2013); Jinck et al., Science 337,
816-821 (2012},

in some embodiments, the present system utilizes a wild type or vanant €as9
protein trom S pyogenes or Staphylococcus aureus, either as encoded mn bactena or
codon-optinuzed for expression i mammahan cells. The gude RNA 15 expressed
the cell together with the CasY. Either the guide RNA or the nuclease, or both, can be

expressed transicntly or stably in the cell.
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TAL Effector Repeat Arravs

TAL effectors of plant pathogenic bacteria m the genus Xanthomonas play
important roles i disease, or trigger defense, by binding host BDNA and activating
cttector-specitic host genes. Specificity depends on an effector-vanable number of
impertect, typically ~33-35 ammo acid repeats. Polymorphisms are present primarily
at repeat posttions 12 and 13, which are referred to hercin as the repeat variable-
diresidue (RVDY). The RVIDs of TAL effectors correspond to the nucieotides m ther
target sites i a direct, limear fashion, one RV D to one nucleotide, with some
degeneracy and no apparent context dependence. In some embodiments, the
poivmorphic region that grants nucleotide specificity may be cxpressed as a triresidue
or triplet.

Fach DNA binding repeat can mclude a RVD that determunes recogmtion of a
base pair i the target DNA sequence, wherein each DNA binding repeat 1s
responsible for recogmizing one base paw in the target DNA sequence. o some
embodiments, the RVD can comprise one or more of: HA tor recogmizing € NI {or
recognizing ; HI for recognizing ; HN for recognizing (; NA for recognizing (;
SN for recognizing G or A; Y for recognizing 1 and NK for recognizing G and one
or more of: HD for recogmzing €. NG for recogmzing T, Ni {for recogmzing A; NN
for recognizing {s or A; NS for recogmzing A or C or G or T, N* for recognizing € or
1, wheremn ™ represents a gap in the second position of the RVD; HG for recognizing
T, H* tor recogruzing T, wheremn ™ represents a gap 1o the second position of the
RV D: and IG for recognizing 1.

TALE protems may be useful in research and biotechnology as targeted
chimeric nucleases that can faciltate homologous recombination 1 genome
engineerng {¢.g., to add or enhance traits useful for biotucls or biorenewables m
plants}. These protens also may be usetful as, for example, transcription factors, and
cspecially for therapeutic applications requuring a very high level of specificity such
as therapeutics against pathogens {¢.g.. viruses} as non-houting examples.

Methods for generating engineered TALE arrays are known n the art, sce,
¢.g., the fast hgation-based automatable solid-phase high-throughput {(FLASH) system
described m USSN 61/610.212, and Revon ¢t al.. Nature Biotechnology 30,460-4635
(2012}): as well as the methods described in Bogdanove & Vovias, Science 333, 1843-

1846 {2011}, Bogdanove et al., Curr Opin Plant Biol 13, 394-401 (2010); Scholze &
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Boch, J. Curr Opin Macrobiol (20113, Boch et al., Science 326, 1509-1312 {2009}
Moscou & Bogdanove, Science 326, 1501 (Z009); Muller et al., Nat Biotechnol 29,
143-148 (2011); Morbutzer et al., 1. Proc Natl Acad Sa1 U S A 107, 21617-21622
{2010}); Morbitzer et al ., Nucleic Acids Res 39, 5790-3799 (2011); Zhang ¢t al., Nat
Biotechnol 29, 149-153 (2011}, Gessler et al., PLoS ONE 6, 195309 (2011); Weber et
al.. PLoS ONE 6. 19722 (2011); Chnistian et al., Genetics 186, 757-761 (2010); Li et
al.. Nucleic Acids Res 39, 350-372 (201 1); Mabhtouz et al., Proc Natl Acad Sci U S A
108, 2623-2628 (2011} Mussolimo et al., Nucleic Acids Res (Z011); Li et al., Nuclewc
Acids Res 39, 6315-6325 (2011); Cermak et al.. Nucleic Acids Res 39, 32 (20113}

Wood et al., Science 333, 307 (2011}, Hockemeve et al. Nat Biotechnol 29, 731-734

{2011); Tesson et al., Nat Biotechnol 29, 695-696 (201 1); Sander et al., Nat
Biotechnol 29, 697-698 (2011}; Huang et al., Nat Biotechnol 29, 699-700 (2011}, and
Zhang et al., Nat Biotechnol 29, 149-133 (2011); all of which are incorporated herein
bv reterence m thewr entirety,

