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METHODS AND SYSTEMS FOR IDENTIFYING CRISPR/CAS

OFF-TARGET SITES
CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims the benefit of and priority to U.S.S.N. 61/932,003 filed
January 27, 2014 and which is incorporated by reference in its entirety.
STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

This invention was made with government support under Grant
PN2EY018244 awarded by the National Institutes of Health. The government has
certain rights in the invention.

FIELD OF THE INVENTION

The invention is generally directed to bioinformatics methods and systems for
identifying CRISPR/Cas, or similar nucleotide-directed nuclease on-target and
putative off-target sites. The invention also includes systems for ranking and
comparing CRISPR/Cas, or similar nucleotide-directed nuclease target sites. These
putative cleavage sites can have mismatches, insertions, and/or deletions compared to
the guide strand. Determining the possible off-target sites allows better choice of
guide strands and testing for effects from nuclease treatment. These methods are an
improvement over partial search methods that fail to locate every possible target site.

BACKGROUND OF THE INVENTION

Genome editing has successfully created cell lines and animal models for
biological and disease studies, and has a wide range of potential therapeutic
applications (Gaj, et al., Trends Biotechnol, 31:397-405 (2013)). In particular,
engineered nucleases creating DNA double-strand breaks or single-strand breaks
(“nicks”) at specific genomic sequences greatly enhance the rate of genomic
manipulation. Double-strand breaks repaired by the cellular non-homologous end
joining (NHEJ) pathway often induce insertions, deletions, and mutations, or other
events, which are effective for gene disruptions and knockouts. Alternatively, when a
donor DNA is supplied, double-strand breaks and DNA nicks can be repaired through
homologous recombination, which incorporates the donor DNA and results in precise
modification of the genomic sequence. Regardless of the DNA repair pathway, it is
important to minimize off-target cleavage in order to reduce the detrimental effects of
mutations and chromosomal rearrangements. Although zinc finger nucleases and

TAL effector nucleases potentially have a wide range of applications, they were found
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to cleave at off-target sites at detectible rates (Cornu, et al, Methods Mol Biol,
649:237-245 (2010); Ramirez, et al., Nucleic Acids Res, 40:5560-5568 (2012);
Tesson, et al., Nat Biotechnol, 29:695-696 (2011); Hockemeyer, et al., Nat
Biotechnol, 29:731-734 (2011); Mussolino, et al., Nucleic Acids Res, 39:9283-9293
(2011)). Clustered regularly interspaced short palindromic repeats (CRISPR), the
bacterial defense system using RNA-guided DNA cleaving enzymes (Bolotin, et al.,
Microbiology, 151 (Pt. 8): 2551-2561 (2005); Barrangou, et al., Science, 315:1709—
1712 (2007); Brouns, et al., Science, 321: 960-964 (2008); Hale, et al., Cell, 139:
945-956 (2009); Horvath, et al., Science, 327: 167-170 (2010); Marraffini, et al., Nat
Rev Genet, 11:181-190 (2010); Garneau, et al., Nature, 468: 67-71 (2010)) is an
exciting alternative to zinc finger nucleases and TAL effector nucleases due to the
ease of directing the CRISPR-associated (Cas) proteins (such as Cas9) to multiple
gene targets by providing guide RNA sequences complementary to the target sites
(Jinek, et al., Science, 337: 816-821 (2012); Cong, et al., Science, 339: 819-823
(2013). Target sites for CRISPR/Cas9 systems can be found near most genomic loci;
the only requirement is that the target sequence, matching the guide strand RNA, is
followed by a protospacer adjacent motif (PAM) sequence in either orientation
(Mojica, et al., Microbiology, 155 (Pt. 3): 733-740 (2009); Shah, et al., RNA Biol,
10:891-899 (2013); Horvath, et al., J Bacteriol, 190:1401-1412 (2008)). For
Streptococcus pyogenes (Sp) Cas9, this is any nucleotide followed by a pair of
guanines (marked as NGG). Studies on CRISPR/Cas9 systems indicate the possibility
of high off-target activity due to nonspecific hybridization of the guide strand to DNA
sequences with base pair mismatches at positions distal from the PAM region (Cong,
et al., Science, 339: 819-823 (2013); Gasiunas, et al., Proc Natl Acad Sci USA,
109:E2579-E2586 (2012); Jinek, et al., Elife 2:¢00471 (2013); Jiang, et al., Nat
Biotechnol, 31: 233-239 (2013)).

For CRISPR/Cas9 systems, studies have confirmed levels of off-target
cleavage comparable with the on-target rates (Fu, et al., Nat Biotechnol, 31: 8§22-826
(2013); Hsu, et al., Nat Biotechnol, 31: 827-832 (2013); Cradick, et al., Nucleic Acids
Res, 41:9584-9592 (2013); Pattanayak, et al., Nat Biotechnol, 31: 839—-843 (2013)),
even with multiple mismatches to the guide strand in the region close to the PAM.
RNA guide strands containing insertions or deletions in addition to base mismatches

can result in cleavage and mutagenesis at genomic target site with levels similar to
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that of the original guide strand (Lin, et al., Nucleic Acids Res, 42:7473-7485 (2014)).
These studies provide the first experimental evidence that genomic sites could be
cleaved when the DNA sequences contain insertions or deletions compared with the
CRISPR guide strand. These results have demonstrated the need to identify potential
off-target sites when choosing guide strand designs and examine off-target effects
experimentally when using CRISPR/Cas systems in cells, plants and/or animals.

As mismatches and indels (insertions and deletions) are tolerated between the
guide strand and target sequences, there may be embodiments where there are known
or unknown differences between the guide stand and its complementary sequences. In
some embodiments, the intended mismatches, truncations, indels or other non-
complementary sequences may be included, such that the guide sequence will direct
cleavage to the target site, although not a direct matching sequence.

A number of CRISPR tools have been developed, including Cas Online
Designer (Hsu, et al., Nat Biotechnol, 31: 827-832 (2013)), ZiFit,27 CRISPR Tools,
(Hsu, et al., Nat Biotechnol, 31: 827-832 (2013)) and Cas OFFinder (Bae, et al.,
Bioinformatics, 30:1473-1475 (2014)), for different functions (Hsu, et al., Nat
Biotechnol, 31: 827-832 (2013); Bae, et al., Bioinformatics, 30:1473-1475 (2014);
Xiao, et al., Bioinformatics, 30:1180-1182 (2014); Grissa, et al., Nucleic Acids Res,
35: W52-W57 (2007); Grissa, et al., BMC Bioinformatics, 8:172 (2007); Rousseau, et
al., Bioinformatics, 25: 3317-3318 (2009); Montague, et al., Nucleic Acids Res,
42:W401-W407 (2014)). However, none of these bioinformatics search tools has
considered the off-target sites due to insertions or deletions between target DNA and
guide RNA sequences, nor provide application-specific primers. Off-target cleavage
could be detected in cells with 15 different insertions and deletions between the guide
strand and genomic sequence, sometimes at rates higher than that of the perfectly
matched guide strand (Lin, et al., Nucleic Acids Res, 42:7473-7485 (2014)).

Therefore, it is an object of the invention to provide a bioinformatics tool to
identify potential off-target sites that have mismatches, insertions, and/or deletions
between an RNA guide strand of choice and genomic sequences.

It is a further object of the invention to provide application-specific primers.

SUMMARY OF THE INVENTION
Methods and systems for searching genomes for potential CRISPR off-target

sites are provided. In preferred embodiments, the methods include ranking the
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potential off-target sites based on the number and location of mismatches, insertions,
and/or deletions in the gRNA guide sequence relative to the genomic DNA sequence
at a putative target site in the genome, allowing the selection of better target sites
and/or experimental confirmation of off-target sites.

For example, computer-implemented methods for identifying cleavage
locations of a nuclease, preferably a nucleotide-directed nuclease, most preferable a
CRISPR/Cas nuclease are provided. In some embodiments, the nuclease is RNA-
directed, DNA-directed, or directed by RNA, DNA and/or alternative nucleotide
format. The nuclease can cleave both DNA strands, can be a single nickase, or be a
double nickase. In the most preferred embodiments, the nuclease is Cas9, or a variant
thereof. In some embodiments, methods identify binding locations of a nucleotide-
directed protein, that binds to and/or interacts with DNA, but is not a nuclease are
provided.

The methods can include, in a computer system, comparing a series of query
sequences including a guide strand sequence (a guide sequence) and at least one
variant sequence thereof including one or more nucleotide insertions, one or more
nucleotide deletions, and/or one or more nucleotide substitutions relative to the guide
sequence, to genomic sequence and reporting target cleavage sites corresponding to
locations in the genomic sequence having sequence identity to one or more of the
query sequences.

The series of query sequences can include all possible guide strand sequence
variants having between 0 and 10, preferable between 0 and 5, more preferably O, 1,
or 2 nucleotide insertions relative to the guide sequence; all possible guide strand
sequence variants having between 0 and 10, preferable between 0 and 5, more
preferably 0, 1, or 2 nucleotide deletions relative to the guide sequence; between 0
and 10, preferable between 0 and 5, more preferably 0, 1, 2, or 3 nucleotide
mismatches (e.g., substitutions) relative to the guide sequence; and all possible
combinations thereof. In some embodiments is carried out through an interface, for
example a computer implemented interface, that allows the user to select the number
of insertions, deletions, and/or mismatches. In some embodiments, the interface is a
web-based interface. In particular embodiments, a web-based interface allows the
user choice of insertions or deletions of a single nucleotide, though other

embodiments are possible, as described above. Larger number of nucleotides may be
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more applicable to other nuclease, particularly nucleotide-directed nucleases, with
either longer guide strands or different binding arrangements. In a particular
embodiment, the query guide sequences provide guide strand variant sequences
having no indels and 0, 1, 2, or 3 mismatches; 1-base deletion, no insertions, and 0, 1,
or 2 mismatches; 1-base insertion, no deletions, and 0, 1, or 2 mismatches; 1-base
deletion, 1-base insertion, and 0, 1, or 2 mismatches; or any combination thereof.

The methods typically include comparing or searching one, or more, query
sequence against a genome sequence (s) and reporting putative target sites. In some
embodiments an individual guide strand is searched. In other embodiments multiple
guide strands are searched, which can allow comparisons of the output or other
testing. In the most preferred embodiments, a target site is reported if a genomic
sequence is identified that matches the user-supplied search criteria, which can
include presence or lack of sites with no indel, with insertion(s), with deletion(s), with
mismatch(es), or with combinations thereof. The user-supplied preferences typically
include the number of allowed mismatches for each of the categories listed above. In
each of these cases, the user can alternatively choose preferences from general or
search type-specific defaults, or modify such preferences.

In the preferred embodiment, the output contains each site in the genome
satisfying the search criteria. In other embodiments, particularly relevant with less
well-sequenced genomes or DNA regions, the output can also include sites that might
satisfy the search criteria if the ambiguous nucleotides were known. The output can
contain exact matches to the query sequences and/or contain sites that differ (have
mismatches) at, for example, 1-12 positions, that differ at 1-5 positions, or in that
differ at 1-3 positions. The percentage of the sequences matching can then vary
depending on the length of the query sequence and the number of mismatches. In
some embodiments, the search criteria can result in the reporting of genomic sequence
that have approximately at least 80%, 85%, 90%, 95%, 96%, 97%, 98%, or 99%
sequence identity to one or more of the sequences in the series of query sequences.
The report can include the genomic location and preferably the genomic target
sequence for each target site identified. The report can include the cleavage location
and/org genomic sequence.

The report can include a score indicating the likelihood that the guide

sequence will direct a CRISPR/Cas system to the DNA sequence and facilitate
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nuclease cleavage. The score can be used to rank the putative target sites in a list.
The score can include additional information from experiments and/or databases, such
as ENCODE, about the genomic context. For example, data on the histones, protein
binding or confirmation of individual chromosomal regions can indicate if there is
less or more likelihood of cleavage. In some embodiments, target cleavage locations
including genomic sequences with higher sequence identity to the guide sequence
receive a lower score relative to target cleavage locations having genomic sequences
with lower sequence identity to the guide sequence. Typically, in such embodiments,
increasing numbers of substitutions, deletions, and insertions at the target cleavage
location increase the score, as do substitutions, deletions, and/or insertions closer to
the PAM. The scoring mechanism and position weights can be changed to alter the
scoring to better model certain CRISPR/Cas activities. For example, in some
embodiments, the score is increased more for deletion(s) in the genomic sequence
relative to the guide sequence (RNA bulges) than for insertions in the genomic
sequence relative to the guide sequence (DNA bulges). The score can also reflect that
sgRNA bulges are less tolerant to additional base mismatches, and vice versa.

In some embodiments, each query sequence in the series includes a
protospacer adjacent motif (PAM) suffix. Exemplary suffixes include, but are not
limited to, NGG, NAG, and NRG. In some embodiments, a target cleavage site
having a NGG PAM guide strand is given a lower score than that of NAG PAM.
Some embodiments may include PAM flanking sequences that are deemed to affect
binding.

In some embodiments, the scoring and ranking may be separated, with or
without user input. The ranking can also be conducted using two steps, such as an
initial ranking and then ranking or re-ranking, based on input weight factors. The
ranking method may involve a series of weight scores or position weight matrix to
total the scores of the individual weigh the positions of mismatch, insertions or
deletions and influence the scoring based on their impact on the design criteria. The
ranking can also include sequence specific features such that a match or mismatch
weigh considers the interacting nucleotide. The sequence specific weight scores may
correlate with hydrogen bonds, as with G-C verse A-T interactions, or may relate to

sequence specificities at individual positions, possibly due to protein interactions. The
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design criteria can include binding, DNA cleavage rate, mutation rate, or other
criteria.

In some embodiments, the ranking method is applied to genomic loci
independently of the search method. In some embodiments he ranking

In some embodiments, primer sequences suitable for amplifying the genomic
sequence at the target cleavage site are reported. These primers may be suitable for
PCR amplification or DNA preparation or isolation using other techniques, such as
pull-down preparations. The primers may be used for Sanger sequencing, next
generational sequencing, mutation detection assays, such as the surveyor (Cradick
2009 Thesis) and T7 Endonuclease I, and others.

The genome sequence or sequences that the series of query sequences are
searched against typically makes up an organismal genome, preferably a complete or
nearly complete organismal genome. In specific embodiments, the organismal
genome is a human genome, a rat genome, a mouse genome, or a rhesus macaque
genome. In other embodiments, the searched sequence could be artificial sequences or
a combination or artificial and genomic sequences. The searched sequences can be
DNA, RNA, etc. In a particular embodiment the searched sequences are mRNA, for
example, a transcriptome.

The genomic sequence(s) can be DNA sequence converted into FASTA or
similarly formatted files, then transformed into index entries that have all possible 25
bases-long tags in the DNA sequence. In other embodiments, other tagging schemes
can be used including longer and shorter tags. The index entries can be sorted and the
results stored as a binary main index file. The main index file can be divided into
parts, each representing entries having about 12 nucleotides of the first nucleotides
identical. In other embodiments, other lengths of index files may be used. A
secondary index file can include the position in the main index file where each part
starts added to the end of the index file. Searching genome sequence organized and
indexed in such a way can improve the speed of the search, while allowing exhaustive
searching. Preferred embodiments utilize index files, though other embodiments
could use other index methods, similar expedited search strategies, or provide
searching without index files, as done with linear searches through the full sequence

space, though these would increase run times. A particular embodiment of the
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disclosed method is referred to herein as COSMID (CRISPR Off-target Sites with
Mismatches, Insertions, and Deletions).

The disclosed methods and systems can aid the design and optimization of
CRISPR guide strands by selecting the preferred target sites with minimum Cas-
induced off-target cleavage and facilitate the experimental confirmation of off-target
activity by providing both putative off-target sites and primer for testing cleavage that
the sites in a CRISPR/Cas system. In some embodiments, the disclosed methods are
more exhaustive and/or have a higher sensitivity for identifying putative and/or actual
off-target sites than previously known methods or programs.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1A is a sequence alignment of guide strands to their target sites in //BB
and aligned to the corresponding region in //BD. Forward direction guide strands
(marked ‘greater than’) are shown adjacent to NGG, representing the PAM sequence.
Guide strands complementary to the reverse strand (marked ‘less than’) are listed to
the right of CCN. Asterisks between HBB and HBD indicate nucleotides that
differentiate the two genes, whereas the other nucleotides are the same in both genes.
The first base shown in BB is the sickle cell anemia mutation site. Figure 1B isa
sequence alignment showing the high levels of cleavage and mutation that can be
found at off-target sites even with mismatch to the guide strands in the first 12
nucleotides closest to the PAM. The on- and off-target mutation rates are listed in
decreasing order of the off-target mutation rates at //BD, and illustrate differences
between the guide sequence and HBD. A lowercase g indicates that the first base in
HBB does not match the guide strands’ initial G (for all but R-01). The 12 bases
closest to the PAM are boxed and numbered on top. Figure 1C is a bar graph showing
the indel percentage in /BB (left-hand bar of each pair) and HBD (right-hand bar of
each pair) for mock and guide strands R-01 through R-08 as determined by T7EI
mutation detection assays.

Figure 2A is a sequence alignment of guide strands to their target sites in
CCRS5 (shown below the guide strands) and aligned to corresponding region in CCR2
(shown below CCR2). Forward direction guide strands (marked ‘greater than’) are
shown adjacent to NGG, representing the PAM sequence. Guide strands
complementary to the reverse strand (marked ‘less than’) are listed to the right of

CCN. Asterisks between CCRS5 and CCR?2 indicate nucleotides that differentiate the
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two genes. Figure 2B is an illustration showing that cleavage can occur at off-target
sites even with mismatch to the guide strands in both of the first two nts closest to the
PAM (R-30). The first two guide strands in the list are in ranked order of the off-
target mutation rates at CCR2. By sequence comparison, one can identify the
differences between the guide strand sequence and complementary sequence in
CCR2. The 12 bases closest to the PAM are boxed and numbered on top. Figure 2C
is a bar graph showing the indel percentage in CCRS5 (left-hand bar of each pair) and
CCR?2 (right-hand bar of each pair) for mock and guide strands R-01 through R-08 as
determined by T7EI mutation detection assays.

Figures 3A-3E are bar graphs illustrating how the transfection dosage
variability affects on- and off-target mutation rates (%). Figures 3A-3C show R-03
(3A), R-04 (3B), or R-08 (3C) guide strand mutation rates at HBB (left-hand bar of
each pair) and HBD (right-hand bar of each pair) loci when cells were transfected
with 100, 200, 400, or 800 ng of CRISPR plasmid. Figures 3D-3E show R-25 (3D) or
R-30 (3E) guide strand mutation rates at CCRS5 (left-hand bar of each pair) and CCD2
(right-hand bar of each pair) loci when cells were transfected with 100, 200, 400, or
800 ng of CRISPR plasmid.

Figures 4A-4B are sequence alignments showing on-target loci (4A) and off-
target loci (4B) for guide strands R-03 after transfection with the CRSIPR plasmid.
The regions were amplified with flanking PCR primers, cloned and Sanger
sequenced. Sequencing reads are given for each guide strand and aligned to the wild-
type sequence. The number of times each read occurred is indicated to the left of the
alignment. Unmodified reads are indicated by ‘“WT’. Mutations, insertions, or
deletions were detected in 70% of the reads at /BD and 62% of the reads in //BD. In
Figure 4B the guide strand mismatch is boxed. Figure 4C depicts the sequence of
chromosomal deletions as a sequence alignment showing PCR products of genomic
DNA from cells treated with R-03, amplified using an HBD forward primer and
reverse primer downstream of the //BB site, sequenced and aligned to ‘HBB-HBD’.
Sequencing detected that each product contained indels and mutations consistent with
NHEJ, near the target sites for R-03. Insertions, point mutations, and deletions are
illustrated. Figure 4D is a line graph depicting the Quantitative PCR determination of
the percentage of HBD-HBB chromosomal deletions at R-03, and the lower amount

after transfection or R-02.
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Figures 5A-5B are sequence alignments showing on-target loci (5A) and off-
target loci (5B) for guide strands R-25 after transfection with the CRSIPR plasmid.
The regions were amplified with flanking PCR primers, cloned and Sanger
sequenced. Sequencing reads are given for each guide strand and aligned to the wild-
type sequence. The number of times each read occurred is indicated to the left of the
alignment. Unmodified reads are indicated by “WT’. Mutations, insertions or
deletions were detected in 50% of the reads at CCRS5 and 32% of the reads in HCCR?2.
In Figure 5B the guide strand mismatch is boxed. Figure 5C depicts the sequence of
chromosomal deletions as a sequence alignment showing PCR products of genomic
DNA from cells treated with R-25, amplified using a CCR2 forward primer and
reverse primer downstream of the CCRS site, sequenced and aligned to ‘CCR2-
CCRS5’. Sequencing detected that each product contained indels and mutations
consistent with NHEJ, near the target sites for R-25. Insertions, point mutations, and
deletions are illustrated.

Figures 6A-6C are sequence alignments showing on- and off-target
sequencing after CRISPR transfection: R-02 targeted mutations at HBB (6A), R-02
mutations at off-target site 2, GRIN3A (6B), and R-30 off-target mutations at CCR2
(6C). Target loci in genomic DNA of HEK-293T cells transfected with each CRISPR
construct were amplified, cloned, Sanger sequenced, and aligned to the reference
gene, listed above the alignment, and shown aligned to the guide strand. After the
guide strand name and genetic loci for each alignment, the number of clones with
indels is shown, as is the total number of clones and percentage with indels. The
alignment includes the reference gene and guide strand with mismatches boxed. The
first column lists the number of times each read occurred and indel size change in
basepairs. Unmodified reads are indicated by “WT”. Insertions, point mutations, and
deletions are illustrated.

Figure 7 is a bar graph showing the indel spectra from CRISPR/Cas9 cleavage
and NHEJ mis-repair. The change in number of base pairs resulting from each indel
was calculated and compiled. The y-axis represents the percentage of each number of
insertion or deletion.

Figures 8A and 8B are diagrams showing that CRISPR can cleave at genomic
sites with mismatches to the guide strand and with insertions or deletions relative to

the guide strand, for example at off-target sites with a 1-bp insertion (DNA bulge)
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(8A) or a 1-bp deletion (RNA bulge) (8B). The 20-nt guide sequence in the sgRNA is
shown aligned with the genomic target sequence (protospacer) containing single-base
DNA bulge (8A, asterisk) or single-base sgRNA bulge (8B, A). The zoom-in
nucleotide sequences of protospacer and PAM are shown above the sgRNA guide
sequence. Positions of nucleotides in the target are numbered 3’ to 5’ starting from the
nucleotide next to PAM.

Figure 9A is a sequence alignment illustrating that a single nucleotide was
deleted from the original R-01 sgRNA at all possible positions (dashes) throughout
the guide sequence for sgRNA R-01 targeting /BB. Figure 9B is a grid mapping the
deletions, which in the case of repeated bases, can be thought to have been a deletion
of either base. Semi-transparent squares in two positions in the same sgRNA indicate
that deletions can be interpreted at either of adjacent positions (also marked by ‘or’)
due to identical nucleotides at both positions. Sequence of the original sgRNA is in
the top row of the grid. Figure 9C is a bar graph showing cleavage activity aligned to
the corresponding sgRNA variants of 9A and 9B. The graph in Figure 9C indicates
cleavage activity for the corresponding sgRNA variants measured by T7EI assay in
HEK293T cells at the BB site for the sSgRNA variants in (9A), and compares to the
activity of the original full-length guide strand. Positions relative to PAM are labeled
on the y-axis. The vertical dashed lines mark the activity levels of the original
sgRNAs. Error bar, SEM (n = 2).

Figure 10A is a sequence alignment illustrating that a single nucleotide was
deleted from the original sgRNA at all possible positions (dashes) throughout the
guide sequence for sgRNA R-30 targeting CCRS5. Figure 10B is a grid mapping the
deletions, which in the case of repeated bases, can be thought to have been a deletion
of either base. Semi-transparent squares in two positions in the same sgRNA indicate
that deletions can be interpreted at either of adjacent positions (also marked by ‘or’)
due to identical nucleotides at both positions. The sequence of the original sgRNA is
in the top row of the grid. The graph in Figure 10C indicates cleavage activity for the
corresponding sgRNA variants measured by T7EI assay in HEK293T cells at the HBB
site for the sgRNA variants in (10A), and compares to the activity of the original full-
length guide strand. Figure 10C is a bar graph showing cleavage activity aligned to
the corresponding sgRNA variants of 10A and 10B. Considerable activity, even

higher than with the original guide strand was detected with deletions at a number of
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different positions. Positions relative to PAM are labeled on the y-axis. The vertical
dashed lines mark the activity levels of the original sgRNAs. Error bar, SEM (n = 2).

Figure 11A and 11B are alignments of -1 nt sgRNA variants to the /BB (11A)
and CCRS5 (11B) target loci showing mismatches instead of DNA bulge. Only the
variants with detectable intracellular activities are shown. The target loci and index
names of the sgRNA variants are indicated on the left of each alignment. Mismatches
in the guide sequence and in the “NGG” PAM are marked with asterisks below each
alignment. The alignment with the minimum number of mismatches is shown for each
sgRNA variant. Nucleotide “U” in the guide RNA is replaced with “T” for the case
of comparison to the target site. For example, modeling the cleavage of R-01 with a
deletion at position 6 or 7 (11A) can either be modeled with a deletion and no
mismatches or without a deletion, but with four mismatches close to the PAM
(indicated by *), which would generally not be well tolerated, and prevent cleavage.
Similarly, the CCRS5 guide strand with a deletion at position 9 or 10 (11B) has
considerable activity can either be modeled with a deletion and no mismatches or
without a deletion. If this interaction was modeled without a deletion, there would be
six mismatches close to the PAM (indicated by *), which would generally prevent
cleavage.