Also suitable for use mn the present methods are MegaTALs, whch are a
fusion of a meganuciease with a TAL etfector; see, ¢.g., Boisscl et al., Nucl. Acids
Res. 42(4):25391-2601 (2014); Boissel and Scharenberg, Methods Mol Biol,
20015;1239:171-96,

Zinc Fingers

Zinc finger protems are DNA-binding proteins that contain one or more zing
fingers, mdependently folded zmc-containing nuni-domains, the structure of which 1s
well known 1 the art and defined m, for example, Maller et al., 1985, EMBO ],
41609 Berg, 1988, Proc. Natl. Acad. Sci. UBA, 85:99; Lee et al., 1989, Science.
245:635; and Kiug, 1993, Gene, 135:33. Crystal structures of the zin¢ tinger protein
Zit268 and its varants bound to DNA show a semu~-conserved patiemn of interactions,
it which typically three amimno acids from the alpha-helix of the zinc finger contact
three adjacent base pairs or a “subsite” i the DNA (Pavietich et al., 1991, Science,
232:809; Elrod-~Ernickson ¢t al., 1998, Structure, 6:451). 'Thus, the crystal structure of
21268 suggested that zinc finger DNA-binding domams might function 1n a modular
manner with a one-to-one mieraction between a zine fimger and a three-base-pair
“subsite” m the DNA sequence. In naturally occurnng zine finger transcription

tactors, multiple zinc fingers are typically linked together in a tandem array to achicve
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sequence-spectiic recognition of a contiguous BNA sequence (Klug, 1993, Genge
135:83).

Muitipic studics have shown that # 1s possibie to artificially engmeer the DNA
binding characternistics of mdividual zine fingers by randonmuzing the amino acids at
the alpha-helical posiions involved m DNA binding and using sclection
methodologies such as phage display to identifv desired vanants capable of bindimng to
[INA target sites of interest {Rebar et al., 1994, Science, 263:671; Chooctal., 1994
Proc. Natl. Acad. Sci. USA, 91:11163; Jamieson et al., 1994, Biochenusiry 33:5689;
Wuctal, 1995 Proc. Natl. Acad. Sci. USA, 92: 3443, Such recombinant zinc finger
proteins can be fused to functional domains, such as transcriptional activators,
transcriptional repressors, methvlation domains, and nucleases to regulate gene
expression, alter DNA methylation, and mtroduce targeted alicrations mto genomes of
model organisms, plants, and human cells {(Carroll, 2008, Gene Ther, 15:1463-68;
{athomen, 2008, Mol. Ther., 16:1200-07; Wu et al., 2007, Cell. Mol Life Sci,
64:2933-44}

One exasting method for engineenng zine finger arravs, known as “modular
assemblv,” advocates the simple joinmng together of pre-selected zine finger modules
into arravs {(degal et al., 2003, Biochenustry, 42:2137-48; Beerhli et al., 2002, Nat.
Biotechnol., 20:135-141; Mandell et al., 2006, Nucleic Acids Res., 34:W516-323;
Carroll et al., 2006, Nat. Protoc. 1:1329-41; Lwwetal, 2002, 1. Biol. Chem |
277:3850-56; Bae et al., 2003, Nat. Biotechnol., 21:275-280; Wrnght ¢t al., 2006, Nat.
Protoc., 1:1637-532). Although straighttorward enough to be practiced by any
rescarcher, recent reports have demonstrated a high fadure rate for this method,
particularly 1n the context of zinc finger nucicases (Ramirez et al., 2008, Nat.
Methods, 5:374-375; Kim ¢t al., 2009, Genome Res. 19:1279-88), a lunatation that
typmcally necessitates the construction and cell-based testing of very large numbers of
zing fmger proteins for any given target gene (Kim et al., 2009, Genome Res.
19:1279-83}.

{Combmatonal selection-based methods that identify zinc finger arrays from
randomized hbrarics have been shown to have higher success rates than modular
assembly (Maeder ¢t al., 2008, Mol. Cell, 31:294-301; Joung et al., 2010, Nat.
Methods, 7:91-927; Isalan et al., 2001, Nat. Biotechnol ., 19:656-660). In preferred

cmbodiments, the zine finger arrays are described 1, or are generated as described m,
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o

WO 20117017293 and WO 2004/099366. Additional suntable zine finger DBDs arc
described m U.S. Pat. Nos. 6,511,808, 6,013,453, 6.007.988. and 6,503,717 and U5,

’\.-'

patent application 2002/0160944,

DNA
The methods described herein can be applied to anv double stranded DNA,
¢.g., genomic DNA 1solated from any cell, artificially crcated populations of BNASs,

or any other DNA pools, as it 1s perfommed in vitro.

dequencing

As used herein, “sequencing  mcludes any method of determining the
sequence of a nucleic acid. Any method of seqguencing can be used in the present
methods, icluding chain termmator (Sanger) seguencing and dye termmator
sequencing. In preferred embodiments, Next Generation Sequencing (NGS), a high-
throughput sequencing technology that performs thousands or nullions of sequencing
reactions m parallel, 1s used. Although the different NGNS platforms use varving assay
chemuastries, they all generate sequence data from a large number of sequencing
reactions run simultancousty on a large number of templates. Typically, the sequence
data 1s colliected using a scanner, and then assembled and analvzed bioinformatically .
Thus, the sequencing reactions are performed, read, assembled, and analvzed n
parallel; sce, e.g., US 20140162897, as well as Voelkerdmg ¢t al., Chimical Chem ., 33:
641-638, 200%; and Mack.ean et al., Nature Rev. Microbiol., 7; 287-296 (2009},
some NG methods require template amplification and some that do not.
Amplification-requining methods mclude pyrosequencing (see, e.g., U.S. Pat. Nos.
.21 0,89 and 6,258,568 commercialized by Roche}; the Solexa/lHumina platform
(sce, c.g., U.S. Pat. Nos. 6,833,246, 7,115,400, and 6,969,488); and the Supporied
Ohligonucleotide Ligation and Detection (SOL1D) platform {Applicd Biosysiems; see,
e.g., US Pat. Nos. 5,912,148 and 6,130,073}, Methods that do not require
amplification, ¢.g., singlc-molecule sequencing methods, include nanopore
seguencing, HeliScope (U.S. Pat. Nos. 7,169,560, 7,282,337, 7482, 120; 7, 5301,245;
6,818,393; 6,911,343 and 7,501,245); real-time sequencing by synthesis {(see, ¢.2..
LS. Pat. No. 7,329,492} single molecule real time (SMRT) DNA sequencing
methods using zero-mode wavegmdes (ZMWs); and other methods, mcluding those

desceribed m U.S. Pat. Nos. 7,170,050, 7,302,146, 7,313,308 and 7,476,503}, See,

3¢
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e.g., US 20130274147, US20140038831; Metzker, Nat Rev Genet 11{1}): 31-46
(2010},
Altematively, hyvbridization-based sequence methods or other lngh-throughput

methods can also be used, ¢.g., nucroarray analysis, NANOSTRING, ILLUMINA, or

£

other sequencing platfomms.

Kits

Also provided herein are kits for use in the methods described herem. The kits
can mclude one or more of the following: 57 smgic-tailed hawpin adapters; 37 single-
tailed hamrpin adapters; reagents and/or enzyvmes for end repair and A tailing {¢.g., T4
10 polvmerase, Klenow fragment, T4 Polynucleotide Kimase (PNK), and/or Tag DNA
Polvmerase); exonucicase; uracil DNA glycosylase {UDG) and/or endonuclease VIIL
a DNA glycosylase-lvase, ¢.g., the USER {Uracii-Specific Excision Reagent) Enzyme
mixtoere (New England BioLabs}, purified casY protemn; guideRNA (¢.g.. control
gRNA), gDNA template (¢.g., control gDNA template); and instructions foruse i a

15 method desceribed herein,

EXAMPLES
The mvention 1s further described m the following cxampics, which do not

limit the scope of the invention described m the claims.

Matersals
20 the following materials were used i Exampies 1-2.
Model
_________________________________________________ Materials Vemdor  Number
H'TP Library Preparation Kit Kapa Biosystems KEKR&235
Hifr HotStart ReadyMix, 100 x 25 ull reactions K.apa Biosystems KK2602
Lambda exonuclease (SU/ul} NEB MO262L
£, Coli Exonuclease 1 20U/ul) NEB MO2935
USER enzyme (1000U/ul) NEE M5505L
(Cas9 enzvme (1000 nM) NEEB MO386L
Ampure XP 60 mi Agencourt A63831
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‘The followmg Primers w

cre used in Examples 1-2.