Figure 12A is a sequence alignment showing 1-6 bp truncations at the 5’ end
of the guide sequence R-01 targeted to the /BB gene. Figure 12B is a grid showing
cleavage activity for the corresponding sgRNA variants measured by T7EI assay in
HEK293T cells at the /BB site for the sgRNA variants in (12A). Truncated positions
are highlighted in the grid. Sequence of the original sgRNA is in the top row of the
grid. Figure 12C is a bar graph showing cleavage activity aligned to the
corresponding sgRNA variants of 12A and12B. The number of deleted nucleotides is
labeled on the y-axis. The vertical dashed lines mark the activity levels of the original
sgRNAs. Error bar, SEM (n = 2).

Figures 13A is a grid showing the activity of Cas9 at the /BB target site
carrying single-base sgRNA bulges associated with different variants of the original
sgRNAs R-01. Each variant shown has a single nucleotide, A, G, C, or U inserted
into the original sgRNA at the positions shown throughout the guide sequence.
Sequence of the original sgRNA is in the top row of the grid. Positions of the original

guide sequence are shaded, while the inserted positions are white. Due to identical
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nucleotides at adjacent positions, some inserted nucleotides can be in multiple
positions (marked by ‘or’). Figure 13B is a bar graph showing corresponding
cleavage activities quantified by T7EI assay in HEK293T cells. Positions relative to
PAM and the single nucleotides added are labeled on the y-axis. Error bar, SEM (n =
2).

Figure 14A is a grid showing the activity of Cas9 at the CCRS target site
resulting from treatment with different variants of R-30 with single-base bulges. A
single nucleotide, A, G, C, or U, was inserted into the original sgRNA throughout the
guide sequence. Sequence of the original sgRNA is in the top row of the grid.
Positions of the original guide sequence are shaded, while the inserted positions are
white. Due to identical nucleotides at adjacent positions, some inserted nucleotides
can be in multiple positions (marked by ‘or’). Figure 14B is a bar graph showing
corresponding cleavage activities quantified by T7EI assay in HEK293T cells.
Positions relative to PAM and the single nucleotides added are labeled on the y-axis.
Error bar, SEM (n = 2).

Figures 15A and 15B are sequence alignments of +1 nt sgRNA variants to the
HBB (15A) and CCRS5 (15B) target loci without a bulge leads to many mismatches,
instead of a sSgRNA bulge. Only the variants with detectable intracellular activities
are shown. The target loci and index names of the sgRNA variants are indicated on
the left of each alignment. Mismatches in the guide sequence and in the “NGG” PAM
are marked with asterisks below each alignment. The alignment with the minimum
number of mismatches is shown for each sgRNA variant. Nucleotide “U” in the
guide RNA is replaced with “T” for the ease of comparison to the target site.

Figures 16A and 16C are grids showing the activity of Cas9 at the /BB target
site carrying single-base DNA bulges (16A) or sgRNA bulges (16C) associated with
different variants of the original sSgRNAs R-08. Figures 16B and 16D are bar graphs
showing corresponding cleavage activities of 16A and 16C, respectively, quantified
by T7EI assay in HEK293T cells. Positions relative to PAM and the single
nucleotides added are labeled on the y-axis. Error bar, SEM (n = 2).

Figure 17A is a series of sequence alignments comparing guide RNA variants
with insertions greater than one nucleotide and their original target sites R-01 or R-30.
The guide RNAs are named for the position of the insertions. Figure 17B is a bar
graph showing cleavage activities of the sSgRNA variants shown in 17A quantified by
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T7EI assay in HEK293T cells. Error bar, SEM (n = 2). Figures 17A and 17B show the
larger bulges can also lead to activity.

Figure 18A is a sequence alignment showing the human /BB gene targeted by
Cas9 nickases (Cas9n) with paired guide strands R-01 and R-02. PAMs are indicated
with bars. Figure 18B is a bar graph showing T7EI activities of Cas9n with R-01
bulge-variants paired with R-02, compared with original Cas9 activities of the R-01
bulge-variants as in Figures 9-10 and 13-14. Error bar, SEM (n = 2). Asterisks
indicate P-values from a two-tailed independent two-sample t-test. *P < 0.05, **P <
0.01, ***P < 0.001. Figures 18A and 18B show that bulges are tolerated in other
CRISPR systems including the nickase nucleases, which only cut one strand.

Figures 19A and 19B are sequence alignments showing on-target and off-
target alignments containing bulges for sgRNAs R-30 targeted to CCR5 gene (19A),
and R-31 target to ERCC5 gene (19B). Upper: guide strands aligned to target
sequences (CCRS and ERCCS). Lower: guide strands (R-30 and R-31) aligned to off-
target sequences (Off-4 and Off-1) each with a DNA bulge compared to the sgRNA
(R-30 and R-31) tested. Off-4 has a mismatch with R-30, 14 nt from the PAM.
Horizontal lines indicate the PAM. The mismatch shown between the initial G in
sgRNA R-31 and the corresponding nt in its target site or in Off-1 does not affect
binding, or cleavage. After transfection of R-30 and R-31 expression plasmids, and
tissue culture for 2 days, the genomic DNA was harvested and amplified by flanking
primers. Figures 19C and 19D display the mutations, insertions and deletions
introduced by mis-repair after cleavage at these sites. The Sanger sequencing reads of
amplified off-target sites are aligned to the wild-type genomic sequence and sgRNAs
for R-30 (19C) and R-31 (19D). The number of times each sequence occurred is
indicated to the left of the alignment, if greater than one. Unmodified reads are
indicated by ‘WT’. Deletions are marked with a dash (°-°) and insertions marked in
shaded. Figure 19E is a bar graph showing activities (indel percent) analyzed by deep
sequencing at genomic off-target loci containing bulges coupled with mismatches and
in some cases alternative NAG-PAMs. The level after CRISPR treatment with the
indicated guide strand is graphed against mutations detected in mock treated samples
(likely by mis-reads) (top bar in each pair, outlined) and treated samples (bottom bar
in each pair) with sgRNAs at off-target loci shown in the table to the left. The table

on the left shows numbers of mismatches at off-target loci in addition to bulge (no. of
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mis), bulge types, positions of bulges from PAM (bulge pos), labels for the loci and
sequences of off-target sites including PAMs. In these off-target genomic sequences,
mismatches are lighter, deleted base compared to sgRNA marked as ‘=’ (sgRNA
bulge), inserted base compared to sSgRNA marked as underlined letters (DNA bulge).
Error bars, Wilson intervals (see ‘Materials and Methods’ section). *P < 0.05, ***P <
0.001 as determined by Fisher's exact test. The % indel values of treated samples are
also indicated.

Figure 20 is a sequence alignment showing the effects of R-30 cleavage and
miss-repair at the off-target site 5 (Off-5), quantified by Sanger sequencing. One of
the 24 sequencing reads was not wild type with an inserted a in lowercase, the other
23 reads were wild type and are marked “WT”.

Figures 21A and 21B are genetic maps showing the histone modification
status and annotation of R30 Off-4 (21A) and Off-5 (21B) loci obtained from the
UCSC genome browser.

Figure 22 is a bar graph showing the results of quantitative PCR of sgRNA
expression (SgRNA Log Fold Change (-ddCt)) levels in HEK293T cells for R-01 and
R-30 variants.

Figures 23A-23C are bar graphs showing the range of insertions and deletions
introduced with matching guide strand and guide strands with bulges (the indel
spectra, the percent in total indels mapped against change in bases) for original
sgRNAs and sgRNA variants determined using deep sequencing for R-01 original
sgRNA (23A), and variants for DNA bulge (R1 -7/6) (23B) and sgRNA bulge (R1
C+12) (23C). The change in bases at predicted cut sites resulting from indicated
sgRNAs was calculated from ~10* reads per sample. The y-axis represents
percentages in all indel-reads for that sgRNA. Overall % indel in total reads are
indicated in each graph.

Figures 24A-24C are bar graphs showing indel spectra (percent in total indels
mapped against change in number of bases) for original sgRNAs and sgRNA variants
determined using deep sequencing for R-30 original sgRNA (24A), and variants for
DNA bulge (R30-11) (24B) and sgRNA bulge (R30 U+12) (24C). The change in
bases at predicted cut sites resulting from indicated sgRNAs was calculated from ~10"
reads per sample. The y-axis represents percentages in all indel-reads for that sgRNA.

Overall % indel in total reads are indicated in each graph. Expression of Cas9 and the
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original guide strand or guide strand with indels result in insertions or ranges of
deletions.

Figure 25A is a screen-shot of an exemplary COSMID user input interface,
including drop-down list of searchable genomes, a box to enter a query guide
sequence of choice, a box to enter the type of PAM, radio buttons to select allowed
number of mismatches, insertions and deletions, and both selection criteria and user
input boxes to modify the primer design parameters. Figure 25B is a flow chart
showing the COSMID software design and the major steps in performing a search.
Figure 25C is a list of exemplary search strings with insertions or deletions in the first
six possible positions demonstrating how the program searches for each insertion or
deletion (if selected by user). Alternate deletions of repeated bases are synonymous.

Figure 26A is an exemplary COSMID user interface for selecting a searchable
genome. Figure 26B is an exemplary COSMID user interface for entering a query
sequence. Figure 26C is an exemplary COSMID user interface for entering the
protospacer motif (PAM) and selecting the type and number of mismatches and
indels. Figure 26D is an exemplary COSMID user interface entering primer design
parameters. Figure 26E is an alignment showing the tags generated and used to
search the human genome when a COSMID user enters the guide sequence
exemplified in Figures 26A and 1-base deletion to allow gRNA bulge (e.g., DNA is
base shorter than the guide sequence, as illustrated above the alignment). Deletions of
either of consecutive bases result in the same sequence and are therefore omitted from
the list. Figure 26F is an alignment showing the tags generated and used to search the
human genome when a COSMID user enters the guide sequence exemplified in
Figures 26A and allows 1-base insertion to allow DNA bulge (e.g., guide sequence
RNA is one base short than DNA, as illustrated above the alignment). Figure 26G is
an exemplary COSMID HTML output that shows query type, number of mismatches
if the PAM ends in RG (NAG or NGG), the chromosomal positon, strand, cut site, the
ranking score and left PCR primer. The right primer is off screen here.

Figure 27 is a bar graph showing on- and off-target cleavage rates (% indel
frequency) for guide strand R-01 for groups of identical sites. This experiment
indicated that other factors in addition to complementary sequence may play in
mutation rate — these features may be added into the search calculations, scoring and

ranking in other embodiments.
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Figures 28A and 28B are sequence alignments showing two examples of
genomic sites identified using different search queries for R-30. Both possible off-
target sites can align to search strings without indels, with a deletion and with an
insertion. Search strings are shown aligned to each identified chromosomal location.
Mismatches are shaded, and insertions or deletions are illustrated with a dash (*-°).

Figures 29A-29D are genetic maps showing the number and location of the
additional genomic loci found while searching for putative off-target sites with and
without indels for R-01 (29A, 29C) and R-30 (29B, 29D). Figures 29A and 29B
display putative off-target sites with up to three mismatches and not indels. Figures
29C and 29D include the addition of sites with up to two mismatches and either an
insertion or a deletion. Each vertical line represents each identified off-target site,
plotted at its chromosomal location by the UCSC genome browser. The chromosome
numbers are listed on edges of the plots.

Figure 30A is a flow chart of an exemplary method for generating a ranked list
of off-target sites that could be implemented on a computer. A user query is used to
generate search parameters used by the algorithm to construct a list of possible off-
target cleavage sites. The possible off-target sites are ranked by their predicted off-
target cleavage activity (or chance for activity) and output as results in a ranked list.
Figure 30B is a flow chart of an additional exemplary method for generating a ranked
list of off-target sites that could be implemented on a computer. This method includes
estimating the results and generating a list of primers designed for amplifying and/or
testing the mutations introduced at each site. Figure 30C is a flow chart illustrating an
exemplary algorithm for executing the disclosed methods of identifying target sites
and/or ranking or scoring target sites.

Figure 31 is a block diagram of a preferred network-based implementation
containing a computer server and one or more client computers in communication
over a network.

Figure 32 is a block diagram of a computer server containing I/O device(s), a
processor, memory, and storage.

Figure 33 is a schematic of a graphical user interface (GUI) for receiving input
parameters for a computer-implemented off-target site search method. The GUI is
displayed in a web browser and contains check boxes, drop-down lists, radio buttons,

and text boxes for inputting the query sequence, modifying the search parameters, and
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customizing criteria design criteria for PCR primers that can be used to test off-target
cleavage using the queried guide sequence.

Figure 34 is a curve illustrating the score (x-axis) as a function of the
location/position of the mismatch or indel relative to the PAM (Y-axis).

DETAILED DESCRIPTION OF THE INVENTION
1. Definitions

As used herein, the terms “operative linkage” and “operatively linked” (or
“operably linked”) are used interchangeably with reference to a juxtaposition of two
or more components (such as sequence elements), in which the components are
arranged such that both components function normally and allow the possibility that
at least one of the components can mediate a function that is exerted upon at least one
of the other components. For example, an enhancer is a transcriptional regulatory
sequence that is operatively linked to a coding sequence, even though they are not
contiguous.

As used herein, an “exogenous” molecule is a molecule that is not normally
present in a cell, but can be introduced into a cell by one or more genetic, biochemical
or other methods. “Normal presence in the cell” is determined with respect to the
particular developmental stage and environmental conditions of the cell. Thus, for
example, a molecule that is present only during embryonic development of muscle is
an exogenous molecule with respect to an adult muscle cell. Similarly, a molecule
induced by heat shock is an exogenous molecule with respect to a non-heat-shocked
cell. An exogenous molecule can include, for example, a functioning version of a
malfunctioning endogenous molecule, a malfunctioning version of a normally-
functioning endogenous molecule or an ortholog (functioning version of endogenous
molecule from a different species).

As used herein, the terms “nucleic acid,” “polynucleotide,” and
“oligonucleotide” are interchangeable and refer to a deoxyribonucleotide or
ribonucleotide polymer, in linear or circular conformation, and in either single- or
double-stranded form. For the purposes of the present disclosure, these terms are not
to be construed as limiting with respect to the length of a polymer. The terms can
encompass known analogues of natural nucleotides, as well as nucleotides that are
modified in the base, sugar and/or phosphate moieties (e.g., phosphorothioate

backbones). In general and unless otherwise specified, an analogue of a particular
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nucleotide has the same base-pairing specificity; i.e., an analogue of A will base-pair
with T.

Eb 1Y

As used herein, the terms “polypeptide,” “peptide” and “protein” are used
interchangeably to refer to a polymer of amino acid residues. The term also applies to
amino acid polymers in which one or more amino acids are chemical analogues or
modified derivatives of corresponding naturally-occurring amino acids.

As used herein, the terms “cleavage” or “cleaving” of nucleic acids, refer to
the breakage of the covalent backbone of a nucleic acid molecule. Cleavage can be
initiated by a variety of methods including, but not limited to, enzymatic or chemical
hydrolysis of a phosphodiester bond. Both single-stranded cleavage and double-
stranded cleavage are possible, and double-stranded cleavage can occur as a result of
two distinct single-stranded cleavage events. DNA cleavage can result in the
production of either blunt ends or staggered “sticky” ends. In certain embodiments
cleavage refers to the double-stranded cleavage between nucleic acids within a
double-stranded DNA or RNA chain.

As used herein, the term “genome”, refers to the nuclear DNA of an organism,
though it can also include all the DNA in a given organism including mitochondrial
DNA. The term “genomic DNA” refers to deoxyribonucleic acids that are obtained
from the nucleus of an organism. The terms “genome” and “genomic DNA”
encompass genetic material that may have undergone amplification, purification, or
fragmentation. In some cases, genomic DNA encompasses nucleic acids isolated
from a single cell, or a small number of cells, clones of cells or pools of cells. The
“genome” in the sample that is of interest in a study may encompass the entirety of
the genetic material from an organism, or it may encompass only a selected fraction
thereof: for example, a genome may encompass one chromosome from an organism
with a plurality of chromosomes. The genome may refer to the reference sequence for
an organism or the sequence of one or more individuals. In some embodiments, the
genomic sequence can contain or be comprised solely of man-made, altered or non-
natural sequences, including, but not limited to, natural genomic sequences with the
inclusion of knocked-in sequences, such as GFP expression cassettes or tags, or
cDNA or other sequences for the expression of a gene of interest. In other
embodiments, the genome may not consist of natural chromosomal sequences, but of

sequences assembled by man.
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As used herein, the terms “genomic region” or “genomic segment”, as used
interchangeably herein, denote a contiguous length of nucleotides in a genome of an
organism. A genomic region may be of a length as small as a few kb (e.g., at least 5
kb, at least 10 kb or at least 20 kb), up to an entire chromosome or more.

As used herein, the terms “genome-wide” and “whole genome”, are
interchangeable and refer generally to the entire genome of a cell or population of
cells and include the sequences normally found in those cells and introduced DNA
such as knocked-in cDNAs, promoters, enhancer, tags or other naturally occurring, or
man-made sequences or combinations of sequences. The terms “genome-wide” and
“whole genome” will generally encompass a complete DNA sequence of all of an
organism’s DNA (chromosomal, mitochondrial, etc.). Alternatively, the terms
“genome-wide” or “whole genome” may refer to most or nearly all of the genome.
For example, the terms “genome-wide” or “whole genome” may exclude a few
portions of the genome that are difficult to sequence, do not differ among cells or cell
types, are not represented on a whole genome array, or raise some other issue or
difficulty that prompts exclusion of such portions of the genome. In some
embodiments the genome is considered complete if more than 90%, more than 95%,
more than 99%, or more than 99.9% of the base pairs have been sequenced. In some
cases, less is known of a genome, but the known fraction, can be of use. The genome
can refer to any organism for which a portion of the genome has been sequenced. In
some embodiments the whole genome is a human genome, a rat genome, a mouse
genome, a Zebrafish genome, an Arabidopsis genome, a yeast genome, a D.
melanogaster genome, a C. elegans genome, a dog genome, a COw genome, an ape
genome, or a pig genome. In some embodiments the “genome” will contain inserted
or modified genomic sequences.

In some cases nucleotide sequences are provided using character
representations recommended by the International Union of Pure and Applied
Chemistry (IUPAC) or a subset thereof. ITUPAC nucleotide codes used herein
include, A = Adenine, C = Cytosine, G = Guanine, T = Thymine, U = Uracil, R=A
oG, Y=CorT,S=GorC,W=AorT,K=GorT,M=AorC,B=CorGorT,
D=AorGorT,H=AorCorT,V=AorCorG,N =any base, “.” or “-*“ =gap. In
some embodiments the set {A, C, G, T, U} for adenosine, cytidine, guanosine,

thymidine, and uridine respectively. In some embodiments the set {A, C, G, T, U, I,
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X, W} for adenosine, cytidine, guanosine, thymidine, uridine, inosine, uridine,
xanthosine, pseudouridine respectively. In some embodiments the set of characters is
{A,C,G, T,U, I, X, W, R, Y, N} for adenosine, cytidine, guanosine, thymidine,
uridine, inosine, uridine, xanthosine, pseudouridine, unspecified purine, unspecified
pyrimidine, and unspecified nucleotide respectively. The modified sequences, non-
natural sequences, or sequences with modified binding, may be in the genomic, the
guide or the tracr sequences.

Nucleotide and/or amino acid sequence identity percent (%) is understood as
the percentage of nucleotide or amino acid residues that are identical with nucleotide
or amino acid residues in a candidate sequence in comparison to a reference sequence
when the two sequences are aligned. To determine percent identity, sequences are
aligned and if necessary, gaps are introduced to achieve the maximum percent
sequence identity. Sequence alignment procedures to determine percent identity are
well known to those of skill in the art. Often publicly available computer software
such as BLAST, BLAST2, ALIGN2 or MEGALIGN (DNASTAR) software is used
to align sequences. Those skilled in the art can determine appropriate parameters for
measuring alignment, including any algorithms needed to achieve maximal alignment
over the full-length of the sequences being compared. When sequences are aligned,
the percent sequence identity of a given sequence A to, with, or against a given
sequence B (which can alternatively be phrased as a given sequence A that has or
comprises a certain percent sequence identity to, with, or against a given sequence B)
can be calculated as: percent sequence identity=X/Y 100, where X is the number of
residues scored as identical matches by the sequence alignment program's or
algorithm's alignment of A and B and Y is the total number of residues in B. If the
length of sequence A is not equal to the length of sequence B, the percent sequence
identity of A to B will not equal the percent sequence identity of B to A. Mismatches
can be similarly defined as differences between the natural binding partners of
nucleotides. The number, position and type of mismatches can be calculated and used
for identification or ranking purposes.

As used herein, “mutation” encompasses any change in a DNA, RNA, or
protein sequence from the wild type sequence or some other reference, including
without limitation point mutations, transitions, insertions, transversions,

translocations, deletions, inversions, duplications, recombinations, or combinations

21



WO 2015/113063 PCT/US2015/013134

10

15

20

25

30

thereof. As used herein, in the context of alignments and identity between a CRISPR
guide strand and each genomic on- or off-target site, the term “insertion” is used when
the endogenous DNA sequence has one or more extra bases compared with the
sequence of the guide strand (a DNA bulge). Similarly, in the context of alignments
and identity between a CRISPR guide strand and a genomic target site, the term
“deletion” is used when the endogenous DNA sequence has one or more missing
bases compared with the guide strand (a RNA bulge). In the context of alignments
and identity between a CRISPR guide strand and a genomic target site, the term
“indels” indicates either insertions or deletions. Although insertions and deletions
may be viewed as mismatches, as used herein in the context of alignments and
identity between a CRISPR guide strand and a genomic target site, the term
“mismatch” is used exclusively for base-pair mismatch when the guide strand and the
potential off-target sequence have the same length, but differ in base composition.
Guide strands and genomic sequences can have multiple mismatches, multiple
insertions, multiple deletions or combination, such as one nucleotide inserted and two
mismatches. In some cases the alignment could be represented in several ways, such
as with an indel and a few mismatches or without an indel but with a larger number of
mismatches.

As used herein, the term “endonuclease”, refers to any wild-type or variant
enzyme capable of catalyzing the hydrolysis (cleavage) of bonds between nucleic
acids within a DNA or RNA molecule, preferably a DNA molecule. Non-limiting
examples of endonucleases include type II restriction endonucleases such as Fokl,
Hhal, HindlIII, Notl, BbvCl, EcoRI, Bglll, and Alwl. Endonucleases comprise also
rare-cutting endonucleases when having typically a polynucleotide recognition site of
about 12-45 basepairs (bp) in length, more preferably of 14-45 bp. Rare-cutting
endonucleases induce DNA double-strand breaks (DSBs) at a defined locus. Rare-
cutting endonucleases can for example be a homing endonuclease, a mega-nuclease, a
chimeric Zinc-Finger nuclease (ZFN) or TAL effector nuclease (TALEN) resulting
from the fusion of engineered zinc-finger domains or TAL effector domain,
respectively, with the catalytic domain of a restriction enzyme such as Fokl, other
nuclease or a chemical endonuclease.

As used herein, the term “exonuclease”, refers to any wild type or variant

enzyme capable of removing nucleic acids from the terminus of a DNA or RNA
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molecule, preferably a DNA molecule. Non-limiting examples of exonucleases
include exonuclease I, exonuclease 11, exonuclease 111, exonuclease 1V,. exonuclease
V, exonuclease VI, exonuclease VII, exonuclease VII, Xm1, and Ratl.

In some cases an enzyme is capable of functioning both as an endonuclease
and an exonuclease. The term nuclease generally encompasses both endonucleases
and exonucleases, however in some embodiments the terms “nuclease” and
“endonuclease” are used interchangeably herein to refer to endonucleases, i.e. to refer
to enzyme that catalyze bond cleavage within a DNA or RNA molecule.

11 Methods

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is an
acronym for DNA loci that contain multiple, short, direct repetitions of base
sequences. The prokaryotic CRISPR/Cas system has been adapted for use as gene
editing (silencing, enhancing or changing specific genes) for use in eukaryotes (see,
for example, Cong, Science, 15:339(6121):819—-823 (2013) and Jinek, et al., Science,
337(6096):816-21 (2012)). By transfecting a cell with the required elements
including a cas gene and specifically designed CRISPRs, the organism's genome can
be cut and modified at virtually any desired location. A number of methods exist for
expressing the guide strand or Cas protein, including inducible expression of one or
both. A number of methods exist for introducing the guide strand and Cas protein into
cells including viral transduction, injection or micro-injection, nano-particle or other
delivery, uptake of proteins, uptake of RNA or DNA, uptake of combination of
protein and RNA or DNA. Combinations of methods can also be used,
simultaneously or in sequence. Multiple rounds of delivery of RNA, DNA or protein
can occur with or without further protein expression. Methods of preparing
compositions for use in genome editing using the CRISPR/Cas systems are described
in detail in WO 2013/176772 and WO 2014/018423, which are specifically
incorporated by reference herein in their entireties.

In general, “CRISPR” refers to clustered regularly interspaced short
palindromic repeats or any of the DNA loci that serve to direct CRISPR associated
proteins or similar nucleotide-directed nucleases. It also describes man-made,
constructed, or selected systems derived using these frameworks or proteins. CRISPR

systems and the related proteins vary among the currently described type I, type II and

23



WO 2015/113063 PCT/US2015/013134

10

15

20

25

30

type III systems, though it is possible other analogous systems have yet to be
described.

In general, “CRISPR system” refers collectively to transcripts and other
elements involved in the expression of or directing the activity of CRISPR-associated
(“Cas”) genes, including sequences encoding a Cas gene, a tracr (trans-activating
CRISPR) sequence (e.g., tractRNA or an active partial tracrRNA), a tracr-mate
sequence (encompassing a “direct repeat” and a tracrRNA-processed partial direct
repeat in the context of an endogenous CRISPR system), a guide sequence (also
referred to as a “spacer” in the context of an endogenous CRISPR system), and other
sequences and transcripts from a CRISPR locus. One or more tracr mate sequences
operably linked to a guide sequence (e.g., direct repeat-spacer-direct repeat) can also
be referred to as pre-crRNA (pre-CRISPR RNA) before processing or crRNA after
processing by a nuclease. CRISPR systems can also include modified, swapped or
engineered, guide, tracr or chimeric RNA sequences and the protein to which they
interact (For example, Briner, et al., Mol Cell 56(2)333-9 (2014)). The methods
disclosed herein may also be applicable to other, non-CRISPR nucleotide-directed
nucleases.