TABLE &

PrimerName

Seguence

S3IR®,

NO

LI

LD

&

0SOT1270 57— /Sohos/gateggaagage /ideoxylU/ 1
Truseg—-loop- aa qutdcgg“gaccaccgagatctacac TATAGCC
acdapter DOHO1L acactctitececctacacgacgeteottecegate*t
o3QT1302 5°7- /5phos/gatcggaagdgc /ideczyU/ 2
Truseg—-Lloop- astgatacggegaccecaccegagatectacac ATAGAGGC
adapter DOHOZL acactectttecctacacgascgetettecgate™*t

SOT1303 57 - /Sphos/gatocggaagage /ideoxyl/ 3
Truseqg-loop- zaltgatacggegaccacecgaygatetacace COTATCLCT
adapter DOHIITL acactcecttbccctacacgacgecteottcecgate*t

SOT1304 5%~ /Sphos/gatcggaagage /ideoxyU/ 4
[ ruseg-lLoon- aatgatacggcecgaccaccgagatotacac GLGLTCOTEA
adapter DoOU4L acactoti :ccctac‘:c:ga»*:gc*t:c:t. cgatc*t
oSOT1305 5'- /Sphos/gatcggaagage 1d€mva/ 5
’l’r:us:eq-l SO0~ aaltgatacggecgaccaccgagatectacac AGLGCGAAL

acactcectttocecctacacgacgetoticcgate™t
/Sohos/gatcocggaagage /ideoxyU/
aatgatacggcegaccaccgagatectacac TAATCTTA
acactctitbccectacacgacgetettboocgate*t
XSDh.cwgyw:,ﬁdaa. ge /ideocxvyU,
stgatacggcgaces a

m
,
-
!

~J

ot acac 3 ccgalte™t
0SOT1317 57— /Sohos/gateggaagage /ideoxylU/ 3
Truseqg—-loop- aalyaltacggegaccaccecgagatotacac GTACTEAC
acdapter DHUZL acactctittececctacacgacgeteotteegate*t
oS3QT1271 37~ /Sphos/gatcggaagagcacacygtectgaactecagtecace 9
Truseg—-loop- ATTACTCG atcectecgtatgececgtettetgettyg
adapter D/O1L /ideoxvU/ gotcecttocgatoe*t
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The sequences i CAPS are dual-index barcodes ({for demultiplexing samples) i the
Hlumina Truseq hibrary preparation system. The ™ represents a phosphorothioate
linkage.

Example 1. Optimization of Exemplary FIND-5eq Methodology
Descnibed herein is the development of an in vifro method that enables
comprehensive determunation of DSBs induced by nucleases on any genomic DNA of

interest. This method enables ennchment of nuclease-mduced D5Bs over random
DSBs induced by shearing of genomic DNA. An overview of how the method works
can be found in Figures 1A and 1B. In brief, genonuc BNA from a cell type or
organism of mterest 1s randomiy sheared to a defined average length. In the present
experiments, an average length of 500 bps works well tor subseguent next-generation
sequencing steps. The random broken ends of this genomuc DNA are end repaired and
then A-tailed. This then enables the ligation of a hairpin adapter bearning a 5™ end next-
generation sequencing primer site that also contains a single deoxyundine nucleotide
at a specific position {Figure 1B): this adapter 1s also referred to herein as the ™5

single-talled haurpin adapter”. Following ligation of this adapter, the sample 1s then

treated with one or more exonucicases {e.g., bacieniophage lambda exonuclease, E.
coli Exol, Plasmidbate ATP-dependent exonuciease), which degrades any DNA
molecules that have not had the 57 single-tatled hatrpin adapter ligation to both of
therr ends. The colicction of molecules 1s then treated with CasY nuclease complexed
with a specific guide RNA (gRNA}Y. The resulting nuclease-mduced blunt ends are A-
tailed and then a second hairpin adapter beanng a 3 end next-gencration sequencing
primer site and that also contains a single deoxvundine nucleotide at a spectfic
position 1s higated to these ends; this adapter 1s also referred to heremn as the ™37
smgle-taded hairpin adapter”. As a result of these treatments, the only DNA
fragments that should have a 3" and a 3™ single-tatled hairpin adapter ligated to their
cnds arc those that were cleaved by the nuclease. The adapters can be added 1n any
order. Following treatment by the USER enzyvme mixture, which mcks DNA
wherever a deoxyuriding 1s present, only those fragments beanng the two tvpes of
adapters can be sequenced.

Following paired end next-generation sequencing, the resulling reads can be
mapped back to the genome. Sites of nuclease cleavage will have multiple bi-
direction reads onginating at the site of the nuclease-1nduced DSB, tvpically within a

nucicotide of the cut site (Figures ZA and 2B). As nucleasc-induced cleavage

¥
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produces wmform' ends, i contrast (o the staggered ends that results from random
physical shearing of DNA, these sites can be simply bioinformatically identified by
their signature uniform read alignments.

Using an imtial non-optinuzed version of thas approach, off-target sites
mduced by four difficrent gRNAs and CasY nucicase were successtully identified. The
target sites are histed 1 Table |

Tabie 1. List of sgRNA target sites tested with in vitro cieavage selection assay.

Target site name Cells Target Site {3’ = 3'} SEQ 1D NO:
VEGFA sitel U208 GGGTGGGGGGAGTTTGCTCONGG 19
VEGFA site2 3205 GACCCCCTCCACCCCGCCTONGG 20
VEGFA site3 U208 GGTGAGTGAGTGTGTGCGTGNGE 21

EMX1 205 GAGTCCGAGCAGAAGAAGAANGG 22

The results of table 2 were encouraging for this assay, as the majornity of GUIDE-se
detected sites were also detected by this method. In the first trial, 58-77% of sifes
overiapped between methods using 2.5-3M reads. ~20.000X enrichment was

cstimated for cleaved sites.

Tabie 2. List of sgRNA target sites tested with in vitro cleavage selection

as5ay.
celi-based percentage of
GUIDE-seqg in vitro cell-based GUIDE-seg
site total total both sites detected
EMXT 16 19 10 63%
VEGFA site 1 22 41 17 77%
VEGFA site 2 152 184 98 64%
VEGFA site 3 60 129 35 58%

A critical parameter for optumization of the present method was the efficiency
of degradation of lincar DNA fragments following the hgation of the first 57 single-
tarled hairpin adapter. Indeed, without wishing to be bound by theory, most of the
“background” reads mapped throughout the genome may be due o mcomplete
digestion of unhigated DNA af this step, thereby leaving ends to which the second 37
single taded hairpin adapter can be higated.

Theretfore, the methods were further optinuized by testing various kinds and
numbers of exonucleases and lengths of wncubation to find an optimal treatment

method. As seen in Figures 3A-3B), three treatments consistently vielded the hughest

~
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number of reads and sites and also found 100% of the off-target sites identified by
matched GUIDE-seq expertments with the same gRNAs: 1 bour PlasmidSafe
treatment, two serial § hour PlasmudSafe treatments, and 1 hour of Lambda

cxonuclease treatment followed by 1 hour of Plasnudbsate treatment.

£

Using an optinnzed exonuclease treatment, the methods were agam performed
using CRISPR-Cas9 nuclease and a3 gRNA targeted to VEGFEFA site 1. This
cxpertment yielded a larger number of off-target sites. Combining the various
cxperiments performed with the VEGEA site 1 gRNA vields a larger number of off-
target sites. GUIDE-seq had previousty been pertormed using this same VEGEA siie
10 I gRNA and a range of genome-wide off-target sites identified. Importantly, the

present i vitro method performed with the optimized exonuclease treatment found

ALL of the off-target sites previously wdentihicd by GUIDE-seq for the gRNA tested

and a very large number of additional, previcusly unknowsn off-target sites as well

{Figure 4). This resuit demonstrates that these new methods arc as sensiiive as
15 GUIDE-seqg but offers the ability to identity sites that are not found by that carhier
method. Reasons for this mught include greater sensitivity of this i vitro method,
ncgative biological sclection against certain off-target mutations when practicing
GUITDE-seq 1o cells, and/or negative effects of chromatin, DNA methviation, and

gene expression on the activity of nucleases m cells.