In some embodiments, a tractrRNA and crRNA are linked and form a chimeric
crRNA-tracrRNA hybrid where a mature crRNA is fused to a partial tracrRNA via a
synthetic stem loop to mimic the natural crRNA:tracrRNA duplex as described in
Cong, Science, 15:339(6121):819—-823 (2013) and Jinek, et al., Science,
337(6096):816-21 (2012)). A single fused crRNA-tracrRNA construct can also be
referred to as a guide RNA or gRNA (or single-guide RNA (sgRNA)). Within a
gRNA, the crRNA portion can be identified as the ‘target sequence’ and the tracrRNA
is often referred to as the ‘scaffold’. The target sequence can be perfectly
complementary to a targeted site, as is often the case for an on-target site, or may also
contain mismatches, insertions, deletions or be of different length than the cleaved
intended or un-intended sites.

In some embodiments, the tractrRNA can be modified in length, sequence or
other composition. Similarly the guide portion or guide sequence can be modified in
sequence and/or in length. The guide strand length varies between species. In some

embodiments the length of the guide RNA is shortened, lengthened or further changed
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to alter the affinity to the complementary sequence in hopes of increase specificity or
affecting the activity (Fu, et al., Nature Biotech. (3):279-84. (2014)).

When a gRNA and Cas9 are expressed together in a cell, a gRNA/Cas9
complex forms and is recruited to the genomic target sequence through binding to the
PAM and/or the base-pairing between the gRNA sequence and the complement to the
target sequence in the genomic DNA (Addgene, “CRISPR in the Lab: A Practical
Guide,” Addgene website, 2014). For Cas9 to successfully bind to a DNA sequence,
the guide strand and target sequence must be sufficiently complementary, followed by
a protospacer adjacent motif (PAM) sequence. Mismatches are tolerated in both the
guide and in the PAM sequence (Fu, et al., Nat Biotechnol, 31: 822-826 (2013); Hsu,
et al., Nat Biotechnol, 31: 827-832 (2013); Cradick, et al., Nucleic Acids Res,
41:9584-9592 (2013)). The specified nucleotides in the PAM may range in spacing
from the protospacer, in some systems the PAM sequence is NGG, or can be further
away as in NNNNGATT, where N is any nucleotide. The PAM sequence is present in
the DNA target sequence, but not in the gRNA sequence. Any DNA sequence with
the correct target sequence followed by the PAM sequence may be bound by Cas9,
and may be cleaved.

The binding of the gRNA/Cas9 complex localizes the Cas9 to the genomic
target sequence. In one embodiment, wild type Sp Cas9 makes a double strand break
3-4 nucleotides upstream of the PAM sequence, which can be repaired by the Non-
Homologous End Joining (NHEJ) DNA repair pathway, the Homology Directed
Repair (HDR) pathway or alternative DNA repair pathways. The system can be
manipulated to induce a variety of gene modifications including insertions and
deletions causing frameshifts and/or premature stop codons, specific nucleotide
changes, etc.

In some embodiments, one or more vectors driving expression of one or more
elements of a CRISPR system are introduced into a target cell such that expression of
the elements of the CRISPR system direct formation of a CRISPR complex.
Although the specifics can vary between different engineered CRISPR systems, the
overall methodology is similar. A practitioner interested in using CRISPR technology
to target a DNA sequence can insert a short DNA fragment containing the target
sequence into a guide RNA expression plasmid. The sgRNA expression plasmid

contains the target sequence (generally about 20 nucleotides), a form of the tracrRNA
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sequence (the scaffold), as well as a suitable promoter and necessary elements for
proper processing in eukaryotic cells. Such vectors are commercially available (see,
for example, Addgene). Many of the systems rely on custom, complementary
oligonucleotides that are annealed to form a double stranded DNA and then cloned
into the sgRNA expression plasmid. These sequences can also be generated using
PCR cloning or mutagenic strategies. Selection methodologies can also be use to
isolate guide RNAs from pools of guide RNAs. Co-expression of the sgRNA and the
appropriate Cas enzyme from the same or separate plasmids in transfected cells
results in a single or double strand break (depending of the activity of the Cas
enzyme) at the desired target site.

The literature also contains examples indicating the importance of off-target
analysis. The Examples below show that levels of off-target cleavage using
CRISPR/Cas9-based gene modification strategies can be comparable with the on-
target rates, even when there are multiple mismatches to the guide strand in the region
close to the PAM. The Examples also show that RNA guide strands containing
insertions or deletions in addition to base mismatches can result in cleavage and
mutagenesis at genomic target site with levels similar to that of the original guide
strand. These studies provide experimental evidence that genomic sites can be
cleaved when the DNA sequences contain insertions or deletions compared with the
CRISPR guide strand. Accordingly, methods and systems for identifying target sites,
and particularly off-target sites, of CRISPR/Cas guide strands are provided.
Additionally, methods and systems for ranking target sites, and particularly off-target
sites, of CRISPR/Cas guide strands are provided. The methods and systems can be
used to prepare a list of off-target sites for a guide strand based on 1, 2, 3, or more
mismatches, insertions, deletions, or combinations thercof.

Although, as discussed above, a chimeric guide RNA (gRNA) contains a target
sequence, or guide sequence, and a tracrRNA sequence, with respect to the methods
and systems disclosed herein, “guide”, “guide strand”, “guide strand sequence” and
“guide sequence” are used interchangeably and refer to a gRNA or sgRNA sequence
including, and preferably consisting of the target sequence of the gRNA that binds to
a complementary genomic sequence at the target site (Jinek, et al., Science, 337:816-
821 (2012)). In other embodiments, the guide sequence is not a chimeric sequence,

but contains two parts: the guide portion and the tracrRNA. Alternative versions also
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exist in other embodiments with combinations of sequences, or replacements or
modifications of portions of the tracrRNA or linking of RNA fragments, such as
modifications to the lower or upper stem, nexus or hairpins, or the inclusion of
additional sequences. The additional sequences may permit quantitation, binding to
other nucleotides, linking to functional domains, other uses, or not provide a function.
The guide sequence can be expressed from a plasmid, provided as RNA, or
complexed with the Cas protein prior to adding to the cells. The sequence can be
articulated as an RNA sequence or a cDNA sequence. With respect to the methods
and systems discussed herein, for purposes of identity, homology, and other means of
sequence comparison between gRNA sequence and genomic sequence, there is
generally no “penalty” or other loss of identity for uracil (U) in the place of thymine
(T). Therefore, the gRNA and genomic sequences can be compared as RNA-to-DNA
or DNA-DNA and have the same sequence identity. In some embodiments, the
disclosed systems and methods include converting an RNA sequence to DNA, or vice
versa, so that sequences are compared as DNA-to-DNA, or RNA-to-RNA. In other
embodiments other nucleotides, including non-natural nucleotides can be included.
As used herein, “target site” generally refers to a genomic location to which a
guide strand might bind. The binding level may vary and may depend on context,
accessibility or other factors. An “on-target” site generally refers to a genomic site to
which a practitioner desires binding and/or cleavage to occur, while “off-target” refers
to a genomic site to which a practitioner does not desire binding and/or cleavage to
occur. The definition of target site or on-target site can be thought of as the intended
binding or cleavage site, regardless of its level of identity, or number of mismatches,
and regardless of how this site compares to other un-intended sites that may score
below or higher in these indices. In the context of the CRISPR/Cas system, an on-
target site can be a genomic site at which genetic modification is desired, while an
off-target site can be a genomic site at which genetic modification is not required, not
desired, or undesirable. On-target and off-target sites can have the same (e.g.,
identical), or different nucleotide sequences. A “cleavage site” is the site where the
nuclease creates a single-strand break or double-stranded DNA breaks, in the CIRSPR
systems used in some embodiments, this is within the target site, 3 nucleotides from

the PAM.
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As used herein, “target sequence” and “target site sequence” are used
interchangeable. The terms generally refer to the genomic DNA sequence at the
target site and can optionally include the sequence of a PAM motif. It will be
appreciated that the site is double-stranded genomic DNA, and therefore, the target
sequence can be expressed or described by providing the sequence of either strand of
DNA at the target site. For example, the target sequence can be expressed as the
sequence of the strand of genomic DNA to which the guide sequence of a gRNA
binds, or its complementary strand. Therefore, a target sequence can also be
expressed as a sequence that is the same or similar to the gRNA sequence. In some
instances a site can be cleaved using more than one guide strand on one or the other
DNA strand. As discussed and exemplified in more detail below, the target sequence
is most typically expressed as the same or similar sequence to the guide sequence so
that the guide sequence can be aligned to the sequence of genomic DNA at the target
site and establish the identity between the guide sequence and DNA sequence at the
site.

The systems and methods described herein for predicting off-target sites
generally involve generating search criteria derived from input criteria, generating a
list of target sites, and directing the list of target sites as output to the user. The input
criteria will generally include information regarding the guide sequence, and
optionally the PAM sequence, the number of allowed mismatches, the number of
allowed insertions, the number of allowed deletions, the genome to be searched, etc.
In preferred embodiments the output is provided in the form of a ranked-list wherein
each of the target sites are assigned a numerical value, “score”, that correlates with the
likelihood of nuclease cleavage at that site. It will be appreciated that in many cases
the practitioner knows the on-target location and although the methods and systems
are designed to identify off-target locations, may nonetheless also include the on-
target site(s). In some embodiments, the user may wish to determine if there are on-
or off-target sites within different genomes. Therefore, in some embodiments, the list
of target sites includes both on-target sites and off-target sites. In other embodiments,
only off-site targets are provided. An example of genomic search for only off-target
sites is when targeting non-genomic sequences, such as mutated sites, chromosomal

re-arrangements, introduced sequences (such as cDNA or other expression cassettes)
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or viral sequences. In some embodiments, the on-target site(s) can be subtracted or
removed from the output.

In some embodiments, the methods and systems rank the target sites based on
the likelihood of cleavage. The ranking can be based upon a scoring function for
predicting nuclease activity based at least in-part on identity between the guide strand
and each genomic target sequence and/or the ability of the guide sequence to
hybridize to the complement thercof. In some embodiments the predictions can be
based on the sequences and other known or predicted features such as accessibility,
type of sequence, expression state or genomic context. In some embodiments the
predictions will also include information about the cells in question, their
development, tissue-type, or expression pattern. In some embodiments, the methods
and systems provide PCR primer sequences that can be used for synthesizing
oligonucleotide primers for testing cleavage in vivo.

A. Search Inputs

Typically, to perform a search, user input can include the genome of interest,
guide strand sequence, PAM sequence, and the number of base mismatches,
insertions, and deletions allowed. To perform a search, a user chooses the genome of
interest from the list, and enters the guide strand and optionally PAM sequences
(Figure 25A). Types of indel query include, for example, (i) the number of
mismatches with no insertion or deletion (i.e., “No indels”); (i1) the number of
mismatches in addition to a single-base deletion (i.e., “Del”); and (ii1) the number of
mismatches in addition to a single-base insertion (i.e., “Ins”). Typically, up to three
mismatches without indels, and up to two mismatches together with a one-base
insertion and/or one-base deletion can be selected. However, in some embodiments,
4,5,6,7,8,9, 10, or more mismatches, insertions, deletions, or any combination
thereof can be selected.

In some embodiments, PAM variants such as NRG or other PAM sequences
can be entered in the suffix box. For example, the spacer (Ns) and required
nucleotides are entered into the suffix box, such as “NNNNGATT”, “NNAGAA”,
“NNAGAA”, “NAAAAC” and include genomic sites with any nucleotide at the N
positions in the output. In other embodiments, a range of other sequences may

constitute naturally occurring or modified PAM sequences.
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If primers are desired, primer design parameter settings and parameter
templates can also be entered.

In other embodiments, parameters may be entered that correspond to cell type,
culture conditions, animal age or growth, developmental state, genomic context,
chromosomal or methylation state, DNA mutation repair, pathway choice and other
features affecting cleavage and /or mutation rates.

B. Processing

The disclosed methods for identifying off-target cleavage locations of a
CRISPR/Cas nuclease typically computer-implemented methods that include
scanning or searching the genomic sequence data for the target cleavage locations of
the nuclease based on parameters selected from the group consisting of guide strand
sequence, organismal genome, number of mismatches, insertions, and/or deletions, to
return target cleavage location sequence and/or locations in the genome. Typically
the target sites identified by the search are assigned a score that is used to rank the
target cleavage locations based on the likelihood of target cleavage. In other
embodiments the prime function is ranking sequences to a range of criteria.

1. Searching for Off-target Sites

In the preferred embodiments, before performing a search, a series of search
entries are constructed according to the user-specified guide strand and search criteria
(Figure 25B). The search entries include all insertions and deletions at each possible
location (Figure 25C, Figures 26E-26F).

Although multi-base deletions (RNA bulges) and insertions (DNA bulges)
could be tolerated (Lin, et al., Nucleic Acids Res, 42:7473-7485 (2014), and search
for a wide range of insertions and deletions will likely result in a very large number of
returned sites. Therefore, in a preferred embodiment only searches for single-base
insertions and deletions in the DNA sequence are compared with the guide strand
(Figure 25A). In other embodiments, larger number of nucleotide insertions or
deletions, or multiple insertions and/or deletions can be accommodated, though this is
likely to result in a longer list of sites output. Widening the scope of output sites may
be particular useful when trying to model the cause of verified off-target events that
can not be explained by stricter criteria. For the potential target sites, the search
algorithm can allow some ambiguities (such as N for any nucleotide). Ambiguities

included in the search string are not counted toward the user-specified mismatch
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limits. In certain embodiments, ranges of ambiguities can be employed, such as the
codes for either of two nucleotides (R, W, S, K, R or Y) or three nucleotides (B, D, H,
V), in addition to N. The use of ambiguities allows the inclusion of the matching
genomic base with the output sequences. One possibility is to include an “N” in
positions that can have substitutions, such as the first base in a guide strand that is
often a G primarily to aid in transcription, but does not need to match the
complementary target sequence (Hsu, et al., Nat Biotechnol, 31: 827-832 (2013);
Cradick, et al., Nucleic Acids Res, 41:9584-9592 (2013); Mali, et al., Science, 339:
823-826 (2013)). One can leave off this base when performing a search, or include a
5" N in the search string, which allows output and alignment of the corresponding 5’
bases at each locus to the “N.”

In preferred embodiments, the search algorithm is based on sequence
homology and identity, with the option to allow insertions or deletions a search
method, a ranking method, or a combination thereof. The off-target site lists can be
constructed using, for example, existing search algorithms such as FASTA or
BLAST. In some embodiments, these types of existing or freshly generated lists can
be ranked by the methods described here. The FASTA algorithm is described in W.R.
Pearson, and D.J. Lipman (1988) Proc. Natl. Acad. Sci., 85:2444-2448 and D.J.
Lipman, and W .R. Pearson (1989) Science, 227:1435-1441. The BLAST algorithm is
described in S. Altschul, et al. (1990) J. Mol. Biology, 215:403-410. While FASTA,
BLAST, megaBLAST, BLAST Bowtie, and other later improvements can be used to
construct a list of target sites, these are not the preferred approaches. In some
embodiments, other search methods are used, then refined by using a ranking
algorithm that can weigh the number and positions of mismatches, insertions,
deletions and their combinations. The output from non-exhaustive search tools may
not be considered to have all possible off-target sites.

In preferred embodiments, on-site and off-site targets of the CRISPR guide
strands are determined by comparing the query sequence both with and without
insertions, deletions, and/or mismatches at one or multiple positions using the
FetchGWI search program (Iseli, et al., PLoS ONE, 2(6): €579 (2007). FetchGWI
operates on indexed genome sequences that are precompiled and stored (Figures 26A-
26G). It can identify genomic locations with sequences that match any of the series of

search entries. FetchGWI saves run time by searching indexed files that represent the
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genome sequences, rather than the sequences themselves. There is one index entry
for each nucleotide in the genome, which allows a rapid and exhaustive search. In
other embodiments, other indexing strategies can be used. Exhaustive, complete
searches are a key advantage over BLAST and other programs that scan non-
overlapping words and may miss potential off-target sites.

The guide strand sequence and/or variants thereof and/or other query
sequences can be compared to an organismal genome, or any loaded sequence files.
In preferred embodiments, the searched genome is human, mouse, Caenorhabditis
elegans, or rhesus macaque genomes. In other embodiments, any genome, modified
genome or sequence file can be searched. In the most preferred embodiments, the
searchable genome is prepared using the genwin program (Iseli, et al., PLoS ONE,
2(6): €579 (2007)) to transform the DNA sequence from FASTA formatted files into
unsorted index entries which have all possible 25 bases-long tags in the DNA
sequence. After that, the sortGWI program is used to sort the index entries, and store
the result as a binary index file. sortGWI subdivides the whole index file into parts,
each representing entries having identical first 12 nucleotides. A secondary index,
recording the position in the main index file where each part starts, is added to the end
of the index file to enable faster search and reduce file size. The index files can be
stored in a server.

When the search is initiated, the sequence tags can be used to generate a series
of additional tags that contain indels if the insertion or deletion boxes are checked, or
if defaults are used. Identical tags are removed if they are duplications for strings
containing consecutive identical bases, or in other embodiments, these can be
removed at other steps in the processing. The resulting tags are all searched against
the user-selected genome. The working Examples include exemplary searches, for
example, if guide strand R-01 is entered and one (1) insertion and one (1) deletion are
selected, the tags illustrated in Figure 26E and 26F are generated and used to search a
genome.

To search the query sequences against the user-selected genome, the
FetchGWI program can be used (Iseli, et al., PLoS ONE, 2(6): €579 (2007). For
example, if the user specifies a search with one or more mismatches, all possible
sequence tags can be generated by replacing the specified number of nucleotides with

all other possibilities. In the preferred embodiment, FetchGWI can search the genome
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allowing the user-specified number of mismatches. After that, FetchGWI can sort all
the query tags and searches for matches in the index file, using binary search.
FetchGWI can report the search results by appending the actual sequence tag found,
along with the accession number and position offset within the sequence for each
matched query tags. Programs, such as the TagScan algorithm can be used to
minimize run times while still performing exhaustive genome searches. In other
embodiments, other programs are used that can allow greater numbers of mismatches
to the genomic sequences.

2. Exemplary Methods of Constructing Query

Sequences

As discussed above, a series of guide sequence variants are constructed based
on a user entered guide sequence and used to query the selected genome for potential
target sites. The parameters used to construct the series of query guide sequences is
typically prepared based on user entered parameters includes, the number of
mismatches (e.g., 0, 1, 2, 3, etc.), insertions (e.g., 0, 1, 2, etc.), and/or deletions (e.g.,
0, 1, 2, etc.) that are allowed at the target site relative to the guide sequence. In some
embodiments, multiple insertions and/or deletions may be allowed. In some
embodiments, duplicative query sequences are subtracted or culled from the series
before the search such that each sequence in the series is unique and only searched
once. In a particular embodiment, the query guide sequences provide guide strand
variant sequences having no indels and 0, 1, 2, or 3 mismatches; 1-base deletion, no
insertions, and 0, 1, or 2 mismatches; 1-base insertion, no deletions, and 0, 1, or 2
mismatches; 1-base deletion, 1-base insertion, and 0, 1, or 2 mismatches; or any
combination thereof.

In specific embodiments,

(1) if insertions are allowed:

a series of query guide sequences are generated that are variations of the
original guide sequence. At each position in the guide sequence, (such as between the
PAM and the closest nucleotide, between the first and second, second and third
nucleotide, etc.) each nucleotide can be inserted generating different guide strand
variations. As there are four natural nucleotides, in most embodiments, there will be
four variations with A, C, G or T introduced in in position in the four different

variations. In the preferred embodiments, an “N” is inserted that will match any of
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these. If insertions of greater than one nt are allowed, then the single inserted N can
also be replaced with two or more Ns, which can be inserted into each position to
generate variations with one or more nt insertions.

(2) if deletions are allowed:

a series of query guide sequences are generated that are variations of the
original guide sequence. At each position in the guide sequence, (such as between the
PAM and the closest nucleotide, between the first and second, second and third
nucleotide, etc.) each nucleotide can be deleted resulting in a guide strand that is one
nt shorter. At positions where there are repeated nucleotides, deleting any one would
result in the same variant. This is consistent if either is deleted when two nt are the
same, or deleting any of a longer repeated string of nts. If deletions of greater than
one nt are allowed, then the single nt deleted can also be replaced with two or more
deleted nt that can be deleted at each position along the guide strand.

(3) if insertions and deletions are allowed:

a series of query guide sequences are generated that are variations of the
original guide sequence. At each position in the guide sequence, (such as between the
PAM and the closest nucleotide, between the first and second, second and third
nucleotide, etc.) each nucleotide can be inserted generating different guide strand
variations. As there are four natural nucleotides, in most embodiments, there will be
four variations with A,C,G or T introduced in in position in the four different
variations. In the preferred embodiments, an “N” is inserted that will match any of
these as with insertions alone. The resulting string of queries is then subjected to
individual deletions as in (2) above resulting in variations that have inserted and
deleted bases. Deleting an inserted base would result in the original sequence.
Allowing more than one base inserted and / or deleted would introduce even more
variations.

(4) if insertions are allowed with:

a series of query guide sequences are generated that are variations of the
original guide sequence. At each position in the guide sequence, (such as between the
PAM and the closest nucleotide, between the first and second, second and third
nucleotide, etc) each nucleotide can be inserted generating different guide strand
variations. As there are four natural nucletides, in most embodiments, there will be

four variations with A,C,G or T introduced in in position in the four different
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variations. In the preferred embodiments, an “N” is inserted that will match any of
these. In addition, other embodiments can allow the introduction of a second
insertion at each point in the guide sequence.

(5) if deletions are allowed:

a series of query guide sequences are generated that are variations of the
original guide sequence. At each position in the guide sequence, (such as between the
PAM and the closest nucleotide, between the first and second, second and third
nucleotide, etc) each nucleotide can be deleted resulting in a guide strand that is one
nt shorter. At positions where there are repeated nucleotides, deleting any one would
result in the same variant. This is consistent if either is deleted when two nt are the
same, or deleting any of a longer repeated string of nts. In addition, other
embodiments can allow the introduction of a second insertion at each point in the
guide sequence.

(6) if insertions and deletions are allowed:

a series of query guide sequences are generated that are variations of the
original guide sequence. At each position in the guide sequence, (such as between the
PAM and the closest nucleotide, between the first and second, second and third
nucleotide, etc) each nucleotide can be inserted generating different guide strand
variations. As there are four natural nucleotides, in most embodiments, there will be
four variations with A,C,G or T introduced in in position in the four different
variations. In the preferred embodiments, an “N” is inserted that will match any of
these as with insertions alone. The resulting string of queries is then subjected to
individual deletions as in (5) above resulting in variations that have inserted and
deleted bases. Deleting an inserted base would result in the original sequence, though
deleting one of the inserted bases may produce a variation already included in the
ouput.

(7) if insertions are allowed with:

in other embodiments, other number of insertions may be allowed, leading to
large combination of guide strand variations.
(8) if deletions are allowed:

in other embodiments, other number of deletions may be allowed, leading to
large combination of guide strand variations, though the introduction of many would

lead to shortening of the guide strand.
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(9) if insertions and deletions are allowed:

variations can be derived as in (7 and 8) above, and also contain combinations
as described in (6). The large number of variations output may not be feasible using
current computer configurations and testing or sequencing methods, but advances
may allow screening larger number of variations in other embodiments.

Once the variations with indels are created as in (1-9) above, these query
sequences, or tags, are used to search the specified genome(s). In one embodiment,
this is using FetchGWI to compare each variant to sequences throughout the genome
and output the sites that match the user-specified guideline. In one embodiment, that
is the number of mismatches for cach condition: no indels, with insertions or with
deletions. In other embodiments, the output contains other user-specified or default
criteria to limit the sequences output. Example of this type of screenings are is the
possibility of only including sites that appear to be in open chromatin, or only
outputting sites with particular annotations, such as in exons, regulatory sequences or
in defined oncogenic regions.

In specific embodiments the mismatches can similarly be added to the query
sequences prior to searching,

(10) if one mismatch, zero insertions, and zero deletions is selected:

the series of query guide sequences includes the guide sequence and sequence
variants thereof wherein each nucleotide position in the guide sequence is individually
substituted by each of the alternative nucleotides,

such that each of the query guide sequences in the series has zero or one
mismatches, zero insertions, and zero deletions relative to the guide sequence;

(11) if two mismatches, zero insertions, and zero deletions is selected:

the series of query guide sequences includes the guide sequence and sequence
variants thereof wherein each nucleotide position in the guide sequence is
individually substituted by each of the alternative nucleotides, and

guide sequence variants wherein each combination of two nucleotide positions
in the guide sequence is substituted with each alternative nucleotide,

such that each of the query guide sequences in the series has zero, one, or two
mismatches, zero insertions, and zero deletions relative to the guide sequence;

(12) if three mismatches, zero insertions, and zero deletions is selected:
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the series of query guide sequences includes the guide sequence and sequence
variants thereof wherein each nucleotide position in the guide sequence is
individually substituted by each of the alternative nucleotides,

guide sequence variants wherein each combination of two nucleotide positions
in the guide sequence is substituted with each alternative nucleotide,

guide sequence variants wherein each combination of three nucleotide
positions in the guide sequence is substituted with each alternative nucleotide, and

such that each of the query guide sequences in the series has zero, one, two, or
three mismatches, zero insertions, and zero deletions relative to the guide sequence;
(13) if zero mismatches, one insertion, and zero deletions is selected:

the series of query guide sequences includes the guide sequence and sequence
variants thereof wherein each canonical nucleotide is individually inserted into each
nucleotide position of the guide sequence,

such that each of the query guide sequences in the series has zero mismatches,
one insertion, and zero deletions relative to the guide sequence;
(14) if zero mismatches, two insertions, and zero deletions is selected:

the series of query guide sequences includes the guide sequence and sequence
variants thereof wherein each canonical nucleotide is individually inserted into each
nucleotide position of the guide sequence, and

guide sequence variants wherein each combination of two canonical
nucleotides are individually inserted into the guide sequence each combination of two
positions in the guide sequence

such that each of the query guide sequences in the series has zero mismatches,
two insertions, and zero deletions relative to the guide sequence;
(15) if zero mismatches, zero insertions, and one deletion is selected:

the series of query guide sequences includes the guide sequence and sequence
variants thereof wherein one nucleotide is individually deleted from each nucleotide
position of the guide sequence,

such that each of the query guide sequences in the series has zero mismatches,
zero insertions, and one deletion relative to the guide sequence.

(16) if zero mismatches, zero insertions, and two deletions is selected:
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the series of query guide sequences includes the guide sequence and sequence
variants thereof wherein one nucleotide is individually deleted from each nucleotide
position of the guide sequence, and

guide sequence variants wherein two nucleotides are deleted from each
combination of two nucleotide positions of the guide sequence

such that each of the query guide sequences in the series has zero mismatches,
zero insertions, and two deletions relative to the guide sequence;
(17) if one mismatch, one insertion, and zero deletions is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
canonical nucleotide is individually inserted into each nucleotide position of the guide
sequence; and guide sequence variants having the combination thereof,

such that each of the query guide sequences in the series has zero or one
mismatches, zero or one insertions, and zero deletions relative to the guide sequence;
(18) if two mismatches, one insertion, and zero deletions is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
combination of two nucleotide positions in the guide sequence is substituted with each
alternative nucleotide; each canonical nucleotide is individually inserted into each
nucleotide position of the guide sequence; and guide sequence variants having
combinations thereof,

such that each of the query guide sequences in the series has zero, one, or two
mismatches, zero or one insertions, and zero deletions relative to the guide sequence;
(19) if three mismatches, one insertion, and zero deletions is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
combination of two nucleotide positions in the guide sequence is substituted with each
alternative nucleotide; each combination of three nucleotide positions in the guide

sequence is substituted with each alternative nucleotide; each canonical nucleotide is
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individually inserted into each nucleotide position of the guide sequence; and guide
sequence variants having combinations thereof,

such that each of the query guide sequences in the series has zero, one, two, or
three mismatches, zero or one insertions, and zero deletions relative to the guide
sequence;
(20) if one mismatch, two insertions, and zero deletions is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
canonical nucleotide is individually inserted into each nucleotide position of the guide
sequence; each combination of two canonical nucleotides are individually inserted
into the guide sequence each combination of two positions in the guide sequence; and
guide sequence variants having the combination thereof,

such that each of the query guide sequences in the series has zero or one
mismatches, zero, one, or two insertions, and zero deletions relative to the guide
sequence;
(21) if two mismatches, two insertions, and zero deletions is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
combination of two nucleotide positions in the guide sequence is substituted with each
alternative nucleotide; each canonical nucleotide is individually inserted into each
nucleotide position of the guide sequence; each combination of two canonical
nucleotides are individually inserted into the guide sequence each combination of two
positions in the guide sequence; and guide sequence variants having combinations
thereof,

such that each of the query guide sequences in the series has zero, one, or two
mismatches, zero, one, or two insertions, and zero deletions relative to the guide
sequence;
(22) if three mismatches, two insertions, and zero deletions is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide

sequence is individually substituted by each of the alternative nucleotides; each
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combination of two nucleotide positions in the guide sequence is substituted with each
alternative nucleotide; each combination of three nucleotide positions in the guide
sequence is substituted with each alternative nucleotide; each canonical nucleotide is
individually inserted into each nucleotide position of the guide sequence; each
combination of two canonical nucleotides are individually inserted into the guide
sequence each combination of two positions in the guide sequence; and guide
sequence variants having combinations thereof,

such that each of the query guide sequences in the series has zero, one, two, or
three mismatches, zero, one, or two insertions, and zero deletions relative to the guide
sequence;
(23) if one mismatch, zero insertions, and one deletion is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; one
nucleotide is individually deleted from each nucleotide position of the guide
sequence; and guide sequence variants having the combination thereof,

such that each of the query guide sequences in the series has zero or one
mismatches, zero insertions, and zero or one deletions relative to the guide sequence;
(24) if two mismatches, zero insertions, and one deletion is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
combination of two nucleotide positions in the guide sequence is substituted with each
alternative nucleotide; one nucleotide is individually deleted from each nucleotide
position of the guide sequence; and guide sequence variants having combinations
thereof,

such that each of the query guide sequences in the series has zero, one, or two
mismatches, zero insertions, and zero or one deletions relative to the guide sequence;
(25) if three mismatches, zero insertions, and one deletion is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each

combination of two nucleotide positions in the guide sequence is substituted with each
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alternative nucleotide; each combination of three nucleotide positions in the guide
sequence is substituted with each alternative nucleotide; one nucleotide is individually
deleted from each nucleotide position of the guide sequence; and guide sequence
variants having combinations thereof,

such that each of the query guide sequences in the series has zero, one, two, or
three mismatches, zero insertions, and zero or one deletions relative to the guide
sequence;
(26) if one mismatch, zero insertions, and two deletions is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; one
nucleotide is individually deleted from each nucleotide position of the guide
sequence; two nucleotides are deleted from each combination of two nucleotide
positions of the guide sequence; and guide sequence variants having the combination
thereof,

such that each of the query guide sequences in the series has zero or one
mismatches, zero insertions, and zero, one, or two deletions relative to the guide
sequence;
(27) if two mismatches, zero insertions, and two deletions is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
combination of two nucleotide positions in the guide sequence is substituted with each
alternative nucleotide; one nucleotide is individually deleted from each nucleotide
position of the guide sequence; two nucleotides are deleted from each combination of
two nucleotide positions of the guide sequence; and guide sequence variants having
combinations thereof,

such that each of the query guide sequences in the series has zero, one, or two
mismatches, zero insertions, and zero, one, or two deletions relative to the guide
sequence;
(28) if three mismatches, zero insertions, and two deletions is selected:

the series of query guide sequences includes the guide sequence, and
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sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
combination of two nucleotide positions in the guide sequence is substituted with each
alternative nucleotide; each combination of three nucleotide positions in the guide
sequence is substituted with each alternative nucleotide; one nucleotide is individually
deleted from each nucleotide position of the guide sequence; two nucleotides are
deleted from each combination of two nucleotide positions of the guide sequence; and
guide sequence variants having combinations thereof,

such that each of the query guide sequences in the series has zero, one, two, or
three mismatches, zero insertions, and zero, one, or two deletions relative to the guide
sequence;
(29) if one mismatch, one insertion, and one deletion is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
canonical nucleotide is individually inserted into each nucleotide position of the guide
sequence; one nucleotide is individually deleted from each nucleotide position of the
guide sequence; one nucleotide is individually deleted from each nucleotide position
of the guide sequence; and guide sequence variants having the combination thereof,

such that each of the query guide sequences in the series has zero or one
mismatches, zero or one insertions, and zero or one deletions relative to the guide
sequence;
(30) if two mismatches, one insertion, and one deletion is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
combination of two nucleotide positions in the guide sequence is substituted with each
alternative nucleotide; each canonical nucleotide is individually inserted into each
nucleotide position of the guide sequence; one nucleotide is individually deleted from
each nucleotide position of the guide sequence; one nucleotide is individually deleted
from each nucleotide position of the guide sequence; and guide sequence variants

having combinations thereof,
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such that each of the query guide sequences in the series has zero, one, or two
mismatches, zero or one insertions, and zero or one deletions relative to the guide
sequence;
(31) if three mismatches, one insertion, and one deletion is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
combination of two nucleotide positions in the guide sequence is substituted with each
alternative nucleotide; each combination of three nucleotide positions in the guide
sequence is substituted with each alternative nucleotide; each canonical nucleotide is
individually inserted into each nucleotide position of the guide sequence; one
nucleotide is individually deleted from each nucleotide position of the guide
sequence; one nucleotide is individually deleted from each nucleotide position of the
guide sequence; and guide sequence variants having combinations thereof,

such that each of the query guide sequences in the series has zero, one, two, or
three mismatches, zero or one insertions, and zero or one deletions relative to the
guide sequence;
(32) if one mismatch, two insertions, and one deletion is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
canonical nucleotide is individually inserted into each nucleotide position of the guide
sequence; each combination of two canonical nucleotides are individually inserted
into the guide sequence each combination of two positions in the guide sequence; one
nucleotide is individually deleted from each nucleotide position of the guide
sequence; and guide sequence variants having the combination thereof,

such that each of the query guide sequences in the series has zero or one
mismatches, zero, one, or two insertions, and zero or one deletions relative to the
guide sequence;
(33) if two mismatches, two insertions, and one deletion is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide

sequence is individually substituted by each of the alternative nucleotides; each
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combination of two nucleotide positions in the guide sequence is substituted with each
alternative nucleotide; each canonical nucleotide is individually inserted into each
nucleotide position of the guide sequence; each combination of two canonical
nucleotides are individually inserted into the guide sequence each combination of two
positions in the guide sequence; one nucleotide is individually deleted from each
nucleotide position of the guide sequence; and guide sequence variants having
combinations thereof,

such that each of the query guide sequences in the series has zero, one, or two
mismatches, zero, one, or two insertions, and zero or one deletions relative to the
guide sequence;
(34) if three mismatches, two insertions, and one deletion is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
combination of two nucleotide positions in the guide sequence is substituted with each
alternative nucleotide; each combination of three nucleotide positions in the guide
sequence is substituted with each alternative nucleotide; each canonical nucleotide is
individually inserted into each nucleotide position of the guide sequence; each
combination of two canonical nucleotides are individually inserted into the guide
sequence each combination of two positions in the guide sequence; one nucleotide is
individually deleted from each nucleotide position of the guide sequence; and guide
sequence variants having combinations thereof,

such that each of the query guide sequences in the series has zero, one, two, or
three mismatches, zcro, one, or two insertions, and zero or one deletions relative to
the guide sequence;
(35) if one mismatch, one insertion, and two deletions is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
canonical nucleotide is individually inserted into each nucleotide position of the guide
sequence; one nucleotide is individually deleted from each nucleotide position of the
guide sequence; one nucleotide is individually deleted from each nucleotide position

of the guide sequence; two nucleotides are deleted from each combination of two
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nucleotide positions of the guide sequence; and guide sequence variants having the
combination thereof,

such that each of the query guide sequences in the series has zero or one
mismatches, zero or one insertions, and zero, one, or two deletions relative to the
guide sequence;
(36) if two mismatches, one insertion, and two deletions is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
combination of two nucleotide positions in the guide sequence is substituted with each
alternative nucleotide; each canonical nucleotide is individually inserted into each
nucleotide position of the guide sequence; one nucleotide is individually deleted from
each nucleotide position of the guide sequence; one nucleotide is individually deleted
from each nucleotide position of the guide sequence; two nucleotides are deleted from
each combination of two nucleotide positions of the guide sequence; and guide
sequence variants having combinations thereof,

such that each of the query guide sequences in the series has zero, one, or two
mismatches, zero or one insertions, and zero, one, or two deletions relative to the
guide sequence;
(37) if three mismatches, one insertion, and two deletions is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
combination of two nucleotide positions in the guide sequence is substituted with each
alternative nucleotide; each combination of three nucleotide positions in the guide
sequence is substituted with each alternative nucleotide; each canonical nucleotide is
individually inserted into each nucleotide position of the guide sequence; one
nucleotide is individually deleted from each nucleotide position of the guide
sequence; one nucleotide is individually deleted from each nucleotide position of the
guide sequence; two nucleotides are deleted from each combination of two nucleotide
positions of the guide sequence; and guide sequence variants having combinations

thereof,

45



WO 2015/113063 PCT/US2015/013134

10

15

20

25

30

such that each of the query guide sequences in the series has zero, one, two, or
three mismatches, zero or one insertions, and zero, one, or two deletions relative to
the guide sequence;
(38) if one mismatch, two insertions, and two deletions is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
canonical nucleotide is individually inserted into each nucleotide position of the guide
sequence; each combination of two canonical nucleotides are individually inserted
into the guide sequence each combination of two positions in the guide sequence; one
nucleotide is individually deleted from each nucleotide position of the guide
sequence; two nucleotides are deleted from each combination of two nucleotide
positions of the guide sequence; and guide sequence variants having the combination
thereof,

such that each of the query guide sequences in the series has zero or one
mismatches, zero, one, or two insertions, and zero, one, or two deletions relative to
the guide sequence;
(39) if two mismatches, two insertions, and two deletions is selected:

the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
combination of two nucleotide positions in the guide sequence is substituted with each
alternative nucleotide; each canonical nucleotide is individually inserted into each
nucleotide position of the guide sequence; each combination of two canonical
nucleotides are individually inserted into the guide sequence each combination of two
positions in the guide sequence; one nucleotide is individually deleted from each
nucleotide position of the guide sequence; two nucleotides are deleted from each
combination of two nucleotide positions of the guide sequence; and guide sequence
variants having combinations thereof,

such that each of the query guide sequences in the series has zero, one, or two
mismatches, zero, one, or two insertions, and zero, one, or two deletions relative to
the guide sequence;

(40) if three mismatches, two insertions, and two deletions is selected:
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the series of query guide sequences includes the guide sequence, and

sequence variants thereof wherein each nucleotide position in the guide
sequence is individually substituted by each of the alternative nucleotides; each
combination of two nucleotide positions in the guide sequence is substituted with each
alternative nucleotide; each combination of three nucleotide positions in the guide
sequence is substituted with each alternative nucleotide; each canonical nucleotide is
individually inserted into each nucleotide position of the guide sequence; each
combination of two canonical nucleotides are individually inserted into the guide
sequence each combination of two positions in the guide sequence; one nucleotide is
individually deleted from each nucleotide position of the guide sequence; two
nucleotides are deleted from each combination of two nucleotide positions of the
guide sequence; and guide sequence variants having combinations thereof,

such that each of the query guide sequences in the series has zero, one, two, or
three mismatches, zero, one, or two insertions, and zero, one, or two deletions relative
to the guide sequence.

The guide sequence and the series of query guide sequences can be modified
to include one or more PAM sequence suffixes as discussed above. Next the guide
sequence and the series of query guide sequences, with and/or with the PAM
sequence suffix(es) is compared or aligned to a genome. As discussed above, in the
most preferred embodiments, the genome is a user selected genome composed of
indexed files that represent the genome sequences, rather than the sequences
themselves.

A target site location in the genome is typically identified or reported in the
output when the genomic sequence matches the user-specified criteria. For examples
the number of mismatches is below the user-supplied limit, and it lacks indels in
relation to the guide strand if only “no indels” is chosen. The maximal number of
mismatches allowed canbe 0, 1, 2, 3,4, 5, 6,7, 8,9, 10, 12, 15 or longer depending
on the guide strand length. Alternatively a site can be output if it does have an
insertion or deletion and that type of search is chosen by the user, subject to the site
having a direct match or having less mismatches than the user-specified limit. The
maximal number of mismatches allowed canbe 0, 1, 2, 3,4, 5,6, 7,8, 9, 10, 12, 15 or
longer depending on the guide strand length. The user can also specify one, two,

three or more PAM sequences individually or using consensus or ambiguous
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sequences. Depending on the number of mismatches, number of indels, guide strand
length, and PAM lengths, the genomic sequence may have at least 60, 65, 70, 80, 85,
90, 92, 95, 96, 97, 98, 99 or 100 percent identify to the guide strand.

Searching genomes with a longer guide strand or PAM sequences will
decrease the number of sites output if using the same number of mismatches,
therefore the genomic sites most similar to the guide strand my correspond to lower
levels of identity, such as at least 60, 70, 80, 85, 90, 92, 95, 96, 97, 98, 99 or 100
percent identify to the guide strand. It maybe important to query sequences
throughout this range as tissue culture experiments have revealed that guide strands
have been found to cleave sites with identities in this range.

In preferred embodiments, the level of matching is further or solely weighed
based on sequence-dependent scoring, such that modified counts of the number of
mismatches or indels or a modified percentage is determined by the sequence of the
guide, the complementary genomic sequence or both. In some embodiments this may
be weighed as the change in nucleotide affinity, the ability to tolerate mismatches or
indels, or based on other modeling or data.

In other embodiments, other search programs are used to scan the genomes
using the range of guide strand variants generated. Other index strategies can be used
or whole genomic sequences can be scanned using perl, pyton, or other direct search
programs or scripts. In some embodiments, the programs or scripts would identify
sites that match the search criteria, though in other embodiments the sites would
correspond to matching the guide strands and variants based on identity percentage.
The sites output can be the highest percentages, or those sites above a calculated
percentage (based on probability of finding sites after comparing the guide strand,
PAM lengths and/or genome size).

A target site location in the genome is typically identified or reported when the
genomic sequence has 100% sequence identity with the guide sequence, or the highest
percentage in the genome and/or one or more of the query guide sequences with or
without one or more appended PAM sequences. In some alternative embodiments,
the sequence identity between the genomic sequence and the guide sequence and/or
one or more of the query guide sequences with or without one or more appended
PAM sequences is at least 80, 85, 90, 92, 95, 96, 97, 98, or 99 percent. The target site

or on-target site can be thought of as the intended cleavage site, regardless of its level
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of identity, or number of mismatches, if it includes indels related to the gRNA and
regardless of how this site compares to other un-intended sites (i.e., off-target sites)
that may score below or higher in these indices.

In other embodiments any search method using local alignment or index
searches could be used, such as Eland, SOAP, SHRiMP, Bowtie, Q-pick, Maq, BWA.
The programs can vary in their speed and ability to locate all sites. Searches that fail
to exhaustively locate all possible target sites, will not output the sites it fails to test,
or fails to measure. Other embodiments that fail to filter sites may produce very long
lists of sites to sort through scoring and ranking. In some embodiments, the scoring
and ranking methods is used to weigh ever site in a genome, and only output top sites
or sites scoring above a specified threshold, or number of sites.

As discussed above, the guide sequences, variants thereof, query sequences,
etc. can include one or more “N” and other symbolic nucleotides, such as those
described herein, that refer to one or more nucleotides. It will be appreciated that in
some embodiments, where variant and query sequences are constructed by adding
(insertions) or substituting (mismatches) each nucleotide, or each alternative
nucleotide as appropriate, relative to a parent sequence (e.g., the guide sequence(s)) at
one or more positions, this can additionally or alternatively be accomplished by
adding or substituting with an “N” and other symbolic nucleotides, and vice versa.
Such symbols can be understood by the user and/or computational software, and thus
reduce the total number of variant or query sequences that have to be prepared relative
to adding or substituting each of the possible alternative nucleotides individually.

2. Constructing the Target Site List

If more than one target site is identified, the target sites are typically reported
as a list, preferably a ranked list. Therefore, the disclosed methods and systems can
rank the target sites. The ranking can be based on a score that reflects the expectation
of how likely the target site will be cleaved by a CRISPR/Cas nuclease such as Cas9,
and can be weighted based on one or more factors or attributes. The ranking can be
based upon a scoring function for predicting nuclease activity based at least in-part on
sequence identity between the guide strand and the genomic target sequence and/or
complementarity between to the guide strand and complementary strand of the
genomic target sequence. In some embodiments the scoring function is derived

empirically or by incorporating various design rules. The rank can be determined
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based on the sum of scores corresponding to different design considerations. The
ranking can include scoring systems that include the weights for mismatches,
insertions, deletions and the combinations of these with particular weight
corresponding to their location in the guide strand, based on nucleotide proximity or
relative position, and or distance from the PAM. The ranking can include scoring
systems with additive (or subtractive) weight factors and/or multiplicative factors
and/or higher-order weights. In some embodiments, rankings will include features
corresponding to the cell type, culture conditions, animal age and/or growth,
developmental state, genomic context, chromosomal and/or methylation state, other
features affecting cleavage rate, and combinations thereof. Therefore, the method is
flexible and will be able to incorporate more design variables into the function as
more information about the factors affecting nuclease activity at various target sites
becomes available. In addition, the method can be re-applied to an enlarged training
set of data once more experimental data become available. In some embodiments a
range of different scoring functions is provided with some applying generally and
others optimally for a specific guide strand sequence. Figure 30 presents a flow chart
of an exemplary target site prediction method (700) that generates search parameters
(710) based upon an input query, constructs a list of on- and off-target sites (720)
based upon the search parameters, and ranks (730) the target sites in the list before
outputting the results. The score can also include consideration of the number and
location of base mismatches, insertions, and/or deletions, when ranking of the more
likely target sites. Other considerations include, but are not limited to, the distance
between mismatch(es) and the PAM. The Examples below show that mismatches
further from the PAM are more likely to result in off-target cleavage. In some or all
sequences, there are positions that may vary from this general trend.

Bioinformatics based ranking of CRISPR/Cas off-target sites may be hindered
by the effects of genomic context and DNA modifications. Identical genomic sites
and duplicated sites may have dramatic differences in off-target activity. The data
presented in the Examples below shows that the indel rate at off-target site R-01_OT2
was 44%, though other loci with the same complementary sequence have much less,
or no activity, possibly due to nuclease blocking or any of the other features described
above. The accessibility of the genomic DNA may influence nuclease activity sites of

similar sequence. Accordingly, in some embodiments, the score includes
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consideration of factors including chromatin condensation and/or DNA availability at
the genomic location of the on- and off-target sites, alone or in combination with
other factors in the search algorithm.

Typically, the results are sorted for unique sites with the lowest mismatch and
indel score to locate the most likely target sites. In some embodiments, a low score
correlates with a high likelihood of nuclease cleavage at the target site. For example,
in a particular embodiment, one or more on-target sites are reported, generally first in
the list, having a score of “0” and off-target sites are ranked in descending order of
likelihood of cleavage based on ascending scores of greater than 0. By way of further
illustration, the Examples below show an exemplary scoring paradigm wherein a
binding site of a NGG PAM guide strand is typically ranked ahead of a binding site
for the guide strand with a NAG PAM (by non-limiting example, +0.3 points can be
added to the default scoring).

In other embodiments, a high score correlates with a high likelihood of
nuclease cleavage at the target site. Other scoring schemes can be used in other
embodiments, such as having 100 equal a perfect match or the top scoring site and
scoring lower the less probable sites in accordance to mismatches, insertions and
deletions, their combinations and positions.

In some embodiments, the mismatches, insertions, and/or deletions result in
the addition to the score corresponding to their location in the guide strand, here in
nucleotides from the PAM.

In some embodiments the location of each mismatch, insertion or deletion are
added to make the score. For example, in an exemplary embodiment, for mismatches
at or beyond position 13 the method adds 0.1, for positions 9-12, 0.5; for 7 and 8, 1.0;
for position 6, 1.4; for position 5, 1.9; for position 4, 2.0 ; for position 1-3, 4; for
mismatches in the PAM, 10. In other embodiments, there are multiplications of the
individual scores, or combinations of additive scores and multiplication weights. In
other embodiments, the weight scores are multiplied or they can be added/subtracted
while other weights are multiplied to include score for individual or multiple
mismatches or indels or multiple sets of mismatches or indels. In other embodiments,
there are sequence specific weights in addition to position specific weights, and these
weights can include the guide or complementary sequence or both. For example

mismatches at G-C base pairing may be weighed differently than mismatches
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replacing A-T base pairs. Similarly the resulting mismatches may be weighed, such
that G-A, G-T, C-A, or C-T can be scored differently depending on the orientation,
the surrounding bases or other features. In other embodiments, other sequence-
specific features are weighed such as the binding affinity, sequence patterns, GC or
AT content, di-nucleotide pair usage or RNA secondary or tertiary structures or
capacity to form such structures. Each of these embodiments may be used with each
application, such that one scoring system may be applied to look for on- and off-target
binding, on- and off-target binding when linked to effector domains, nuclease or
nickase binding, nuclease or nickase cleavage, or other binding or functional effects.

Table 22 illustrates an exemplary of two scoring paradigms that can be used to
analyze and rank target sites based on the location/position of the mismatch or indel,
and its type (e.g., mismatch, deletion, or insertion). In the exemplary embodiment
shown in the right column of Table 22 (“scoring”), a “penalty” of “fine” of 0.5 is
assessed for deletions, 0.6 for insertions, 0.3 for NAG PAM, and 20 for less preferred
PAMs (anything outside NRG for S. pyogenes Cas9). This means there is a position
penalty or fine for the insertions, then an additional penalty or fine for it being an
indel instead of a mismatch. In another embodiment, the weights may be different, in
some, or all positions.

Another embodiment in shown in the left column of Table 22 (“current”). In
this embodiment, the weight scores are not decreasing as their distance varies from
the PAM, but may be based on off-target data, biochemical or cellular testing, or other
data or modeling. In other embodiments the total scoring is combinations of additive
and/or multiplicative weight scores and may include factors weighing combinations of
features, such as pairs of mismatches, or mismatches and indels. In other
embodiments, the weights may include sequence-specific weights including
combinations of features, such as pairs of mismatches, or mismatches and indels. In
such an embodiment changing a given nucleotide to any of the others may result in
different weight scores, depending on that sequence change and the sequence of the
remainder of the guide and/or complementary sequence. There may be a number of
concurrent embodiments based on the particular applications, or user-specified

features or requirements.
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Table 22: Exemplary Scoring Paradigm

Current Position Scoring
0.1 >20 0.1
0.1 20 0.12
0.1 19 0.13
0.1 18 0.15
0.1 17 0.17
0.1 16 0.19
0.1 15 0.21
0.1 14 0.23
0.1 13 0.27
0.5 12 0.35
0.5 11 0.5
0.5 10 0.7
0.5 9 0.8

1 8 1.1
1 7 1.3
1.4 6 1.9
1.9 5 2.3
2 4 3
4 3 4
4 2 5
4 1 6
10 PAM 20
plus additional
for

deletions 0.51
insertions 0.7

PCT/US2015/013134

Figure 34 is a curve illustrating the score (x-axis) as a function of the

location/position of the mismatch or indel relative to the PAM (y-axis) Mismatches in

the PAM are not plotted. This graph displays one embodiment of the relationship

between weight scores for the position of indels or mismatches. Lower scores under

this scoring paradigm are believed to correlate with increased likelihood of nuclease

activity at the target site with a mismatch or indel at this site. In this embodiment,

weights scores or “fines” are added for multiple mismatches or indels according to

these individual weights. Accordingly, in some embodiments under this paradigm,
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scores would be reported in ascending order with the target site believed to have the
highest nuclease activity appearing first and others following in descending order.