20 Example 2. Exemplary FINID-Seq protocol

aclection of Cleaved Amplicons tor Next-generation Seguencing (SCANS)
in vitro assay jor finding cleavage sites of CRISPR/Cas9 nuclease from
complex genomic DNA mixiures

. End Eepawr (Red)

Component | oxn (ul) 12
Water & 115
10X Kapa End Repair Butter 7 101
Kapa End Repair Enzyme Mix 5 72
Total master mix volume 20 288
fnput DNA (0.1 - 5 ug) 50

Total reaction volume 70

Incubate 30 nunutes at 20
1.7X SPRI clecanup using 120 ul Ampure XP beads.
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2. A-tathing (Bhie)
{Componernt I rxn {ul) 12
O0X Kapa A-Tailling Buffer 5 72
Kapa A-Tailing Enzyvme 3 43
Total master nux volume 8 t15
TEWO. I oM EDTA) 47
End repaired DNA with beads 0
Total reaction volume 50
incubate tor 30 nun at 30C.
Cleanup by adding 90 ul of SPRI solution.
3. 5" Adapter Ligation (Yellow)
Component | oxn (ul) 12
5X Kapa Ligation Butter 10 144
Kapa T4 DNA Ligase > 72
Total master mix volume i3 216
A-tatled BNA with beads ()
TEW. I M EDTA) 30
5" Truseq Loop Adapter D30X {40 uM) 5
Total reaction volume 50
fncubate for 1 hour at 20(.
Cleanup by adding 50 ul of SPRI solution.
Proceed with 1 ug of 5" Adapter-higated DNA into next step.
4. Exonuclease treatment
{Componernt I rxn {ul) 12
F0X Exof buffer 5 72
f.ambda exonuclease (5 U/ul) 4 58
E. Coli Exonuclease 1 (20 U/ul) ] 14
Total master nux volume 10 144
Adapter-hgated DNA with beads {)
TE{O I mMEDTA) 4{}
Total reaction volume 50
incubate tor 1 hour at 37(.
Cleanup by adding 20 ul of 1X Ampure X¥ beads.
5. Cleavage by Cas@
{omponent P {uly 3
Water 63 373



CA 03000816 2018-04-03

WO 2017/044843 PCT/US2016/051097
10X Cas? bulter 10 &0
Cas® {1 uM -> 900 nM final) Y 534
sgRNA (300 nM, ~100 ng/ul) 3 18
Total reaction volume 83 510
incubate at room temperature for 14U minutes.
DNA {~400 bp, 250 ng) 13

incubate for 1 hour at 37C.
Purtty with 1X SPRI bead cleanup (100 ul}.

6. A-tatling

Component Lrxn {udy 3
10X Kapa A-Taihing Butier 3 30
Kapa A-Tailing Enzvme 3 i 8
Total master mix volume 8 438
TE{. T mMEDTA) 42

End repaired DNA with beads 0

{otal reaction volume 50

incubate for 30 mun at 30(.

Cleanup by adding 90 ul of SPRI solution.

7. 3" Adapter Ligation

Component Lrxn {uly 5
3X Kapa Ligation Bufier 10 60
Kapa T4 DNA Ligase 3 30
Total master mix volume 15 G()
A-talded DNA with beads ()

TE({(. 1 mMEDTA} 30

3" Truseg Loop Adapter D70X (40 uM) 5

Total reaction volume 50

Incubate for 30 nunutes at 20C.
Cleanup by adding 50 ul of SPRI solution.

8. USER enzyvme treatment

Add 3 ul of USER enzyme and treat for 30 nunutes at 37(.
(Treatment ;s i TE 10 mM Trs, 0.1 mM
EDTA)

Punty with 1X SPRI solution (530 ul).

9. PUR amphiication
Amphity with Kapa Hifi manatacturer's protocol and primers oSQT1274/1275.
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OTHER EMBODIMENTS
tt 1s to be understood that while the mvention has been described in
conjunction with the detailed description thercot, the foregoing description 1s intended
to itlustrate and not lunit the scope of the invention, which 1s defined by the scope of
the appended clayms. Other aspects, advantages, and modifications are within the

scope of the following claims.