C. Output

Output typically includes some or every genomic sequences that matches the
user-supplied search criteria in comparison with the entered guide strand. The output
method can be based on number of mismatches, indels, or as percentages. The output
list of target sites allows a user to compare the number and score target sites for the
input guide sequence. As discussed in more detail below, the output can include
returning polymerase chain reaction primer sequences for amplification of the ranked
cleavage site locations, returning a full nucleic acid sequence of an amplicon for
detecting induced mutations; and designating each target cleavage location as being in
an exon, intron, promoter, or regulatory or intergenic region. In addition, the output
can return hyperlinks to internet resources on the genomic region of the cleavage
locations.

1. Target Sites

In some embodiments, the output includes a ranked list of perfectly matched
(on-target site and possibly other sites) and partially matched (potential off-target)
sites in the genome, their ranking score, optionally along with reference sequences
and primer designs that can be used for sequencing and/or mutation detection assays.
In a particular embodiment, each line of the output file describes one genomic locus
matching the search criteria. A locus may appear on multiple lines if it can be
modeled and found in multiple ways.

In some embodiments, the output shows the genomic target site sequence
(“hit”), preferably aligned to the query sequence (e.g., guide sequence) to highlight
matches, mismatches, indels, etc. In particular embodiments, nucleotides that are not
a direct match, including mismatches, insertions, and deletions, are colored or shaded
differently or otherwise distinguished from matches. Ambiguities in the query
sequence, such as the “N” in the PAM sequence NGG, are indicated differently or are
similarly shown, though they do not count as mismatches.

The output can also include the query type, including (i) no deletion or
insertion (No indel), (i1) deletions (Del), or (iii) insertions (Ins), with or without
mismatches. This portion of the output can indicate if there are insertions or

deletions, and specify the indel positions as the number of nucleotides away from the
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PAM.

The output can also include the number of mismatched bases between the
guide sequence and target sequences. As illustrated in more detail in the Examples
below, when two repeated bases appear in the guide strand, a deletion of either one of
them in the target sequence gives the same query sequence, so the ambiguity can be
noted in the output.

The output can also indicate if the PAM in the hit ends in RG, as NGG is the
Cas9 PAM with the highest activity, followed by NAG. This portion of the output
helps in ruling out genomic sites with unlikely PAMs.

Other information that can be provided in the output includes, but is not
limited to, the chromosomal location of the matching sequence, its strand, and the
chromosomal location of the cleavage site. The predicted cleavage position is based
on the fact that Cas9 primarily cleaves both DNA strands three nucleotides from the
PAM. The output can include hyperlinks directed to the chromosomal sites one or
more genomic websites or databases, for example, the UCSC genome browser. This
allows determination of the gene that best matches the target sequence and if the
target site is in an exon, intron, or other region. This information is helpful as
mutations may be better tolerated in regions that are noncoding and nonfunctional.
This information can also be included as part of the output.

In some embodiments, the output is grouped by query types, including (i)
genomic sites with base mismatches, but no insertions or deletions (No indels), (i1)
sites with deletions (Del), and (iii) sites with insertions (Ins) between the query and
potential off-target sites (e.g., Table 12). Within each category, sites with mismatches
further from the PAM are typically listed first, which are more likely to result in off-
target cleavage. In some embodiments the scoring is the primary determinant of the
order in the lists, though a number of tie-breaking criteria, such as lack of indels, or
chromosomal location can be used.

The same genomic location may satisfy two or more search criteria, such as
those sites that satisfy the mismatched base limit without and with an insertion or
deletion. For example, mismatches at the base farthest from the PAM and deletions
of this base will give the same set of genomic locations. This can also occur when the
guide strand contains consecutively repeated bases. Since genomic locations can be

specified through multiple criteria, they can be indicated as duplications in the output,
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for example, by listing in each of the corresponding groupings to aid further
evaluation and scoring. In other embodiments, duplicate sites are removed or
withheld in the output.

In some embodiments, the output lists the potential off-target sites according
to attributes or by adding weight matrixes to rank the most likely off-target sites. The
accumulation of additional experiments on CRISPR off-target activity will allow
creation of a more predictive scoring system. It is believed that mutations in the PAM
are least well tolerated followed by sites closest to the PAM; however, little is known
about how the guide strand sequence influences these effects (Jinek, et al., Elife
2:¢00471 (2013); Fu, et al., Nat Biotechnol, 31: 822—826 (2013); Hsu, et al., Nat
Biotechnol, 31: 827-832 (2013); Cradick, et al., Nucleic Acids Res, 41:9584-9592
(2013)).

In some embodiments the output is in HyperText Markup Language (HTML).
In some embodiments some or all of the output is exported into a spreadsheet, such as
in Excel, text or comma, or tab separated formats. The spreadsheet can facilitate
further processing by the user, such as sorting by attributes or adding weight matrixes
to rank the most likely off-target sites. In some embodiments, the primary ranking is
done in the spreadsheet to allow iterative tuning or ranking based on the default of
user-supplied weight factors. In other embodiments, secondary, tertiary, or further
ranking are done in the spreadsheet to add newer, alternative or other weight or
multiplicative scores. The preferred embodiment allows the search method to greatly
decrease the number of sites in the genome to a relatively low number, possibly
hundreds, or to many thousands of loci to process in spreadsheets.

Table 10 shows an exemplary output in HMTL. The output includes the
genomic sites matching the user-supplied criteria in comparison to a user supplied
guide strand sequence with chromosomal location. Scoring of the mismatches 1s
provided for ranking, as are PCR primers and reference sequence. Other typical
output elements (not illustrated in Table 12) include, but are not limited to, right
and/or left primer sequences and links to test each primer pair using the UCSC in-
silico PCR web site, amplicon sequence, and digest size (discussed in more detail
below). The chromosomal location (“Chr. position”) for each “hit” in Table 12 is
provided as a hyperlink to genomic resources, e.g. UCSC genome browser, and to an

output file as a spreadsheet for further manipulation and primer ordering. In other
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embodiments, links can be provided with genomic annotation, sequence viewers, in
silico primer testing, and or pubmed links.

In Table 12, each hit is appropriately aligned to the query shown in the
“Result” box. DNA bases corresponding to mismatches, indels, ambiguity codes,
such as N, are shown in the query line to identify the matching genomic bases. To the
right of the “Result” box are boxes with the query type, number of mismatches,
chromosomal position, score, primers, and other features. A spreadsheet output
allows the user to manipulate the output to evaluate the number and scores of the low-
scoring sites that are predicted to be more likely off-target sites, which may provide
important guidelines when evaluating and choosing guide strands and/or testing for
true cleavage events using DNA samples from cells after CRISPR/Cas treatment.

2. PCR Primers

An automated primer pair design is sometimes included to design primers
appropriate for target site validation assays, matching user input criteria. The primer
design function can be used in combination with assays for off-target cleavage after
cells or animals are treated with CRISPR guide strands and nuclease. Primers are
designed that fit the criteria needed for the particular assay or sequencing platform
using an automated primer pair design process. This greatly simplifies the standard
method for primer design that requires iterative steps of primer design and verification
of the resulting fragment sizes. In addition to speeding the primer design throughput,
an automated design process allows the primers to be custom designed for the
downstream assays or sequencing, and to be matched for high-throughput, full-plate
PCR amplification. Primers can be designed according to specified criteria or to the
defaults given for particular applications (Figure 25A)

To optimize amplicons for different sequencing platforms, the primer pair
design will sometimes provide for specifying the minimum distance from the edge of
the amplicon to the nuclease site. The recommended parameters will in some cases
include a separation distance between cleavage bands that is greater than 0, 20, 40, 60,
80, 100, 120, 140, 160, 180, or 200 base pairs. In some embodiments primer pairs are
chosen such that the minimum separation between uncleaved and cleaved products is
greater than 50, 75, 100, 125, 150, 175, or 200 base pairs. The primers may be
optimally chosen for a variety of sequencing assays, such as appropriate for each

sequencing platform.
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In some embodiments, users can also input the number of bases the cleavage
site must be from each amplicon’s edge to ensure sequencing coverage depending on
the different sequencing platforms. For single molecule, real-time (SMRT)
sequencing, a set of exemplary recommended parameters are: Minimum Distance
Between Cleavage Bands of 0 base pairs, Minimum Separation Between Uncleaved
and Cleaved Products of 125 base pairs. In another example, for Surveyor assays, the
primer design parameters can be specified to ensure that the nuclease site is placed in
an optimal position within the amplicon to yield cleavage bands that can be easily
distinguished from the parental band and each other using agarose, polyacrylamide,
other gels or capillary apparatus. For example, exemplary recommended parameters
for use in Surveyor assays resolved on 2% agarose gels are: Minimum Distance
Between Cleavage Bands—100 bp, Minimum Separation Between Uncleaved and
Cleaved Products—150 bp. In a particular embodiment, for resolution on a 2%
agarose gel, the recommended parameters may be: Minimum Distance Between
Cleavage Bands of 100 base pairs, Minimum Separation Between Uncleaved and
Cleaved Products of 150 base pairs. The output primers can also easily modified in
the spreadsheet, such as to add flanking sequences for additional amplification and/or
barcodes for sequencing.

The primer pair design process implemented will in some cases use the
following steps and considerations to yield primer pairs suitable for high-throughput
PCR. In some embodiments the primer design process may take into account the
potential secondary structure that could arise of the 3’ end of a primer folding back;
may take into account estimated physical properties including the temperature or
length; may define targets for the content of specific bases in the primer; and may
check to ensure for primers that are not self-complementary.

Outlined below is an example primer design process that may be employed in
certain preferred embodiments.

Primer Design Process

Each possible position in the sequence 5’ of the nuclease binding sites is
considered as a possible 5” base for a primer (in some cases allowing for a user-

specified minimum distance between the edge of the amplicon and the nuclease site).

For a given 5’ starting position, a first number of bases in the 3’ direction are

taken as an initial sequence for the primer. The first number of bases may be any
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1) Check for potential secondary structure that could result from the 3’
end folding back.

Check that the sequence of the primer up to the 4™ most 3’ base does not
contain any exact matches to the reverse complement of the three most 3’

bases.
Example:
Potential Primer Sequence: 5’-ACATTGAGGCACTACTTG-3’

Check that the sequence CAA does not appear in ACATTGAGGCACTA

If there is a match, lengthen the primer by one base in the 3’ direction and

repeat the loop.

2) Check the predicted melting temperature of the primer and GC content.

%GC — the percentage (not fraction) of G and C residues in the sequence

1.e. 33 not 0.33

If the %GC content falls outside a specified range then lengthen the primer
by one base in the 3’ direction and repeat the loop. In some embodiments
the specified range may be greater than 25, 30, 31, 32, 33, 34, 35, or 40 %
and less than 55, 60, 61, 62, 63, 64, 65, 70, or 75%.

The melting temperature can be approximated by a number of
methods. In one embodiment it is approximated by the empirical relation
below, where the %GC is the percentage of G and C residues and the
length is the primer length in units of the number of nucleotides.

$79.7

. ¥
Length (D

IR Y

= 56.7 + 0.44668 s 056C —

If the predicted melting temperature falls outside of certain specified
values, then lengthen the primer by one base in the 3’ direction and repeat
the loop. In preferred embodiments the predicted melting temperature is
desirably less than 70, 65, 60, 59, 58, 57, 56, 55, 50 degrees when using

the empirical formula above.
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3) Ifthe primer is longer than a specified maximum primer length, i.e. 30
base pairs, then exit the loop unsuccessfully—no primer for this position.
In some cases the maximum primer length may be 20, 30, 35, 40, 50, 60,

or 70 base pairs.

4) Check the primer sequence for high self-complementarity.

Ensure that all base pair sequences in the primer are not a perfect match to

anywhere in the reverse complement sequence of the primer.

If any match is found, then exit the loop unsuccessfully—no primer for

this position.

5) If all requirements are met, then exit the loop successfully and record

the primer for this position.
END LOOP

After attempts to generate primers for all forward positions and all reverse
positions are complete, pairs may then be made with each forward pair to each
possible reverse pair. This list of pairs can then be pruned in some cases to remove
any that would result in products where the distances between nuclease sites and the
ends of the amplicon fall outside of some specified ranges. This list may further
pruned to remove primer pairs that are somehow undesirable, i.e. could potentially
form primer dimers as defined by having the final 3” bases of one primer match the
reverse complement of the final 3” bases of the other primer.

The primer pairs may then be sorted by some selection criteria depending upon
the application, for example how close the melting temperature is to a specified target
melting temperature. Primer pairs may also be sorted and/or filtered by providing a
preference, for instance for shorter amplicon lengths, or may be sorted alphabetically
or any other acceptable manner.

In some embodiments, the primer pairs are then sorted by how close their

melting temperature is to the target melting temperature (the default is 60°C) by

2
. Tmf f - (Rﬂfm'wami o f‘}{}) + (ﬂ?'?lw'gvgrs'g - U@)
computing @)

Take all pairs where the Tgifr < 2 and apply further sorting criteria in order of
priority:
1) Prefer shorter amplicon length
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2) Prefer a shorter length of the longer primer sequence in the pair

3) As a final tie-break, sort the primer sequences alphabetically

If no primer pairs are found acceptable under a specified set of criteria, the
algorithm may selectively relax constraints in some embodiments to generate a
minimum number of primer pairs. In a particular embodiment, the most lenient set of
criteria still require a minimum %GC of 25, a maximum %GC of 70, a maximum
length of 38, and a minimum melting temperature of 55°C.

The output can include returning polymerase chain reaction primer sequences
for amplification of the ranked off-site cleavage locations alone, or in combination
with a full nucleic acid sequence of an amplicon for detecting induced mutations.

In other embodiments, the output “primer sequences” can be used for other
applications such as binding without amplification, pull-down sequences, probe
sequences, or as sequence-specific tags.

3. Estimating Target Sites

Some embodiments provide an estimate of the number of expected target site
based upon the search criteria, for example to provide the user with a guide for
selecting appropriate search parameters or to prohibit queries that would generate
such a large number of hits to be too time or resource intensive. In other
embodiments these calculations are done to provide the default or suggested
parameters.

Figure 30B depicts a flow chart for an exemplary method (900) for generating
target sites. A query is obtained and search parameters are generated (910).
Optionally, an estimate of the number of expected results is provided (920). The
query may then be updated with a revised query, wherein a revised estimate is
subsequently generated of the number of expected results. This process can be
completed to obtain a desirable number of expected results. The query is then used to
construct a target site list (930) using methods provided herein. The results in the
target site list are ranked by score (940) and/or filtered by specified selection criteria
(950). The list of target sites is then used to generate primer pairs (960) for
generating test amplicons. The list of target sites and primer pairs is then output as

results.
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D. Exemplary Algorithm for Identifying and/or Ranking
Targets Sites

An exemplary decision tree for identifying and/or ranking putative target sites
is illustrated in Figure 30C (100). Following input of a guide strand sequence
(gRNA) (110), based on the user-supplied inputs (“input”), variants of the guide
RNA are generated that vary in insertion(s) and/or deletion(s) in each possible
position. The collection of these variants without the original guide (or with the
original guide, depending on embodiment) (120), are then aligned to the chosen
genomic (or other) sequence (130). If specified, the required adjacent motif must be
present within the supplied limits or mismatches. This can be a PAM or other type of
sequence. At each site, the program can determine if each of the guides or variant
guides matches within the user specified number of mismatches (140). If not, the
sequence is not added to the output (150) and the search moves one nt further through
the genome index, the specified sequence or file and searches again (130). The
collection of sites matching the criteria and collected as output (160), whereas the
sites not matching are not output (150), though they may be included in other output
using other guide sequences or inputs, such as greater allowed number of mismatches.

The input guide strand sequence (gRNA) (110), can also be used to search the
genomic or other sequences without the possible addition of indels, based on the user-
supplied input (170). This process can occur in parallel, or as part of the search with
variants, or it may occur prior or at other times than the search described above (130).
At each site, the program can determine if each of the guides or variant guides
matches within the user specified number of mismatches (180). If specified, the
required adjacent motif must be present within the supplied limits or mismatches.
This can be a PAM or other type of sequence. If not, the sequence is not added to the
output (190) and the search moves one nt further through the genome index, the
specified sequence or file and searches again (170). The collection of sites matching
the criteria and collected as output (200), whereas the sites not matching are not
output (190), though they may be included in other output using other guide
sequences or inputs, such as greater allowed number of mismatches.

Each of the sites that was located through these processes is compiled into the
collected output (210). The output can contain some or all of the following

information or additional information: a list of genomic sequences, the genomic
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location, such as the chromosome number and base position in most genomes, and
annotation on the nearest gene, if the site is in an exon, intron or other annotated
sequence or other data from current or future data bases. In other embodiments an
output without indels (220) and one that can include indels (250) remain separate.
This data can be generated from the process listed above (110-210), or can be derived
from other sources, and processed primarily in terms of ranking the output or
sequences collected from any source. In other embodiments each site of a given
length, sub-sequences, in a genome or other sequence can be scanned and given a
ranking score using the algorithm described below (240, 270). Generally the user
would request only the sub-sequences above a user-input or default cut-off, generally
the sites that would likely be cut.

The listed sites are each individually compared to the guide sequence (220), or
guide sequence allowing indels (260) with the ranking performed in any of a number
of weighted methods (one embodiment described in Table 22). In the preferred
embodiment the site is aligned to the genomic site and included in the output (230 or
260), whereas in other embodiments, the site can be iteratively compared to the
genomic site with different combinations of mismatches, insertions and/or deletions
(260, 270), or aligned across the full specified sequence or genomic indices. Based
on the alignment, the differences are scored with weights for mismatches, insertions
and/or deletions using one of the default or user-supplied ranking methods (240, 270).
The results of the ranking are given as output (280), which can be combined with
other annotated information and provided as HTML, graphical, text, spreadsheet
and/or other forms of output (290). The output can be further processed based on the
results of this output, such as the number of sites returned, based on newer or different
data that emerged, based on alternative applications or other reasons. The output can
therefore be re-ranked using independent scoring or scoring systems that incorporate
the previously determined score. In one embodiment, this can be as simple as adding
further weights for additional features, such as PAM mismatches. In other
embodiments, re-ranking can be used to add data not in the original ranking such as
chromosomal context, DNA accessibility, sequence specific features or known
interactions (310). This output can be provided as HTML, graphical, text, spreadsheet
and/or other forms of output (320).

The output in one preferred embodiment, allows one to avoid guide strands
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that may result in high off-target activity, that may target important genes or may
result in other off-target events (300). In other embodiments, this process allows the
better choice of guide strands, but comparing the output between a ranking of guide
strands, that may target the same gene, regions or otherwise be alternatives (300).
After the guide strands are used in cells the genomic, plasmid or other DNA can be
harvested to measure activity. In one embodiment, output primers are provided that
can be used to determine cleavage, homologous recombination, mutation rates or the
rates of other events at the on-target and putative off-target sites (330). Similarly, one
can use the output primers or other methods to evaluate the on-target or off-target
activity of the guide strands and then compare between the guide strands (330).
III. Systems

A. Computer Implemented Systems

The systems and methods provided herein are generally useful for predicting
the location of CRISPR/Cas on- and off-target cleavage sites, particularly those due to
insertions and/or deletions in the target DNA relative to the guide RNA sequences and
vice versa. In certain embodiments the methods are implemented on a computer
server accessible over one or more computer networks. Figure 31 is a block diagram
of a preferred network-based implementation (400) wherein a client computer system
(410) 1s in communication with a server computer system (420) via a network (430),
1.e. the Internet or in some cases a private network or a local intranet. One or both of
the connections to the network may be wireless. In a preferred embodiment the server
is in communication with a multitude of clients over the network, preferably a
heterogeneous multitude of clients including personal computers and other computer
servers as well as hand-held devices such as smartphones or tablet computers. In some
embodiments the server computer is in communication, i.e. is able to receive an input
query from or direct output results to, one or more laboratory automation systems, i.e.
one or more automated laboratory systems or automation robotics that automate
biochemical assays, PCR amplification, or synthesis of PCR primers. See for example
automated systems available from Beckman Coulter.

The computer server where the methods are implemented may in principle be
any computing system or architecture capable of performing the computations and
storing the necessary data. The exact specifications of such a system will change with

the growth and pace of technology, so the exemplary computer systems and
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components described herein should not be seen as limiting. Figure 32 is a block
diagram of the basic components of an exemplary computer server (500) on which the
methods may be implemented. The systems will typically contain storage space
(510), memory (520), one or more processors (530), and one or more input/output
devices (540). It is to be appreciated that the term “processor” as used herein is
intended to include any processing device, such as, for example, one that includes a
CPU (central processing unit). The term “memory” as used herein is intended to
include memory associated with a processor or CPU, such as, for example, RAM,
ROM, etc. In addition, the term “input/output devices” or “I/O devices” as used herein
is intended to include, for example, one or more input devices, e.g., keyboard, for
making queries and/or inputting data to the processing unit, and/or one or more output
devices, e.g., a display and/or printer, for presenting query results and/or other results
associated with the processing unit. An I/O device might also be a connection to the
network where queries are received from and results are directed to one or more client
computers. It is also to be understood that the term "processor" may refer to more
than one processing device. Other processing devices, either on a computer cluster or
in a multi-processor computer server, may share the elements associated with the
processing device. Accordingly, software components including instructions or code
for performing the methodologies of the invention, as described herein, may be stored
in one or more of the associated memory or storage devices (e.g., ROM, fixed or
removable memory) and, when ready to be utilized, loaded in part or in whole into
memory (e.g., into RAM) and executed by a CPU. The storage may be further
utilized for storing program codes, databases of genomic sequences, etc. The storage
can be any suitable form of computer storage including traditional hard-disk drives,
solid-state drives, or ultrafast disk arrays. In some embodiments the storage includes
network-attached storage that may be operatively connected to multiple similar
computer servers that comprise a computing cluster.

B. Graphical User Interface

In a preferred set of embodiments the computer server receives input
submitted through a graphical user interface (GUI). The GUI may be presented on an
attached monitor or display and may accept input through a touch screen, attached
mouse or pointing device, or from an attached keyboard. In some embodiments the

GUI will be communicated across a network using an accepted standard to be
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rendered on a monitor or display attached to a client computer and capable of
accepting input from one or more input devices attached to the client computer.
Figure 33 depicts some of the components that may be found in an exemplary GUI for
inputting parameters for target site searches capable of being rendered in a standard
web browser window (600) on a client computer. In other embodiments, a phone
interface can identify, read and or run entered sequences.

In the exemplary embodiment (600), the GUI contains a target genome
selection region (612) where the user selects the genome to be searched. In this
exemplary system a genome is indicated by clicking, touching, highlighting or
selecting one of the genomes that are listed (615). In preferred embodiments, the
target genome is selected from a drop-down list.

In the exemplary embodiment (600), the GUI contains in query sequence
region (620) for entering or uploading one or more query guide sequences. The GUI
typically includes a text box for the user to input a query guide strand sequence (622).
In other embodiments, users may input any sequence or sequences for which they
would like to design amplification primers. The GUI may additionally or
alternatively contain an interface for uploading a text file containing one or more
query sequences (628, 626). In a particular embodiment, the text file must contain
only one query sequence per line. In embodiments that include both options, the GUI
may also contain radio buttons that allow the user to select if the target sequence will
be entered in a text box (624) or upload from a text file (628). The GUI may include
a button for choosing the file (626), may allow a user to drag and drop the intended
file, or other means of having the file uploaded. The GUI generally accepts a
sequence of length acceptable for serving as a CRISPR/Cas guide strand sequence, for
example between about 10 and about 55 nucleotides. In preferred embodiments this
may range from 17-22 nucleotides. The input is typically a string of letters, each
corresponding to a single letter designating a nucleotide, or other symbols allowing
ambiguity at indicated positions (N, R, etc.,), and together providing the nucleic acid
sequence of the guide strand polynucleotide. The sequence will generally be entered
using a combination of characters selected from the allowable characters and
dependent upon the implementation may be limited to characters for the standard
nucleotides, or may include non-standard nucleotides.

In the exemplary GUI embodiment (600), the GUI contains a region where the
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user selects search options (630). The region can include a text box for the user to
input a target sequence protospacer adjacent motif (PAM) (632). The input is
typically a string of three letters corresponding to the single letter code for the PAM.
Exemplary PAM include, but are not limited to, NGG, NAG, and NRG.

The GUI also typically includes additional radio buttons, boxes, or/and other
manners for the user to input the number of allowed mismatches, insertions, and/or
deletions. In the exemplary GUI embodiment (600), the search options region (630)
provides a check button for selecting if no indels should be included in the search
(634), a check button for selecting if deletions should be included in the search (636),
a check button for selecting if insertions should be included in the search (638), and
radio buttons for entering how many mismatches (e.g., 0, 1, 2, or 3, etc.), deletions,
(e.g., 0,1, 2, etc.), insertions (e.g., 0, 1, 2, etc.), or a combination thereof should be
searched. In some embodiments, the interface provides a check button to elect no
indels in combination with radio buttons for selecting 0, 1, 2, or 3 mismatches; a
check button to elect 1-base deletion in combination with radio buttons for selecting
0, 1, or 2 mismatches; and a check button to elect 1-base insertion in combination
with radio buttons for selecting 0, 1, or 2 mismatches (640). In some embodiments,
the number of mismatches, insertions, and/or deletions may be entered as individual
numeric values, as a list of numeric values, or as a range of numeric values in a text
box(es). For example, the input strings “0,1,2,3”, “0,1-3”, ©“0,1,2-3”, or “0,1-2,3”
would in some cases all be accepted inputs and would generate all possible
alignments including 0, 1, 2, or 3 mismatches, insertions, or deletions.