CA 03000816 2018-04-03

WO 2017/044843 PCT/US2016/051097

WHAT I CLAIMED ibh:

1. A method of prepaning a hibrary of covalently closed DNA fragments, the method
COMPIISING:
providing DNA, preferably genonmuc DNA (gDINA) from a cell type or orgamsm
of mterest;
optionally randomly shearing the DNA {0 a defined average length, preterably an
average length of about 200-1000 base pairs {bps). to provide a population of
DNA tragments;
preparing the fragments for end-hgation, preferably by end-repairing and then A-
tatling the sheared DNA
ligating to the ends of the fragments a first hairpin adapter comprising at least a
simgile deoxyvurnidine and a first primer site to prepare a population of hgated
fragments;
contacting the ligated fragments with a nuclease that induces double stranded
breaks; and

purtfymg the ligated fragments using an exonuclease, thereby prepanng a library

of covalently closed DNA fragments.

{2

The method of claim 1, wheremn the first primer site 15 compatible for use m PUR

primimg and/or sequencing, preferably next generation sequencing (NGS),

3. The method of clanm 1, further comprising contacting the hibrary of covalently
ciosed DBNA fragments with a nuclease to mduce double stranded breaks,
preferably including site-specific cleavage:
ligating a second hairpin adapter compnising at least a single deoxyvundine and a
second primer site compatible for use with the first pramer site i PUR priming
and/or sequencing,
contacting the Uibrary with an enzyme to nick the DNA at the deoxyurnidine; and

sequencing those fragments having a first and sccond hairpin adapter.

4. The method of claim 3, wherein the enzyme that nicks the DNA at the

deoxvurnding 15 a uracd DNA glyveosylase (UDG) or endonucicase VIIL

l"" ]
L
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5. A method of preparing a library of fragments comprising mucleasc-induced double
stranded breaks mn BNA, the method comprising:
providing DNA;
randomly sheanng the DNA to a defined average length, preferably an average
length of about 200-1000 base pairs (bps);
optionally end-repairing and then A-tailing the sheared DNA;
ligating to the BN A a first hairpin adapter, preferably comprising a first region, of
about 10-20, nucleotides; a second region of about 45-65 nuclecotides that forms
on¢ or more hairpin loops and comprises a first primer site compatible for use
PUR prinung and/or sequencing; and a third region of about 10-20 nucleotides
that 1s compiementary {o the first region, with a single deoxvunding nucieotide
between the first and second regions;
contacting the sample with one or more exonucieases. sutticient to degrade any
DNA molecules that lack the first hatrpin adapter ligated to both of their ends;
treating the sample with a nuclease to mduce site~-specitic cleavage:
optionally end-repatring and then A-tatling the resuliing ends;
ligating a sccond hairpin adapter comprising a first region of about 10-20
nucleotides; a second region of about 40-60 nucleotides that forms one or more
hairpin loops and comprises a second pnmer compatible for use with the first
primer site 1n PCR pnming and/or sequencing; and a third region of about 10-20
nuclcotides that 1s complementary to the first region and that also contains a single
deoxvurndine nucleotide between the second and thurd regions, to creale a
populiation wheremn the DNA fragments that were cicaved by the nuclease have a
first and second hairpin adapter igated to their respective ends; thereby prepanng
a library of fragments wherem one end was created by a nuclease-induced double

stranded break in the DNA

6. The method of claim 3, further comprismg:
contacting the hbrary with uracil DNA glveosviase (UDG) and/or endonucicase
YV HI to nick the DNA at the deoxvundine; and

sequencing those fragments bearning a first and a second hairpin adapter.

¥
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7. A method for detecting nuclease-mduced double stranded breaks (B5Bs) in BNA,
the method comprising:
providing DNA;
randomly sheanng the DNA to a defined average length;
optionally end-repairing and then A-taihng the sheared DNA;
ligating a first harrpin adapter, preferably comprising a first region of about 10-20
nuclcotides; a second region of about 43-65 nucieotides that forms one or more
harrpin loops and comprises a first primer site compatible for use 1in PCR pninung
and/or sequencing; and a third region of about 10-20 nucleotides that 1s
complementary to the first region, with a single deoxyuriding nucleotide between
the first and second regions;
contacting the sample with one or more exonucleases, suthicient to degrade any
DNA molecules that lack the {irst hatrpin adapter ligated to both of their ends;
treating the sample with a nucicase 1o induce doubie stranded breaks, preterably
including sue-~-specific breaks, of the DNA;
optionally end-repatring and then A-taitling the resulting cleaved ends;
ligating a sccond hairpin adapter comprising a first region of about 10-20
nucleotides; a second region of about 40-60 nucleotides that forms one or more
hairpin loops and comprises a second pnmer compatible for use with the first
primer site 1n PCR pnming and/or sequencing; and a third region of about 10-20
nucleotides that 1s complementary to the first region, and that also contains a
single deoxyuridine nucleotide between the second and therd regions, to creale a
population wherein the DNA fragments that were cleaved by the nuciecase have the
first and second hairpin adapters ligated to thewr respective ends; thereby preparmng
a hibrary of fragments comprising nuclease-mduced double stranded breaks m the
DNA, wherem one end was crcated by a nuclease-induced double stranded break
in the DNA:
contacting the hibrary with uracil DNA glvcosviase (UD() and/or endonucicase
Vi, a DNA glycosviase-lvase to nick the DNA at the deoxvunding; and
sequencing those fragments bearmng a first and a second hairpmn adapter;

thercby detecting DSBs mduced by the nuclease.

8. A method of determining which of a plurahity of guide RNAs 1s most specific, the
method comprising, for cach ot the plurality of guide RNAs:

24
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providing DNA;

randomiy shearing the DNA {o a defined average length;

cnd-repairing and then A-tailing the sheared DNA;

ligating a first hairpin adapter, preferably compnismg a first region of about 10-20
mucleotides; a sccond region of about 43-65 nucleotides, that forms one or more
hairpin loops and comprises a first primer stie compatible for use m PCR priming
and/or sequencing; and a third region of about 10-20 nucicotides that 1s
complementary {o the first region, with a single deoxyuridine nucleotide between
the first and second regions;

contacting the sample with one or more exonucieases, suificient to degrade any
DNA molecules that lack the first adapter higated to both of thewr ends;

treating the sample with a CasY nucicase compatible with the guide RNA o
induce double stranded breaks, preferably mchiding site-specific double stranded
breaks, of the DNA:

optionally end-repairing and then A-tailing the resulting cleaved ends;

ligating a sccond hairpimm adapter comprising a first region of about 10-20,
nucleotides; a second region of about 40-60 nucleotides that fornis onc or more
hairpin loops and comprises a second primer compatible tor use with the first
primer site 1 PCR prnming and/or sequencing; and a third region of about 10-20
nucleotides that 1s complementary to the first region, and that also contains a
smgle deoxyvundine nucicotide between the second and third regions, 1o create a
population wherein the DNA fragments that have a first and second hairpin
adapter higated to their ends are those that were cleaved by the nuclease; thereby
prepaning a library of fragments comprising nucleasc-induced double stranded
breaks m DNA wherein one ¢nd was created by a nuclease-mduced double
stranded break in the DNA;

contacting the library with uracil DNA glvcosviase (UDG) and/or endonuciease
Y to nick the DNA at the deoxvundme; and

sequencing those fragments bearing a first and a second hairpin adapter, thereby
detecting D5Bs mduced by the nuclease in each sample;

optionally identifving whether cach DSE 1s on-target or off-target:

comparng the DSBs induced by the nuclease m ¢ach sample; and

30
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determimng which of the phlurahity of guide RNAs mduced the fewest off-target
5Bs.

o

The method of any of claims 1-8, wherein treating the sample with a nuclease to
induce site-specific cleavage comprises contacting the samplie with a {asY

nuclease complexed with a specitic guide RNA {gRNAJ.

10, The method of any of the preceding claims, wherein the DNA 1s genomic DNA

1isolated from a mammahan, plant, bactenal, or fungal cell.
11 The method of any of the preceding claims, wherein the D3NA 1s synthetic,

1Z2. The method of any of the preceding claimis, wherein the nuclease that mduces
double stranded breaks 1s selected from the group consisting of meganucleases,
MegaTALs, zinc-finger nucleases, transcription acbivator effector-hke nucleases
(TALEN}. and Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)Y/Cas KNA~gmded nucleases {CRISPR/Cas RGNs).

13. The method of claim 17, wheremn the nuclease 15 a CasY nuclease, and the method
also mcludes expressing m the celis a gunde RNA that directs the Cas® nuclease to

a target sequence 1 the genome.

14, The method of claims 1-8, wherein the primer sife m the first or second hairpin
adapter comprises a next generation sequencing primer sie, a randomized DNA

barcode or uniguc molecular identifier (UM},
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