The GUI can include options for the user to select pre-determined primer
design options and/or to customize certain design parameters. In the exemplary GUI
embodiment (600), the PCR primer design options region (650) includes a check box
(652) or radio button that allows the user to select whether or not primer sequences
should be included with the output. The GUI can include radio buttons or tabs (654)
that allow the user to select a preferred primer design strategy, for example, default,
[lumina 250, Mllumina 250 - paired, SMRT, or enzyme. Additionally, or
alternatively, the GUI can include text boxes that allow the user to customize primer
parameter settings including, for example, the minimum separation of uncleaved to
cleaved (660), minimum cleavage product size difference (662), minimum amplicon

length (664), maximum amplicon length (666), optimal amplicon length (668), etc.
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The user input for each text box is typically an integer, for example, between about 0
and 100,000 inclusive, preferably between about 0 and 10,000 inclusive, or between 0
and 1,000 inclusive. In the absence of user input or user editing, the text boxes can be
populated with default setting before or after the user submits the query. The user can
also elect not to include primer sequence as part of the output, which can reduce the
runtime associated with the query.

The GUI also typically includes an interface for the user to initiate a search.
The exemplary GUI embodiment (600) includes a submit button or tab (680) that
when selected initiates a search according to the user entered or default criteria. The
GUI can also include a reset button or tab (682) that when selected removes that user
input and/or restores the default settings.

The GUI will in some embodiments have an example button that, when
selected by the user populates all of the input fields with default values. The option
selected by the example values may in some embodiments coincide with an example
described in detail in a tutorial, manual, or help section. The GUI will in some
embodiments contain all or only some of the elements described above. The GUI
may contain any graphical user input element or combination thereof including one or
more menu bars, text boxes, buttons, hyperlinks, drop-down lists, list boxes, combo
boxes, check boxes, radio buttons, cycle buttons, data grids, or tabs.

Figures 26A-26G and Table 14 (below) illustrate an exemplary search string
processed according to the disclosed methods and include examples showing the
input, and portions of a web result and spreadsheet output for a search of the human
genome using guide strand R-01.

The genome of interest is chosen from the Target Genome list (Figure 26A).
The target sequence is entered into the Query Sequence box (Figure 26B). The
required protospacer adjacent motif (PAM) is entered into the ‘Add suffix’ Box of the
Search Options section (Figure 26C). The spacers (Ns) and required bases are
included, such as NGG or NRG.

The boxes in the ‘Allowed indels and mismatch’ of the Search Options section
are checked to indicate if genome sites to be searched include genomic sites that have
No indels (with <3 mismatches but the same length), have 1-base Del (are 1-base
shorter), or have 1-base Ins (are 1-base longer) (Figure 26C).

The boxes in the PCR Primer Design Options section are chosen, which allow
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COSMID to design primers matching the specific application. Primer design
parameters are set by pressing the button for ‘Default’, ‘Illumina 250°, ‘Illumina 250
paired’, ‘SMRT”’ or ‘enzyme’ (when using other enzymes). Any of the parameters
can be entered by hand to further customize.

1V.  Experimental Methods

The methods provided herein will in some cases completely replace the need
for experimentally screening nuclease target sites or nuclease activities, allowing for
the design of CRISPR/Cas guide strands in a completely in-silico manner. In some
cases the tools provided herein will serve as an essential first step in the design
process by screening and selecting only the few potential guide strands that are
predicted to have the desired cleavage-mediating activity at the on-target site, with
limited off-site cleavage. In some cases, the tool will prevent the use of guide strands
that have medium or high probability of cleaving an off-target site or cleaving
multiple sites in the genome. This will allow for far less experimental time and
resources being applied to preparing and testing guide strands that do not have the
desired features.

In some cases the methods provided herein for predicting off-target sites are
used without the need for experimental data. In some cases the methods provided
herein for predicting off-target sites are parameterized to correlate with
experimentally determined values. In some embodiments the methods provided
herein for predicting off-target sites are used to screen candidate guide strands
wherein a much smaller subset are subsequently tested experimentally.

The methods of predicting off-target sites can be used in combination with
experimental methods for measuring both on-target and/or off-target cleavage
activity. In some embodiments this includes using the results from one or more
experiments to guide the search for guide strand with the desired activity at the target
site and little or no activity on off-target sites. The experimental methods can include
any method capable of measuring the cleavage activity or identifying off-target active
sites of a guide stand in combination with a CRISPR/Cas nuclease.

Non-limiting exemplary experimental methods are described below. For
example, mutation detection assays can be used to determine if off-target cleavage
occur at putative off-target sites identified by according to the disclosed methods.

Suitable assays, such as enzyme mismatch assays, are known in the art, see, for
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example, Guschin, et al., Methods Mol. Biol., 649:247-56 (2010), which describes a
procedure for quantifying mutations that result from DNA double-strand break repair
via non-homologous end joining; and Huang, et al., Electrophoresis, 33(5):788-96
(2012), which describes a T7 endonuclease I-based assay. The assays are typically
based on the ability of a nuclease to selectively cleave distorted duplex DNA formed
via cross-annealing of mutated and wild-type sequence. Briefly, using primers, such
as primers designed according to the methods described herein, PCR is used to
amplification of the genomic loci of putative target sites after transfecting test cells
with the elements of the CRISPR/Cas system (e.g., a plasmid expressing Cas9 and a
test guide strand). Sanger sequencing can be used to observe mutations. Deep
sequencing can also be used to detect and quantitate nuclease induced mutations in
CRISPR/Cas-treated cell populations.
Examples

Example 1: CRISPR guide strands can exhibit off-target activity at similar levels
as on-target activity, even with mismatches within first 12 nucleotides.
Materials and Methods

CRISPR design and testing

There were no CRISPR target sites in the human HBB gene sequence with
their proximal 12 bases unique in the human genome (Cong, et al., Science, 339:819-
823 (2013)); therefore, CRISPR/Cas9 guide strands targeting HBB were chosen by
comparing the similar regions in the human hemoglobin 6 (HBD) gene. Eight 20-
base guide strands were designed to target sites near the sickle mutation in the HBB
gene (Figure 1A), each adjacent to a PAM sequence that contains the canonical
trinucleotide NGG. Five guide strands were also designed to target two segments in
the human CCR5 gene (Figure 2A), and tested the corresponding CRISPR/Cas9
systems to determine their on-target cleavage and potential off-target activity at the
human C-C chemokine receptor type 2 (CCR2) gene. Herein the name of the guide
strand (such as R-03) is used to represent the CRISPR/Cas9 system with the specified
guide strand.

CRISPR plasmids were generated by kinasing and annealing oligonucleotides
containing a G followed by 19 additional bases of the guide strand plus sticky ends,
ligating into the pX330 plasmid that contains a U6 promoter-driven chimeric +85-bp

guide strand and a CHb promoter-driven Cas9 expression cassette, and expressed
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together from the 8.5-kb Cas9 gene expression plasmid, pX330 (provided by Dr. Feng
Zhang, and also available through Addgene 42230) (Hsu, et al., Nat. Biotechnol,
31:827-832 (2013)). In a 24-well plate, 80,000 HEK-293T cells/well were seeded and
cultured in Dulbecco's modified Eagle medium supplemented with 10% fetal bovine
serum (FBS) and 2 mM fresh L-glutamine, 24 h prior to transfection. Cells were
transfected with 100, 200, 400 or 800 ng of CRISPR plasmids (normalized to 800 ng
with pUC18) using FuGENE HD (Promega). The genomic DNA was harvested after
3 days using QuickExtract (EpiCentre). Targeted cleavage was measured at the
endogenous loci by the rate of mutations through mis-repair, detected using
amplification of these sites using bar-coded or traditional primers (Table 1) and the
T7EI assay. The fragments were separated on agarose gels and quantitated using
ImagelJ; the mutation frequencies were calculated and averaged. To better determine
the mutation rate, amplification bands were cloned using the TOPO® TA kit
[Invitrogen], Sanger sequenced and aligned to the genomic sequence to observe the
individual mutations and determine the mutational spectra. Sanger sequencing was
chosen to ensure the detection of large insertions and deletions, as well as effectively
detect single base indels, both of which can be problematic with the next-generation
sequencing methods.

Table 1: Sequence of primers used to amplify endogenous loci for the T7EI

assay, sequencing and quantitative PCR

Gene Primer Sequence
CCR5-F GCACAGGGTGGAACAAGATGG
CCR5-R GACCACCCCAAAGGTGACCGT
CCR2-F TTGAACAAGGACGCATTTCCCCAG
CCR2-R CAAAGACCCACTCATTTGCAGCAG
HBB-F CCAATAGGCAGAGAGAGTCAGTG
HBB-R AGCCAGGGCTGGGCATAAAAG
HBD-F GAGGTTGTCCAGGTGAGCCAGGCCATCAC
HBD-R CTGCTGAAAGAGATGCGGTGGGGAGATATGTA
HBD-521F AAGGCAGGGCAGAGTCGA
HBB-308R CACATGCCCAGTTTCTATTGGT
HBB-mid99 GCAAGGTGAACGTGGATGA

Off-target analysis

Off-target analysis was performed using a bioinformatics-based search tool to

select potential off-target sites, which were evaluated using the T7EI mutation
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detection assay. Sanger sequencing was used to confirm the gene modification
frequencies for the CRISPR/Cas9 systems, including guide strand R-02 at GRIN3A
(see Figure 6B) and compared to the on-target rate (Figure 6A).

Results

The ability to precisely edit endogenous DNA sequences has greatly facilitated
the creation of cell lines and animal models for biological and disease studies, and led
to unprecedented opportunities in therapeutics. For example, engineered zinc finger
nucleases (ZFNs) and transcription activator-like effector nucleases (TALENSs) have
generated hundreds of animal models for disease studies (Perez, et al., Nat.
Biotechnol, 26:808-816 (2008); Geurts, et al., Science, 325:433 (2009), and nuclease-
based treatment strategies are currently undergoing clinical trials. The discovery of a
bacterial defense system that uses RNA-guided DNA cleaving enzymes and clustered,
regularly interspaced, short palindromic repeats (CRISPR) (Bolotin, et al.,
Microbiology, 151:2551-2561 (2005); Horvath, Science, 327:167-170 (2010);
Marraffini, et al., Nat. Rev. Genet.,11:181-190 (2010); Garneau, et al., Nature,
468:67-71 (2010); Hale, et al., Cell, 139:945-956 (2009)) may provide an exciting
alternative to ZFNs and TALENS, as the CRISPR-associated (Cas) protein remains
the same for different gene targets; only the short sequence of the guide RNA needs to
be changed to redirect the site-specific cleavage (Cong, et al., Science, 339:819-823
(2013)).

Potential off-target cleavage by engineered nucleases poses concerns both for
adverse events in therapeutic applications and confounding variables in biological
studies. ZFNs (Pattanayak, et al., Nat. Methods, 8:765-770 (2011); Gabriel, et al.,
Nat. Biotechnol, 29:816-823 (2011)) have been shown to lack exquisite specificity
and may cleave sequences in addition to their intended targets, which often induces
unwanted mutations and/or toxicity (Cornu, et al., Methods Mol. Biol., 649:237-245
(2010); Ramirez, et al., Nucleic Acids Res., 40:5560-5568 (2012)). Although reports
indicate that TALENS have better specificity than ZFNs, off-target activities have
been found for TALENS as well (Tesson, et al., Nat. Biotechnol, 29:695-696 (2011);
Hockemeyer, et al., Nat. Biotechnol, 29:731-734 (2011); Mussolino, et al., Nucleic
Acids Res., 39:9283-9293 (2011)). Previous in vitro studies indicate that
CRISPR/Cas9 systems have a high potential for off-target activity, as they have more

promiscuous binding abilities at positions distal from the protospacer-adjacent motif
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(PAM) region (Cong, et al., Science, 339:819-823 (2013); Gasiunas, et al., Nat/ Acad.
Sci. USA, 109:E2579-E2586 (2012); Jinek, et al., Elife, 2:¢00471 (2013); Jiang, et al.,
Nat. Biotechnol, 31:233-239 (2013)). Further, because the guide RNA strands
typically target a DNA sequence of ~20 bp, relatively short compared with the >36 bp
targeted by TALENSs, many potential off-target sites may exist in large genomes, such
as in mammals. Additionally, because non-Watson—Crick base pairing is known to
occur (Jiang, et al., Nat. Biotechnol, 31:233-239 (2013)), it is possible that
CRISPR/Cas9 systems have more off-target activities compared with corresponding
ZFNs and TALENS.

To determine the off-target effects of CRISPR/Cas9 systems in the context of
the human genome, a series of CRISPR/Cas9 systems were constructed with guide
RNA strands targeting the human hemoglobin  (//BB) and C-C chemokine receptor
type 5 (CCRS5) genes, expressed them in human embryonic kidney 293T (HEK-293T)
cells, and quantified their on- and off-target activities using the T7 endonuclease I
(T7EI) mutation detection assay and Sanger sequencing. Special attention was placed
on the effects of mismatches between the guide strands and the complementary target
sequences. This allowed a direct evaluation of the impact of the location and number
of mismatches within the 12 bases nearest the PAM region, as well as those in the
PAM region (that usually match the canonical NGG motif, or NAG) (Table 2) on
potential off-target activities (Cong, et al., Science, 339:819-823 (2013);
Sapranauskas, et al., Nucleic Acids Res., 39:9275-9282 (2011)). The results show that
the CRISPR/Cas9 systems targeting the human HBB and CCR5 genes had significant
off-target cleavage activities, especially at the //BD and CCR2 genes, which have
high sequence homology with HBB and CCRJ, respectively.
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Table 2: CRISPR on- and off-target cleavage rates

Indel
Mis- Indel % by |% by
Guide |matches |sequencing |T7E1l
strand |(a) (%) (%) (b)210987654321nGG |Region Gene
R-01 0 67 54 GTGAACGTGGATGAAGTTGGtGG|Exon HBB
1 30 27 GTGAACGTGGATGCAGTTGGLGG|Exon HBD
R-02 1 75 66 cTTGCCCCACAGGGCAGTAACGG|Exon HBB
3 77 33*| tcaGCCCCACAGGGCAGTAAcCGG|Intergenic|GRIN3A
R-03 1 70 55 CcACGTTCACCTTGCCCCACAGGG|Exon HBB
2 62 58 CACGTTCACtTTGCCCCACAgGGG|Exon HBD
R-04 1 47 53 cCACGTTCACCTTGCCCCACaGG|Exon HBB
2 10 12 cCACGTTCACtTTGCCCCACaGG|Exon HBD
R-05 1 51 aGTCTGCCGTTACTGCCCTGnGG|Exon HBB
R-06 1 59 CcGTTACTGCCCTGTGGGGCANGG|Exon HBB
R-07 1 68 61 aAGGTGAACGTGGATGAAGTtGG|Exon HBB
2 7 aAGGTGAACGTGGATGCAGTtGG|Exon HBD
R-08 1 38 36 cCTGTGGGGCAAGGTGAACGLGG|Exon HBB
2 48 cCTGTGGGGCAAaGTGAACGLGG|Exon HBD
R-25 0 50 46 GTGTTCATCTTTGGTTTTGTgGG|Exon CCR5
0 32 20 GTGTTCATCTTTGGTTTTGTgGG|Exon CCR2
R-26 0 76 74 GCTGCCGCCCAGTGGGACTTLGG|Exon CCR5
R-27 0 78 77 GGCAGCATAGTGAGCCCAGAGGG|Exon CCR5
R-29 0 65 GTGAGTAGAGCGGAGGCAGGNnGG|Exon CCR5
R-30 0 21 GTAGAGCGGAGGCAGGAGGCgGG|Exon CCR5
2 5 GTAGAGCGGAGGCAGGAGttgGG|Exon CCR2

(a) Number of base differences between the guide strand and complementary
sequence, including the 5’ nucleotide.

(b) Base pair positions from the PAM are numbered above the loci. The
differences between the guide strand and complementary sequences are indicated in
lowercase underlined nucleotides. The first of the three nucleotides in the PAM
sequence is also indicated in lowercase.

* T7EI was performed in duplicate for this off-target site, not triplicate as with
all other cases.

Table 2 summarizes the on- and off-target cleavage rates in which, for each
CRISPR/Cas9 system, the complementary sequence of the guide strand, the number
of mismatches within the guide strand and the name and genetic region of the on- and
off-target activities are provided. Specifically, in Table 2, the third and fourth
columns list, respectively, the indel percentages determined by Sanger sequencing and
T7EL

Guide strands directed toward HBB resulted in high rates of on-target activity,
with an average mutation frequency of 54% measured by the T7EI assay (Figure 1B-
1C). Because the T7EI assay may not cleave the PCR product completely and

assumptions must be made about the indel diversity to calculate the mutation
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percentages (Guschin, et al., Methods Mol. Biol., 649:247-256 (2010)), the mutation
frequencies were verified using Sanger sequencing. It was determined that for some
guide strands and loci, Sanger sequencing gave much higher mutation frequencies
than the T7EI measurements. For example, Sanger sequencing of the HBB loci
indicated that R-02 and R-03 resulted, respectively, in 60 of 80 (75%) and 31 of 44
(70%) sequences with insertions or deletions (indels) indicative of the error-prone
nonhomologous end-joining (NHEJ) DNA repair pathway (Figure 1A-C, Figure 4A-
C,). Similarly, HEK-293T cells transfected with CRISPR constructs containing guide
strands targeting CCRS5 resulted in high rates of on-target activity, with an average of
57% mutation frequency measured by the T7EI assay (Figure 2A-C, Figure 5A-C).

Some CRISPR/Cas9 systems with guide strands targeting HBB also cleaved
HBD (some at high rates), even though there are mismatches between the guide
strands and the complementary HBD sequences. For example, guide strands having
just one-base mismatch with the complementary HBD sequences, located at positions
4 (R-07), 7 (R-01), 8 (R-08), 10 (R-04) and 11 (R-03) bases from the PAM sequence,
resulted in off-target mutation rates ranging from 7 to 58%, roughly corresponding to
the distance between the mismatch location and the PAM sequence, with R-04 as an
exception (Figure 1B). Note that two off-target sites at HBD had mutation rates even
higher than the on-target rates at /BB, especially R-08, which induced a mutation rate
of 48% at HBD, much higher than that at /BB (36%).

To allow RNA transcription by the U6 polymerase, the guide strand is
typically preceded by a guanine (Cong, et al., Science, 339:819-823 (2013)). Results
show that it is not necessary for the guanine base to match the target site for efficient
cleavage, as seven guide strands without a guanine at this position induced mutations
in HBB (R-02 to R-08) and four guide strands (R-03, R-04, R-07, R-08) induced
mutations in H/BD (Figure 1B).

To a lesser extent, CCR5-targeting CRISPR/Cas9 systems also induced off-
target cleavage on CCR2, with mutation rates of 5% and 20% (Figure 2B-2C).
Specifically, guide strand R-25 was designed with two identical genomic targets in
CCRS5 and CCR?2 genes to identify the influence of factors beyond sequence
homology, such as genomic context. The CRISPR/Cas9 system with R-25 showed a
>2-fold difference in mutation rate at these two sites (46% versus 20% mutation rate,

Figure 2c). These results indicate that other features such as genomic context may
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play an important role in cleavage activity. Although guide strand R-30 had two
mismatches with CCR2 at the two bases proximal to the PAM region, it induced
mutations in CCR2 at a rate of 5% as measured by T7EI with 800 ng of plasmid in
transfection (Figures 2B). R-30 transfections with 1100 ng of plasmid induced
mutations of 21% quantified by sequencing (Figure 6C), but only 6% by T7EI (Figure
3E); part of the difference is likely because of the incomplete cleavage of PCR
products by T7EI.

A distinct feature of CRISPR off-target activity as related to mismatches in the
guide strand is that mismatches in the PAM region can prevent off-target cleavage
(Hsu, et al., Nat. Biotechnol, 31:827-832 (2013)). For example, R-06, which has a
one-base mismatch in the PAM, did not induce detectable mutations at HBD,
although it has a perfect match of the 14 bases proximal to the PAM (Figure 1B-1C).
Further, R-02 did not induce cleavage at HBD because of the one-base mismatch in
the PAM and two mismatches at positions 2 and 4 from the PAM (Figure 1B).
Similarly, there was no off-site mutagenesis detected at CCR2 by the CCR5-targeting
CRISPR/Cas9 systems with guide strands R-27 and R-29 that had NTG and NGT
PAM substitutions, respectively. In particular, although R-29 had a perfect match
with the 18-bp sequence proximal to the PAM, a one-base mismatch in the PAM
region prevented cleavage of CCR2 (Figure 2B-2C). Clearly, off-target cleavage
could also be prevented without any mismatch in the PAM, by having multiple
mismatches between the guide strand and the complementary target sequence
proximal to the PAM, as demonstrated by R-05 (Figure 1B) and R-26 (Figure 2B).

To quantify the change in CRISPR/Cas9 cleavage activity with transfection
conditions, CRISPR plasmids were transfected at doses from 100 to 800 ng, and
corresponding on- and off-target activities measured by T7EI (Figure 3A-3E). With
the dose decreases, R-04 and R-25 gave lower on- and off-target activities, whereas
R-30 resulted in increased on-target activity and decreased off-target activity; the on-
and off-target activities of R-03 and R-08 remained roughly the same. In general,
transfection with the lowest dose (100 ng) increased the ratio of on-target to off-target
activities for R-04, R-25 and R-30, although not for R-03 and R-08. These findings
expand the results of a study where no appreciable changes in on- and off-target rates
were found with two CRISPR guide strands at two doses (Fu, et al., Nat. Biotechnol,
31:822-826 (2013)).
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Example 2: CRISPR-targeted loci showed a wide variety of insertions, deletions
and point mutations

Materials and Methods

Chromosomal deletion analysis

To assay for gross chromosomal deletions, genomic DNA from cells
transfected with R-03 was amplified using the //BD forward primer and the reverse
primer downstream of the //BB site. Genomic DNA from cells transfected with R-25
or R-30 were similarly amplified using the CCR2 forward and the CCRS reverse
primers. Agarose gels were used to confirm that the polymerase chain reaction (PCR)
product sizes were consistent with chromosomal deletions between these sites. The R-
03, R-25 and R-30 PCR products were cloned and the individual colonies Sanger

sequenced and aligned.

Quantitative PCR
Quantitative PCR determination of the percentage of HBD-HBB chromosomal

deletions. HEK-293 cells were transfected in triplicate with CRISPR plasmids
containing guide strands R-02 or R-03, or mock transfected cells. Genomic DNA was
harvested using QuickExtract (EpiCentre), per manufacturer’s protocol.
Amplification reactions contained 1 ul of genomic DNA added to mastermix aliquots
containing: 0.1 ul of each 10 uM primer, 3.8 ul of water and 5 ul of iTaq Universal
SYBR Green 2x Supermix. The reactions were analysed on an Mx3005P qPCR
System (Stratagene) using MxPro qPCR software. As the genomic DNA could not be
normalized, the total amount of /BB and the amount of //BD to HBB delctions were
measured to determine the percentage of chromosomal deletions. Total /BB was
measured using primers HBB-308R and HBB-mid99 that generated a 99 bp product
from unmodified HBB or from chromosomal DNA with HBD to HBB deletions, as the
primers bind outside the cleavage site. The HBD-HBB chromosomal deletion was
measured using primers HBB-308R and HBD-520F and generates a 225 bp product
that spans the cleavage site. The /BB product was seen in mock transfections, as
HBB was unmodified. Mock transfection DNA did not amplify using HBB-308R and
HBD-520F, indicating a lack of these chromosomal deletions. The no-template

controls for each primer set were negative.
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Results

As revealed by Sanger sequencing, CRISPR-targeted loci showed a wide
variety of insertions, deletions and point mutations. Because H/BD is located ~7 kb
upstream of HBB on chromosome 11, cleavage at both sites raises the possibility of
chromosomal rearrangements, including a deletion of the intervening segment (Lee, et
al., Genome Res., 20:81-89 (2010); Gupta, et al., Genome Res., 23:1008-1017 (2013);
Xiao, et al., Nucleic Acids Res. A1:e141 (2013); Gratz, et al., Genetics, 194:1029-1035
(2013)). These gross chromosomal deletions are seen with guide strand R-03, which
cleaves both HBB and HBD at high rates, even though it has a mismatch to /BD
(Figure 4A and 4B). PCR amplification and sequence analysis revealed gross
chromosomal deletions resulting from rejoining the DNA double-strand break ends
induced by two cleavage events in (or near) the conserved region of the /BB and
HBD (Figure 4C). Each of these joined HBD-HBB clones amplified from cells
transfected with R-03 had an indel consistent with NHEJ.

Quantitative PCR was used to estimate the number of HBB alleles containing
the chromosomal deletion with //BD. Standard curves were made using serial
dilutions of cloned HBD-HBB deletion fragment, so that the standard curves of both
sets of primers could be compared (Figure 4D). Quantities were very similar across
this standard curve using either the //BB pair of primers or the HBD-HBB pair of
primers, which allowed comparison of the total amount of /BB and the amount of
HBD to HBB deletions. The groupings of three HBD/HBB samples for R-02 and R-
03 are labelled (Figure 4D). Genomic DNA from the cells transfected with guide
strand R-03 contained HBD-HBB chromosomal deletions equal to 12.6% of the copies
of total HBB (Table 3). This was compared to genomic DNA from the cells
transfected with guide strand R-02, which had higher HBB cleavage, but low HBD
cleavage. The R-02 treated genomic DNA contained HBD-HBB chromosomal
deletions equal to 0.4% of the copies of total //BB.
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Table 3: Results of quantitative PCR analysis

Total HBD-HBB/
HBE  HBD-HBB TotalHBR  AVG  STDEV

R-02a 251.80 0.7 0.3%

R-02h 318.20 1.2 0.4% 04%  0.001

R-02¢ 158.20 0.8 0.5%

R-03a 1782 211 11.8%

R0 20100 228 11.4% 12.8% D018

-0 151,20 21.8 14.4%

mock 479.80 0.0 0.0%

mock 404.90 0.0 0.0% 0.0%  0.000

mock 175.60 0.0 0.0%

Similarly, CCRS is located ~8 kb upstream of CCR2 on chromosome 3; thus,
chromosomal rearrangements may occur with cleavages at both CCR5 and CCR2.
These gross chromosomal deletions were detected with the R-25 CRISPR/Cas9
system, which cleaved both genes at high rates (Figure 5A and 5B). Here again, PCR
amplification and sequence analysis revealed two cleavage events in (or near) a
conserved region of the CCRS and CCR?2 genes, as indicated by indels consistent with
NHE] (Figure 5C). Cells transfected with the R-30 CRISPR/Cas9 system also had
chromosomal deletions between CCRS5 and CCR2 (Figure 5C).

Sequencing the on- and off-target loci revealed a range of different indels as a
result of CRISPR/Cas9-induced DNA cleavage and mis-repair. Cleavage followed by
correct repair is more difficult to detect, as the sequence does not change. The
changes include three large insertions (140, 216 and 448 bp), and a range of deletions.
Some sequencing reads had mutations and indels and some with only mutations, but
no change in length. Specifically, the results indicated that one-base insertions and
deletions occurred frequently, usually several bases from the PAM sequence,
consistent with the reported cleavage between the third and fourth bases from the
PAM (Jinek, et al., Science, 337:816-821 (2012)). As shown in Figure 7, the
frequency of cleavage-induced gene modifications varied significantly with indels of
different sizes, though 21% were one-base insertions and 12% one-base deletions.
Interestingly, a common indel size was a 9-bp deletion that occurred in 14% of the
clones, possibly due to micro-homologies in the sequence. Because the range of
indels is influenced by sequence differences, microhomologies and/or palindromes in

the area being cleaved (Yu, et al., Nucleic Acids Res., 38:5706-5717 (2010)), and the
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results were primarily from a limited number of overlapping target sites, further
sequence analysis is needed to ensure a more general distribution.

Although CRISPR/Cas9 systems can induce high rates of gene modification in
mammalian cells, they do not have perfect specificity, similar to previous
observations with ZFNs and TALENSs. The results presented in Examples 1 and 2
demonstrate that CRISPR/Cas9 systems can have significant off-target activities even
if 10 or 11 of the 12 bases proximal to the PAM sequence match. Therefore, it is
likely that there are many more potential off-target sites in the human genome than
previously thought (Cong, et al., Science, 339:819-823 (2013); Mali, et al., Science,
339:823-826 (2013)), if cleavage occurs when any permutation of 10 of the 12 bases
in the guide strand matches a genomic sequence. The results indicate that mismatches
in, or proximal to, the PAM sequence could block cleavage, as seen by others (Hsu, et
al., Nat. Biotechnol, 31:827-832 (2013); Fu, et al., Nat. Biotechnol, 31:822-826
(2013); Mali, et al., Science, 339:823-826 (2013)). However, there are contrary
examples, such as R-30 that cleaves CCR2 with mismatches in the two PAM-
proximal bases (Figure 2B, Figure 6C).

The importance of the PAM sequence (Mojica, et al., Microbiology, 155:733-
740 (2009)) was corroborated by the lack of cleavage at some complementary
sequences similar to the guide strand, but with PAM sequences differing from NGG
(Figures 1B and 2B). An example is guide strand R-06 that cleaved /BB at 59%, but
had no detectible cleavage at HBD, presumably due to the NGA in the PAM
sequence. Similarly, R-29 cleaves CCRS at 65% efficiency. R-29 failed to cleave at
CCR?2 possibly due to the less tolerated, adjacent NGT PAM sequence, although the
R-29 guide strand matches the 18 bases closest to the PAM sequence at CCR2.

Although Cas9 is thought to generate blunt ends (Gasiunas, et al., Nat! Acad.
Sci. USA, 109:E2579-E2586 (2012); Jinek, et al., Science, 337:816-821 (2012)), the
results presented in Examples 1 and 2 indicate that CRISPR-directed on- and off-
target cleavage can induce a wide range of indels, with a large number of one-base
insertions and a few large deletions. The high rate of off-target cleavage may result in
large indels, causing a significant potential of mutagenesis and chromosomal
rearrangements. For example, if two or more cleavage sites are on the same
chromosome, it may lead to gross chromosomal deletions, as seen with R-03 (Figure

4C), and R-25 (Figure 5C) . These chromosomal deletions and the high levels of on-
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and off-target cleavage indicate that there might be other chromosomal
rearrangements, translocations and inversions. Although the ability of engineered
CRISPR/Cas9 systems to target multiple sites/genes with different guide strands is an
exciting feature (Cong, et al., Science, 339:819-823 (2013); Mali, et al., Science,
339:823-826 (2013); Wang, et al., Cell, 153:910-918 (2013)), each system may lead
to off-target cleavage. The effect of having multiple guide strands on off-target
cleavage and its effect on rates of chromosomal rearrangement have yet to be
thoroughly studied (Wang, et al., Cell, 153:910-918 (2013)). A CRISPR/Cas9 system
may cause chromosomal rearrangements with one guide strand inducing cleavage at
two defined locations, or with a pair of guide strands inducing deletion between the
target sites (Xiao, et al., Nucleic Acids Res.,41:e141 (2013)); in both cases the off-
target effects of each guide strand must be assayed. Therefore, multiplexed gene
editing using CRISPR/Cas9-based approaches might have limitations unless optimal
design of the guide strands can be performed to reduce or even eliminate the potential
for gross chromosomal rearrangements.

As demonstrated in this work and elsewhere (Hsu, et al., Nat. Biotechnol,
31:827-832 (2013); Fu, et al., Nat. Biotechnol, 31:822-826 (2013)), CRISPR/Cas9
systems may have high rates of off-target cleavage; therefore, care must be taken
when choosing and evaluating target sites. Even with diligent choice of target sites, in
most genome editing applications, quantifying the off-target activities is necessary to
identify unintended cleavage and mutagenesis. Transfection conditions, including
plasmid dosage, may be optimized to decrease off-target cleavage, although the
effects may vary with guide strands (Figures 3A-3E). The variety of on- and off-
target cleavage rates induced by CRISPR/Cas9 systems raises hope that better
selection of target sites, possibly through rational design and/or screening in cells, can
result in gene editing with improved specificity. Advanced genome searches may be
needed in choosing optimal target sites by minimizing the number of potential off-
target sites corresponding to different mismatches. More extensive off-target analysis
of the CRISPR/Cas9 systems, with a combination of bioinformatics and experimental
approaches, may reveal patterns and design guidelines that better predict the target

sites that can be effectively cleaved with high specificity.
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Example 3: sgRNA variants containing single-base DNA bulges induce Cas9
cleavage
Materials and Methods

CRISPR/Cas9 plasmid assembly

5 DNA oligonucleotides containing a G followed by a 19-nt guide sequence
(Table 3) were kinased, annealed to create sticky ends and ligated into the pX330
plasmid that contains the +85 chimeric RNA under the U6 promoter and a Cas9
expression cassette under the CBh promoter (available at Addgene) (Hsu, et al., Nat
Biotechnol, 31 (2013)).

10 Table 4: Protospacer target sites for the sgRNAs used in Examples 3-8

Storage
Gene Index Protospacer Target (5' to 3') PAM
HBB R-01 GTGAACGTGGATGAAGTTGG TGG
HBB R-03 GACGTTCACCTTGCCCCACA GGG
HBB R-04 GCACGTTCACCTTGCCCCAC AGG
HBB R-05 GGTCTGCCGTTACTGCCCTG TGG
HBB R-06 GGTTACTGCCCTGTGGGGCA AGG
HBB R-07 GAGGTGAACGTGGATGAAGT TGG
HBB R-08 GCTGTGGGGCAAGGTGAACG TGG
EGFP R-19 GGTGGTGCAGATGAACTTCA GGG
EGFP R-20 GACCAGGATGGGCACCACCC CGG
CCR5 R-25 GTGTTCATCTTTGGTTTTGT GGG
CCR5 R-26 GCTGCCGCCCAGTGGGACTT TGG
CCR5 R-27 GGCAGCATAGTGAGCCCAGA AGG
CCR5 R-29 GTGAGTAGAGCGGAGGCAGG AGG
CCR5 R-30 GTAGAGCGGAGGCAGGAGGC GGG
ERCCS R-31 GCCAAGCACTTAAAGGAGTC CGG
ERCCS R-33 GCAAGCACTTAAAGGAGTCC GGG
ERCCS R-35 GTGAGTTCCCATGGCGATCC CGG
ERCC5 R-36 GCTATTGAAGAAACAGACTT TGG
ERCC5 R-38 GATTTTCTATTGAGTTCCCA TGG
ERCCS R-39 GGAAACAAAGTGAGAAGATG AGG
ERCC5 R-40 GCCTATTTTTGTGTTTGATG GGG
TARDBP R-41 GCAGAGCAGTTGGGGTATGA TGG
TARDBP R-42 GGCAGCACTACAGAGCAGTT GGG
TARDBP R-43 GCAGCACTACAGAGCAGTTG GGG
TARDBP R-44 GCCTGACTGGTTCTGCTGGC TGG
HPRT1 R-52 GTTTGTGTCATTAGTGAAAC TGG
HPRT1 R-53 GCAACTTGAACTCTCATCTT AGG

Variants of sgRNAs were constructed and tested with one or more nucleotides

inserted or deleted Table 5.
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R-25 wariant C+17 SUGW T AR UUHGEUULLIGD fed
R-2& wariant  C+1615 SUGLNI ST DULREGULILIGY ryd
F-25  yarant U1 SUGULC AR UULGGELULIGEN fd
R-25  varant  U+14013 SUELLC AU OULGEULRHIEN e
R-35 sorisnt O+130112 GUGHU AUCTINLGGEUULHIGY el
R-25  varsst U+ 1RUUES SUHGUUD A RIUHGEUULIGY et
R-25 warant  C+11 GUELNGCALCUC UL RGELLUIUGEW nd
R-25  varsmt  C+10 SUGLUTADCINC LG RIGY Fct
F-25 yagant  C+9 SUGEDCAUCHLEDGELLIDUGY Fid
R-35 warisnt  UH+E GUEENCAUCHULERIGULILUGED rd
R-35  verient LTRSS GUGDUCAUCIUGEUUULIIGY e
R-25 varant C+8 SUGLHUC AUCITNUGGEL UILIGY rd
F-25 warant  C+S GUGINICADICUTHGEU N HHGH nel
25 warsmt  C+d NN IEE ERN red
variant

iant

ROt  variant  +15+16 GUEASCuuRUGEAUGAAGLILGE 7 a1
F-G1 wveriant  +12+13 BUGAACHUIGLBEAUGAAGIIIGE £33 5.1
F-30  versmt  +15+18 SHAGAGUUOGRAGETAGEAGEL 37 8.5
F-38  warant +12+13 GUAGAGCEGL ARG AGRAGST JBS g7
R-0%  vatiant &7 GUGAALGUGEESUG - ~GULKRG rd
R0t waramt 12 GUGAALGUEGSUGAAGULE~ ~ Feed
R-38 wariant 510 GUAGAGLGHA - - CAGGAGGL nd
F-35 verdsnt 78 GUAGAGUGRAGG - - OGAGGT fd
R-01  wvarismt  +15+16+17 SUGAAC UGG EALNGAAGLR NG Fecd
R0t wamant  +13+13+14 SUEASCGUGLIIBAVGAAGUHNGG 345 a8
R-30  varant  +1S+16+17 SUAGAG U GEAGEISGHAGED 55 1.2
F-30  vorant  +12+13+94 GUAGAGCEG L AGETAGRAGEC 37 74
F-01 werignat  +12+13+14+15 SUOAATGUG I wGALGAAGINGG Fod
F-38  wadant  +15+16+17+18 SHAGAG UL EEAGEC AGLAGGEL nd
F-33 warant  #12+13+14+15 SUHAGAGUEE U AREC AGRLAGGT &9 24
R0t wariant  + 13+ 13+0415088  [GUEAACEUGu L wuGAUGAAGIIGE Fecd

Index names correspond to the index in Figures 6A-6H and Figures 2A-5C.

Dashes indicate deleted nucleotides. “nd” means activity was not detected in the

T7EI assay.

5 The annealed oligonucleotides have 4-bp overhangs that are compatible with

the ends of Bbsl-digested pX330 plasmid. Constructed plasmids were sequenced to

confirm the guide strand region using the primer CRISPR seq 5'-
CGATACAAGGCTGTTAGAGAGATAATTGG -3".

10
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T7 endonuclease I (T7EI) mutation detection assay for
measuring endogenous gene modification rates

The cleavage activity of RNA-guided Cas9 at endogenous loci was quantified
based on the mutation rates resulting from the imperfect repair of double-stranded
breaks by NHEJ. In a 24-well plate, 60 000 HEK293T cells per well were seeded and
cultured in Dulbecco's Modified Eagle Medium (DMEM) media supplemented with
10% Fetal Bovine Serum (FBS) and 2 mM fresh L-glutamine, 24 h prior to
transfection. Cells were transfected with 750 ng (sgRNA variants) or 1000 ng of
CRISPR plasmids using 3.4 ul FuGene HD (Promega), following manufacturer's
instructions. Each sgRNA plasmid was transfected as biological duplicates in two
separate transfections. All subsequent steps, including the T7EI assay were
performed independently for the duplicates. A HEK293T-derived cell line containing
stably integrated EGFP gene was used for sgRNAs targeted to the EGFP gene. This
cell line was constructed by correcting the mutations in the EGFP gene in the cell line
293/A658 (Jinek, et al., Science, 337:816-821 (2012)) (kindly provided by Dr
Francesca Storici). The genomic DNA was harvested after 3 days using QuickExtract
DNA extraction solution (Epicentre), as described in (Yu, et al., Nucleic Acids Res.,
38:5706-5717 (2010)). T7EI mutation detection assays were performed, as described
previously (Mali, et al., Science, 339:823-826 (2013)) and the digestions separated on
2% agarose gels. The cleavage bands were quantified using ImageJ. The percentage
of gene modification = 100 % (1 — (1 — fraction cleaved)0.5), as described (28).
Unless otherwise stated, all polymerase chain reactions (PCRs) were performed using
AccuPrime Taq DNA Polymerase High Fidelity (Life Technologies) following
manufacturer's instructions for 40 cycles (94°C, 30 s; 60°C, 30 s; 68°C, 60 s) in a 50
ul reaction containing 1.5 ul of the cell lysate, 3% Dimethyl sulfoxide (DMSO) and
1.5 ul of each 10 uM target region amplification primer (Tables 6 and 7) or off-target

region amplification primer (Tables 8 and 9).
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Table 6: Primers for Target PCR
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Sequences of primers used to amplify endogenous loci for testing the on-target

activities of sgRNAs, and primers for qPCR. Target gene, sgRNAs using the primers,

special PCR conditions are listed with each pair of primers in Table 6. The primer

sequences are listed in the lower portion of Table 7
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Sanger sequencing of gene modifications resulted from Cas9

To validate the mutation rates measured by T7EI assay, the PCR products used
in the T7EI assays were cloned into plasmid vectors using TOPO TA Cloning Kit for
Sequencing (Life Technologies) or Zero Blunt TOPO PCR Cloning Kit (Life
Technologies), following manufacturer’s instructions. Plasmid DNAs were purified
and Sanger sequenced using a M13F primer (5'- TGTAAAACGACGGCCAGT -3).
The mutation rates were determined by comparing each sequence read to the genomic
sequence.
Results

Advances with engineered nucleases allow high-efficiency, targeted gene
editing in numerous organisms, primary cells and cell lines. Gene editing was used to
create user-defined cells, model animals and gene-modified stem cells with novel
characteristics that can be used for gene functional studies disease modeling and
therapeutic applications. Clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated (Cas) proteins constitute a bacterial defense
system that cleaves invading foreign nucleic acids (Bolotin, et al., Microbiology,
151:2551-2561 (2005); Horvath, et al., Science, 327:167-170 (2010); Marraffini, et
al., Nat. Rev. Genet., 11:181-190 (2010); Garneau, et al., Nature, 468:67-71 (2010);
Hale, et al., Cell, 139:945-956 (2009); Makarova, et al., Biol. Direct, 1:7 (2006);
Barrangou, et al., Science, 315:1709-1712 (2007); Brouns, et al., Science, 321:960-
964 (2008)). Chimeric single-guided RNAs (sgRNAs) based on CRISPR (Jinek, et
al., Science, 337:816-821 (2012)) have been engineered to direct the Cas9 nuclease to
cleave complementary genomic sequences when followed by a 5-NGG protospacer-
adjacent motif (PAM) in eukaryotic cells (Mali, et al., Nat. Methods, 10:957-963
(2013); Cong, et al., Science, 339:819-823 (2013); Mali, et al., Science, 339:823-826
(2013)). Since gene targeting by CRISPR/Cas9 is directed by base pairing, such that
only the short 20-nt sequence of the sSgRNA needs to be changed for different target
sites, CRISPR/Cas systems enable simultaneous targeting of multiple
deoxyribonucleic acid (DNA) sequences and robust gene modification (Jinek, et al.,
Science, 337:816-821 (2012); Mali, et al., Nat. Methods, 10:957-963 (2013); Cong, et
al., Science, 339:819-823 (2013); Yang, et al., Cell, 154:1370-1379 (2013); Xie, et al.,
Mol Plant, 6 (2013); Hwang, et al., Nat. Biotechnol, 31:227-229 (2013); Cho, et al.,
Nat. Biotechnol, 31:230-232 (2013); Li, et al., Nat. Biotechnol, 31:681-683 (2013);
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Shan, et al., Nat. Biotechnol, 31:686-688 (2013).

Endogenous DNA sequences followed by a PAM sequence can be targeted for
cleavage by designing a ~20-nt sequence of the sgRNA complementary to the target.
However, other sequences in the genome may also be cleaved non-specifically, and
such off-target cleavage by CRISPR/Cas systems remains a major concern. Generally
speaking, there is a partial match between the on- and off-target sites and the
differences between the on- and off-target sequences can be grouped into three cases:
(a) same length but with base mismatches; (b) off-target site has one or more bases
missing (‘deletions’); (c) off-target site has one or more extra bases (‘insertions’).
Recent studies have shown that CRISPR/Cas9 systems non-specifically cleave
genomic DNA sequences containing base-pair mismatches (case a) generating off-
target mutations in mammalian cells with considerable frequencies (Fu, et al., Nat.
Biotechnol, 31:822-826 (2013); Hsu, et al., Nat. Biotechnol, 31:827-832 (2013);
Pattanayak, et al., Nat. Biotechnol, 31:839-843 (2013); Cradick, et al., Nucleic Acids
Res., 41:9584-9592 (2013); Mali, et al., Nat. Biotechnol, 31:833-838 (2013); Cho, et
al., Genome Res., 24:132-141 (2014)). Mismatches in the PAM sequence are less
tolerated, although Cas9 also recognizes an alternative NAG PAM with low
frequency (Hsu, et al., Nat. Biotechnol, 31:827-832 (2013); Mali, et al., Nat.
Biotechnol, 31:833-838 (2013); Jiang, et al., Nat. Biotechnol, 31:233-239 (2013)). In
addition, Cas9 off-target cleavage at a similar gene sequence with a base pair
mismatch may lead to gross chromosomal deletions with high frequencies, as
demonstrated by the deletion of the 7-kb sequence between two cleavage sites in HBB
and HBD, respectively (Cradick, et al., Nucleic Acids Res., 41:9584-9592 (2013)).
These results indicate that, although Cas9 specificity extends past the 7-12 bp seed
sequence (Hsu, et al., Nat. Biotechnol, 31:827-832 (2013); Pattanayak, et al., Nat.
Biotechnol, 31:839-843 (2013)), off-target effects may limit the applications of Cas9-
mediated gene modification, especially in large mammalian genomes that contain
multiple DNA sequences differing by only a few mismatches. One report revealed
that 99.96% of the sites previously assumed to be unique Cas9 targets in human exons
may have potential off-target sites containing a functional (NAG or NGG) PAM and
one single-base mismatch compared with the on-target site (Mali, et al., Nat.
Biotechnol, 31:833-838 (2013)).

Examples 3-8 examine the above-mentioned cases (b) and (c) of potential
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CRISPR/Cas9 off-target cleavage in human cells by systematically varying sSgRNAs
at different positions throughout the guide sequence to mimic insertions or deletions
between off-target sequences and RNA guide strand. To avoid confusion, for single-
base insertions, a ‘DNA bulge’ was used to represent the extra, unpaired base in the
DNA sequence compared with the guide sequence. Similarly, for single-base
deletions, an ‘RNA bulge’ was used to represent the extra, unpaired base in the guide
sequence compared with the DNA sequence (Figures 8A-8B). Therefore, adding a
base into the guide RNA would result in an RNA bulge, while removing a base in the
guide strand can be used to model a DNA bulge. The cleavage activity of RNA-
guided Cas9 at endogenous loci in HEK293T cells transfected with plasmids
encoding Cas9 and sgRNA variants was quantified as the mutation rates induced by
Non-Homologous End Joining (NHEJ). The results below show that off-target
cleavage resulted from the sgRNA variants occurred with DNA bulge or sgRNA
bulge at multiple positions in the guide strands, sometimes at levels comparable to or
even higher than those of original sgRNAs. Cas9-mediated mutagenesis was also
examined at 114 potential off-target loci in the human genome carrying single-base
DNA bulges or sgRNA bulges together with a range of base mismatches, and the
results confirmed 15 off-target sites with mutation frequencies up to 45.5%. The
results illustrate the need to search for genomic sites with base-pair mismatches,
insertions and deletions compared with the guide RNA sequence in analyzing
CRISPR/Cas9 off-target activity and in designing RNA guide strands for targeting
specific genomic sites.

To determine if CRISPR/Cas9 systems tolerate genomic target sites containing
single-base DNA bulges (Figure 8A), the sgRNA-DNA interfaces of two sgRNAs, R-
01 and R-30, targeting the HBB and CCRS5 genes, respectively, were used as a model
system (Cradick, et al., Nucleic Acids Res., 41:9584-9592 (2013)). Systematically
removing single nucleotides at all possible positions throughout the original 19-nt
guide sequences of R-01 and R-30 resulted in single-base DNA bulges at their
original /BB and CCRY target sites that model single-base insertion at potential off-
target sites in the genome (Figure 9A and 10A).

Cleavage of the genomic DNA in HEK293T cells was quantified using the
T7EI mutation detection assay. For both groups of sgRNA variants (generated from

R-01 and R-30 respectively), single-base DNA bulges at certain positions in the DNA
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sequences were well tolerated (e.g. still had Cas9 induced cleavage), though variants
of R-30 had higher cleavage activity at more locations (Figure 9B-9C and 10B-10C).
For both groups, it was clear that Cas9 tolerated DNA bulges in target sites in three
regions: seven bases from PAM, the 5'-end (PAM-distal) and the 3'-end (PAM-
proximal). Specifically, “-1 nt” variants of R-01 induced Cas9 cleavage activity when
a single-base DNA bulge is present at positions 1 or 2, 6 or 7, 18 and 19 of the target
DNA sequence from the PAM (Figure 9B-9C). Due to the presence of consecutive
identical nucleotides at positions 1 and 2, 6 and 7, removing either one of the identical
nucleotides in the sgRNA at these adjacent positions would give the same sequence
and have the same sgRNA-DNA interface (their position is therefore marked as ‘or’
in Figure 9B-9C and 10B-10C).

In contrast, “-1 nt” variants of R-30 induced variable cleavage activity at more
positions throughout the guide sequence: positions 1,2 or 3,7, 8,9 or 10, 11, 16, 17,
18 and 19 from the PAM (Figure 10B-10C). Seven R-30 variants have activities
comparable to or even higher than that of the original sgRNA. These variants
correspond to DNA bulges at positions 1, 2 or 3, 8, 9 or 10, 11, 18 and 19 from the
PAM (Figure 10B-10C). Consistent with previous studies showing that the specificity
of CRISPR/Cas9 systems is guide-strand and target-site dependent (Fu, et al., Nat.
Biotechnol, 31:822-826 (2013); Hsu, et al., Nat. Biotechnol, 31:827-832 (2013);
Cradick, et al., Nucleic Acids Res., 41:9584-9592 (2013)), the positions in R-01
sgRNA variants where DNA-bulges were tolerated are different from that in R-30
sgRNA variants. However, these positions seem to group in the 5'-end, middle and
3’-end regions of the target loci, as in both R-01 and R-30 sgRNA—-DNA interfaces,
single-base DNA-bulges at the following five positions seems to be tolerated:
positions 1, 2, 7, 18 and 19. Although additional studies are needed to determine if
these positions are common for different target sequences, the data support a
conclusion that single-base DNA-bulges at the target sites corresponding to these
positions are worth investigating when performing off-target analysis for
CRISPR/Cas9 systems.

In certain cases, off-target sites with DNA bulges may also be interpreted as
sequences having various base mismatches with guide sequence and/or PAM (Figure
11A-11B). For example, the sgRNA-DNA interfaces corresponding to removing 5'-
end bases in the guide sequences (positions 18 and 19 of the R-01 interface and 16-19

98



WO 2015/113063 PCT/US2015/013134

10

15

20

25

30

of the R-30 interface) can be viewed as having DNA bulges or having mismatches in
the 5'-end region of sgRNA, which have been shown to be better tolerated compared
to the 3’-end region (Cong, et al., Science, 339:819-823 (2013); Fu, et al., Nat.
Biotechnol, 31:822-826 (2013); Hsu, et al., Nat. Biotechnol, 31:827-832 (2013)).
Therefore, the Cas9 cleavage activities induced by these guide strands may be
interpreted as tolerance of base mismatches at the 5’-end of the guide RNA. In
addition, the position-1 variant of R-30 results in a shift in the adjacent PAM from
GGG to CGG (another canonical PAM), which could explain why the activity of this
guide sequence variant was similar to the original R-30. However, off-target
activities associated with most other DNA bulges for the R-01 and R-30 interfaces
cannot be attributed to base mismatch tolerance, since a base removal in the SgRNAs
(corresponding to a DNA bulge) could result in many base mismatches or mutation in
the PAM sequence. For example, the cleavage activity induced by the R-01 variant at
position 2/1 may be alternatively interpreted as Cas9 cleavage with a GTG PAM
(Figure 9B-9C and Figure 11A), which is highly unlikely according to previous
studies (Hsu, et al., Nat. Biotechnol, 31:827-832 (2013), Pattanayak, et al., Nat.
Biotechnol, 31:839-843 (2013)). Further, a R-30 guide strand variant at position 11
would contain at least seven mismatches if modeled without a bulge. This guide
strand resulted in a 1.8-fold higher cleavage activity compared to the original R-30
(Figure 10B-10C and Figure 11B), which cannot be readily explained by the high
level of base mismatches (which should prohibit cleavage), and thus should be
attributed to the tolerance of DNA bulges. This is a good example of the case of a
sequence-verified off-target site with a bulge that could modeled as mismatches
without indels, though the number and position of mismatches would likely not allow
cleavage.

Studies were also designed to determine if sgRNAs with small truncations at
the 5'-end retain cleavage activity. One to six nucleotides were deleted from the 5’
end of R-01 except for the nucleotide at position 20, because the guanine here is
required for the expression under the U6 promoter (Figure 12A). For these guide
sequence truncations, it was discovered that 1- to 2-bp 5’ truncations could still induce

cleavage activities similar to the full-length sgRNA (Figure 12B-12C).
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Example 4: sgRNA variants containing single-base sgRNA bulges induce Cas9
cleavage

In addition to Cas9 induced cleavege at off-target sites with single-base DNA
bulges, additional studies were designed to investigate if single-base sgRNA bulges
(that model single-base deletions in DNA sequence) could induce Cas9 cleavage
(Figure 8B). Again, using sgRNA-DNA interfaces R-01 and R-30 as model systems,
single nucleotides were added at positions throughout the original guide sequences, so
that the interfaces with target sequences in /BB or CCR)5 carries single-base sgRNA
bulges (Figure 13A-13B). For some positions, the addition of single nucleotide A, C,
G and U, respectively to the guide sequence was all tested to account for the effect of
base identity. As above, HEK293T cells were transfected with plasmids of the Cas9
and sgRNA variants and the T7EI mutation detection assay was used to measure the
Cas9 cleavage activity.

sgRNA bulges in the R-30 sgRNA—-DNA interface were better tolerated
compared to those of R-01. In contrast to the tolerances of DNA bulges adjacent to
the PAM, sgRNA bulges close to the PAM prohibited cleavage (Figure 13A-14B).
For the R-01 interface, single-base sgRNA bulges between each of the 11 PAM-
proximal guide-strand nucleotides resulted in no detectable activity (Figure 13A-
13B). Single-base sgRNA bulges of the four nucleotides closest to the PAM in R-30
also eliminated T7EI activity (Figure 14A-14B). The sgRNA bulges 3’ to the position
11 in R-30 resulted in reduced cleavage activities (Figure 14A-14B). The lack of
activity with PAM-proximal sgRNA bulges in R-01 and low levels of activity with
PAM-proximal sgRNA bulges in R-30 are consistent with the reduced mismatch
tolerance in the ‘seed sequence’ reported in previous studies (Jinek, et al., Science,
337:816-821 (2012); Cong, et al., Science, 339:819-823 (2013); Sapranauskas, et al.,
Nucleic Acids Res., 39:9275-9282 (2011)). Nucleotide additions in sgRNA
sometimes created consecutive identical nucleotides, such as adding a G before or
after position 14 of R-01 or before or after position 15 of R-30. These sgRNA
variants model a G-bulge that can be at either position in the sgRNA (Figure 13A-
14B). In many cases sgRNA bulges with a single U gave rise to high nuclease
activities. Among all sgRNA variants with activities higher than the original
sgRNAs, ~71% (5/7) were targeted to the loci with a U-bulge. Overall, single-base

sgRNA bulges induced higher Cas9 cleavage activities at many more positions than
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that with single-base DNA bulges. This is not surprising since RNA molecules are
more flexible than DNA molecules, thus having smaller binding energy penalty with
single-base RNA bulges, resulting in a higher tolerance (Alberts, et al., Garland
Science (2007)).

RNA-DNA interfaces with single-base RNA bulges can also be viewed as
sequences with various mismatches in the guide sequence and PAM (Figure 15A-
15B). Specifically, sgRNA bulges at the 5'-end of guide RNA sequences (e.g.
U+20/19 for R-01 and R-30 interfaces) can be alternatively viewed as having one to a
few base mismatches with the 3'-end of DNA sequences (Figure 15A-15B), which are
often tolerated, similar to deletions of 1-2 bp at the 5’ end of guide strands (Figure
12A-12B). SgRNA bulges close to the 3'-end of guide sequence can be alternatively
viewed as having base mismatches in the 3'-end region, including those at the third
base of PAM (R-30 variants) (the last six variants in Figure 15B). Among all sgRNA
variants with considerable activities (Figure 15A-15B), most of them could not be
explained by tolerance of base mismatches, since they would contain more than five
mismatches or change in the third base of PAM, which was shown to abolish cleavage
activity (Hsu, et al., Nat. Biotechnol, 31:827-832 (2013)).

Example 5: GC (guanine-cytosine) content of sgRNAs effects the tolerance of
single-base sgRNA bulges

The specificity profile (location and level of off-target cleavage) of R-01
variants is substantially different from that of R-30 variants. R-30, which showed a
higher level of tolerance to DNA and RNA bulges than R-01, has a GC content of
70%, whereas R-01 has a GC content of 50%. It was hypothesized that the GC
content of guide strands R-01 and R-30 played a significant role in causing this
difference. To investigate this hypothesis, two additional sets of guide strands
targeted to /BB and CCRS genes, respectively, were tested with different GC
contents compared to R-01 and R-30 (Table 10).

Table 10: Target sites, cleavage activities (% indels by T7EI assay) and GC
contents of different guide strands targeted to HBB and CCR5 genes.

HBE | RO GIGAACGTGGATOAAGTTES TGG 1 45% B0%
HBB i R-08 GCTETOGEGCAAGETBAALE TEG [ 28% B85%
CCRS | R-30 GTAGAGCGEABELAGEAGEL GGG 30% 70%
CORS | R-28 GTGITCATCTITOETTITGT GGG 1 AT% 35%

101



WO 2015/113063 PCT/US2015/013134

10

15

20

25

30

*Cleavage activity of R-25 is from reference (Cradick, et al., Nucleic Acids Res.,
41:9584-9592 (2013)).

Specifically, R-08 has a moderately higher GC content compared to R-01
(65% compared to 50%), whereas the GC content of R-25 is half of that of R-30 (35%
compared to 70%). Cas9 induced cleavage with sgRNA variants of R-08 and R-25
was individually tested to quantify the bulge tolerance in HEK 293T cells. For the
guide strand R-25, which contains a low percentage of GC, all R-25 variants tested
showed non-detectable activities using the T7EI assay (Table 5). In contrast, for R-08
variants with bulges throughout the guide sequence, cleavage activities were observed
at more positions compared with R-01 (Figure 16B-16D). These results of bulge
tolerance for variants of R-08 and R-25 support the GC dependence hypothesis.
Example 6: sgRNA variants containing 2- to 5-bp bulges induce Cas9 cleavage

In addition to single-base bulges between sgRNA and target sequence, it is
important to determine if bulges longer than 1 bp can also be tolerated by the
CRISPR/Cas9 systems. Consequently, the tolerance of 2- to 5-bp bulges was tested at
locations where single-base bulges were well tolerated. For sgRNA bulges, two to
five U's 15- or 12-bp upstream of PAM were added into the guide sequences of R-01
and R-30, respectively. To generate DNA bulges, two bases were deleted from the
guide sequences of R-01 and R-30 (Figure 17A). Strikingly, sgRNA variants forming
2-, 3- and 4-bp RNA bulges induced cleavage activities as determined by the T7EI
assay in HEK 293T cells (Figure 17B). Since sgRNA variants forming 2-bp DNA
bulges did not show any detectable activity, longer DNA bulges were not tested. The
findings that sgRNA bulges of >2-bp are better tolerated than DNA bulges of similar
size are consistent with the higher cleavage activities by guide strands with 1-bp
sgRNA bulges compared to those with 1-bp DNA bulges as shown in Figures (9A-9C,
10A-10C, 13A-13B, and 14A-14B).
Example 7: sgRNA variants containing single-base bulges can mediate cleavage
by paired Cas9 nickases

Paired Cas9 nickases (Cas9n) were developed to generate DNA double-strand
breaks by inducing two closely spaced single-strand nicks using an appropriately
designed pair of guide RNAs (Mali, et al., Nat. Biotechnol, 31:833-838 (2013); Ran,
etal., Cell, 154:1380-1389 (2013)). This strategy may lower the off-target cleavage,
as double stranded breaks (DSBs) could occur only when both guide RNAs of the pair
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induced two nicks adjacent to each other at roughly the same time. Assays were
designed to test if paired Cas9n systems can tolerate bulges by using one bulge-
forming guide variant paired with a perfectly matched guide strand. Specifically, four
variants of R-01 showing high activities with Cas9 were paired with R-02, including
R1 U+14/13 and R1 C+12 to test sgRNA bulges and R1 —7/6 and R1 —2/1 to test
DNA bulges. Each paired sgRNAs created a 34-bp 5’ overhang in the //BB gene
(Figure 18A) (Cradick, et al., Nucleic Acids Res., 41:9584-9592 (2013)), and the
Cas9n cleavage activities were determined by the T7EI assay. The results show that
both sgRNA and DNA bulges were also well tolerated in the Cas9n system (Figure
18B). The paired Cas9 nickases with single sgRNA bulges showed activities
comparable to Cas9 system having one bulge in RO-1; however, for DNA bulges, the
activities of paired Cas9 nickases were >2-fold higher than that of Cas9.

Example 8: Cas9 cleavage occurs at genomic loci with both base mismatches and
DNA or sgRNA bulges

Materials and Methods

Identification of off-target sites
Potential off-target sites in the human genome (hg19) were identified using
TagScan (http://www.isrec.isb-sib.ch/tagger), a web tool providing genome searches
for short sequences (Iseli, et al., PLoS One, 2:¢579 (2007)). Guide sequences
containing single-base insertions (represented with an ‘N’ in the sequence) and single-
base deletions at different positions were entered, followed by the PAM sequence
‘NGG’. Off-target sites were alternatively searched for using the recently developed
bioinformatics program COSMID that can identify potential off-target sites due to
insertions and deletions between target DNA and guide RNA sequences (disclosed
herein). Primers were individually designed to amplify the genomic loci identified in
the output.
Quantitative PCR to measure the expression levels of different
guide RNAs
HEK 293T cells were transfected with 750 ng sgRNA variants, as described
above. Each sgRNA was transfected as biological triplicates in three separate wells
and processed independently. Total RNA was isolated from cells using the RNAeasy
kit (Qiagen). Extracted RNA was reverse-transcribed using the iScript cDNA
Synthesis (BioRad). The cDNA was amplified using the iTaq Universal SYBR Green
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Supermix (BioRad) and analyzed with quantitative PCR using specific primers that
annealed at 60°C (Tables 6-7). Quantitative PCR was performed in technical
triplicates for each cDNA sample from single transfected well. Relative mRNA
expression was analyzed using an MX3005P (Agilent) and normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression. GAPDH
expression remained relatively constant among treatments.

Relative mRNA expression of target genes was calculated with the ddCT
method. All target genes were normalized to GAPDH in reactions performed in
triplicate. Differences in CT values (ACT = CT gene of interest — CT GAPDH in
experimental samples) were calculated for each target mRNA by subtracting the mean
value of GAPDH. ACT values were subsequently normalized to the reference sample
(mock transfected cells) to get AACT or ddCT (relative expression = 2—AACT).

Deep sequencing to determine activities at genomic loci

Genomic DNAs from mock and nuclease-treated cells that were prepared for
T7EI assays were used as templates for the first round of PCR using locus-specific
primers that contained overhang adapter sequences to be used in the second PCR.
Table 11 shows primers used in PCRs for deep sequencing by an Illumina Miseq
2X250 paired-end read. These reactions were sequenced as in Lin Nucleic Acids
Research 2014. Primers for reaction 1 contains adapter sequences shown (same
adapter sequences also present in reaction-2 primers), in addition to gene-specific
sequences. In the final pooled sample containing all the amplicons, each barcode has
similar occurrence to insure diversity required by Illumina sequencing. Customer
sequencing primers for read 1 (forward), read 2 (reverse), and index read (read

barcodes) are used in place of standard Illumina sequencing primers.
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Table 11: Sequencing primers

nrward TCTACAGYOCSMIGATCA-gene specific sagusnce
Rewerse BECETETECTCTTOOASTE -pane specific sequence

AATART ARG CAI oA T TAAEETTCRESETTCTACASTOORALGATES

Heyerse pimes wilh 12 diffessnt barcodes

¥ s.u?.&*'! bar ¥ CAAGUAGRABRTRGIST ATGMFR & ATETEM TEEAAT VEAGSCaTaTGITITTEOBATE
2 RGNNSO SY ATENGET STGTERCTEEAAT VAT TaC YT TLORE T
; CARECRGAAGRCHRCSTATEGET STGTEACTORGT YL AGA QTG TG VT TLORSE T
PGSR SR ER KO TR R EA T 1o S QTEF TR TOEAGT Y AaSIaTETeC DT FODRSTL
TS AGSMRATEGIAT AT GAIS L AVETERMC FREAET YEAGSIG R TERITIT FEORATT
G AGSE R ST ATESEETUT ATETEACTREIAT VAT TaTR_ YT HEO3a T
CAAGUAGRABRCROIST ACEMERTH ATETEM TEEAAT VEAGSCaTa T TITTLOBATE
CEAGAGS AR TR ST RTERGEHT STGTERCTEAAT VIS T e YT TEORE T
CARECRGAAGRCHRCSTATEGET STGTEACTORGT YL AGA GTE TR VT TLORSE T
AR S SRNCERCAT IS STVETRRITOERAGT T AaSIaTETe DT FOORSTT
CEARCAGAAGACERCATATREGAT 1 TY  ATCTaalToEaGT YOG aTETRI YT TLORSTL
CARRBCAASAGSCERCATACENSEE CF ATSTRACTOESOT VEAGSIATG TR TCT TOIRATL

Hewinoexy Fesd GTOE0SMGRG08E

CETIToARC TUCRETOACAT

NewHead ¥ TCTRCACGTTEARS AT Y TAC AGTOOGRORATCR
HewRead 2 TETEACTEGAE TV AGSCOWI TR TCTTECGATYC

PCR reactions for each locus were performed independently for eight
touchdown cycles in which annealing temperature was lowered by 1°C each cycle
from 65 to 57°C, followed by 35 cycles with annealing temperature at 57°C. PCR
products were purified using Agencourt AmPure XP (Beckman Coulter) following
manufacturer's protocol. The second PCR amplification was performed for each
individual amplicon from first PCR using primers containing the adapter sequences
from the first PCR, P5/P7 adapters and sample barcodes in the reverse primers (Table
11). PCR products were purified as in first PCR, pooled in an equimolar ratio, and
subjected to 2 x 250 paired-end sequencing with an Illumina MiSeq.

Paired-end reads from MiSeq were filtered by an average Phred quality (Q
score) greater than 20 and merged into a longer single read from each pair with a
minimum overlap of 10 nucleotides. Alignments were performed using Borrows-
Wheeler Aligner (BWA) for each barcode (L1, et al., Bioinformatics, 26:589-595
(2010)) and percentage of insertions and deletions containing bases within a +£10-bp
window of the predicted cut sites were quantified. Error bounds for indel percentages

are Wilson score intervals calculated using binom package for R statistical software
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(version 3.0.3) with a confidence level of 95% (32). To determine if each off-target
indel percentage from a CRISPR-treated sample is significant compared to a mock-
treated sample, a two-tailed P-value was calculated using Fisher's exact test.
Results

To gain a better understanding of CRISPR/Cas9 off-target activity, 27
different sgRNAs targeting six different genes (Table 4), seven targeted HBB, two for
EGEFP, five for CCRS5, seven for ERCCS5, four for TARDBP and two for HPRTI,
respectively, were examined. Off-target analyses of these sgRNAs were performed
by searching the human genome for potential off-target sites and found that for the
sgRNAs searched, single-base DNA or sgRNA bulges were not located without
mismatches in the human genome. Therefore, for each sgRNA, a subset of the
potential sites with one to three mismatches was selected and avoided mismatches
close to the PAM as much as possible. All of these sgRNAs efficiently induced
mutations at their intended target loci in human HEK293T cells, as measured by the
T7EI assay. Using the T7EI assay, 18 potential off-target sites containing target-site
insertions and 62 containing deletions were investigated (Table 8). Two sgRNAs
targeted to CCRS5 and ERCCS, respectively, also induced cleavage at two off-target
sites each bearing one DNA bulge and one mismatch (Figure 19A and 19B). For R-
30, the identified off-target site R-30 Off-4 contains a single-base DNA bulge at
position 5, 6 or 7 and a base mismatch at position 14. The off-target gene
modification rate determined by T7EI is 9%, almost one third of the 30% on-target
activity at the CCR5 gene (Figure 19A). For an R-31 off-target site with a single-base
DNA bulge at position 2 and a mismatch at position 20, the off-target gene
modification rate determined by T7EI was 3%, compared to 60% on-target activity at
the ERCCS5 gene (Figure 19B). Due to the high frequency of small indels (insertions
and deletions) that result from repair of Cas9 induced cleavage, which may be poorly
detected by the T7EI assay, the mutagenesis at these off-target sites was verified using
Sanger sequencing (Figure 19C and 19D). For both off-target sites, the mutation
frequencies quantified by Sanger sequencing are higher than those by T7EI, which is
consistent with a previous study (Cradick, et al., Nucleic Acids Res., 41:9584-9592
(2013)). No off-target cleavage was observed for the 62 sites tested with both sgRNA
bulge and base mismatch, although in the model systems with sgRNA bulges only,

high cleavage activities were observed (Figure 13A-14B). This discrepancy indicates
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that sites forming sgRNA bulges may be less tolerant to additional base mismatches
and vice versa.

Two genomic off-target sites for guide strand R-30, Off-4 and Off-5, have
identical target sequences (Table 8), but were cleaved at different rates. Specifically,
R-30 Off-4 had a cleavage rate of 9%, while the cleavage at Off-5 was undetectable
with the T7EI assay (Figure 20). Sanger sequencing revealed a 45.5% mutation rate
at the R-30 Off-4 locus (Figure 19C), compared to a 4.2% mutation rate at R-30 Off-5
(Figure 20). Since R-30 Off-4 and R-30 Off-5 sites have identical sequences, the
results indicate that off-target cleavage of Cas9 nuclease is very dependent on
genomic context (Cradick, et al., Nucleic Acids Res., 41:9584-9592 (2013)). Further
investigation of these two sites using the ENCODE annotation from UCSC genome
browser (Rosenbloom, et al., Nucleic Acids Res., 41:D56-D63 (2013); Landt, et al.,
Genome Res., 22:1813-1831 (2012)) revealed that R-30 Off-4, which had high off-
target activity, targeted a site within 400 bp of the 3’ end of a long non-coding RNA
(RP4-756H11.3) and 12 kb of the protein-coding gene RABGEF. Analysis of the
ENCODE data for chromatin structure in normal human embryonic kidney cells
(NHEK) cells, the cell type of origin for the HEK293 cells used in this study shows
Off-4 to be within 3 kb of a strong enhancer (marked by H3K27Ac and H3K4mel)
and a strong DNAsel hypersensitive site, indicative of an open chromatin structure.
In contrast, R-30 Off-5, which had low activity, targeted a site in a 162-kb intergenic
region between the WBSCR28 and ELN genes that is marked by the more
heterochromatic H3K27me3, and hence may be less accessible for Cas9 induced
cleavage (Figure 21A and 21B). Taken together, these data lead to a conclusion that
differences in the local chromatin structure may underlie the observed differences in
cleavage efficiency between Off-4 and Off-5.

Deep sequencing was performed at 55 putative off-target sites corresponding
to single-base sgRNA bulges and 21 sites corresponding to single-base DNA bulges.
The sites were amplified from genomic DNA harvested from HEK 293T cells
transfected with Cas9 and sgRNAs. The 55 sites with sgRNA bulges contain 35 sites
tested in the preliminary T7EI assay, and the 21 sites with DNA bulges include seven
sites tested in the T7EI assay. Putative bulge-forming loci containing one to three
PAM-distal mismatches were chosen, since sites associated with a bulge without any

base mismatch were not found. Some of the bulge-forming sites with a high level of
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sequence similarity, but containing an alternative NAG-PAM were also selected. For
comparison, the deep sequencing also investigated 16 on-target sites of the sgRNAs
tested. Each locus was sequenced from mock-transfected cells as control.

An additional 13 bulge-forming off-target sites with low, but significant
cleavage activities resulted from CRISPR/Cas9 systems compared to the mock-
transfected samples (Figure 19E). The number of genomic off-target cleavage sites
associated with sgRNA bulges was relatively small (some of these cases are
indistinguishable from a few mismatches at 5’ end), but there was considerable
activity at genomic sites with DNA bulges coupled with one to three additional base
mismatches, even with an alternative NAG-PAM (R30 ins 10 and R30 ins_14).
Similar results showing more off-target effect with DNA bulges plus mismatches
compared to sgRNA bulges plus mismatches were observed in the preliminary T7EI
assay (Figures 19A and 19B). The positions of these tolerated DNA bulges are 1-3
and 7-10 bp from PAM, consistent with the results from the model systems using
sgRNA variants. The majority of the sites with off-target activities detected, as
shown in Figures 19A, 19B and 19E are associated with the sgRNA R-30, which has
a high GC content (70%). Other sgRNAs that resulted in off-target cleavage at bulge-
forming loci have GC content >50%.

In summary, Examples 3-8 show that CRISPR/Cas9 systems can have off-
target cleavage when DNA sequences have an extra base (DNA bulge) or a missing
base (sgRNA bulge) at various locations compared with the corresponding RNA
guide strand. sgRNA bulges of up to 4-bp could be tolerated by CRISPR/Cas9
systems (Figures 17A-17B). The correlation between cleavage activity and the
position of DNA bulge or sgRNA bulge relative to the PAM appears to be loci and
sequence dependent when comparing the specificity profiles of guide sequences R-01
and R-30.

It is believed that the following design guidelines will help reduce potential
off-target effects of CRISPR/Cas9 systems: (i) conservatively choose target sequences
with relatively low GC contents (e.g. <35%), (i1) avoid target sequences (with either
NGG- and NAG-PAM) with <3 mismatches that form DNA bulges at 5’ end, 3’ ends
or around 7-10 bp from PAM and (iii) if possible, avoid potential sgRNA bulges
further than 12 bp from PAM.

Different specificity profiles of R-01 and R-30 guide sequences (and variants)
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are not due to different expression levels of the sgRNAs. Quantitative PCR of inactive
R-01 variants and active R-30 variants indicated similar sgRNA expression levels
(Figure 22). Itis believed that high GC-content, which makes the RNA/DNA hybrids
more stable (Sugimoto, et al., Biochemistry, 34:11211-11216 (1995)), may be
responsible for increased tolerance of DNA bulges and sgRNA bulges. Consistent
with this belief, guide strand R-30 (70% GC) showed the highest tolerance to sgRNA
and DNA bulges among the four guide strands tested (R-01, R-08, R-25 and R-30),
while guide strand R-25 (35% GC) does not seem to tolerate any bulges. Guide
sequences showing bulge-related off-target activity in Figures 19A-19E all have GC
contents >50%, which further confirms that it is important to consider DNA-bulges
for sgRNAs with high GC content, even with up to three base mismatches, when
investigating off-target effects.

As shown in Figures 11A-11B and 12A-12B, bulges in the PAM distal or
PAM proximal regions can reflect either mismatch tolerance or RNA/DNA bulge
tolerance. In a bioinformatics search considering base mismatches only, some of the
potential off-target sites identified may overlap with a search considering bulges.
Although in both scenarios the mismatch and bulge-containing sites should be tested
for off-target cleavage, a better understanding of the bulge tolerance as well as the
difference in the mechanisms underlying these two scenarios is needed. One study
revealed that a Cas9 ortholog from Streptococcus thermophilus has a PAM located 2
bps downstream of the protospacer (Chen, et al., J. Biol. Chem., (2014). in press.).
Thus, the cleavage resulting from the variant R-01 -2/1 (Figures 9A-9B) may reflect
the tolerance of a linker between the target sequence and PAM instead of a DNA-
bulge. On the other hand, Cas9 cleavage with RNA or DNA bulges in the middle of
the target sequence may reflect only the bulge tolerance.

An interesting finding from this study is that sgRNA variants with bulges had
different indel spectra than sgRNA without bulges (Figure 23A-23C and 24A-24C).
Indel spectra for original sgRNAs R-01 and R-30, as well as sgRNA variants R1 —7/6,
R1 C+12, R30 —11 and R30 U+12, were quantified using deep sequencing with
around 10" reads for each sample. Bulge-forming sgRNA variants showed higher
ratios of larger deletions (A10 or A7), whereas the original sgRNAs without bulges
generate mostly 1-bp insertions. This effect is more prominent for variants forming

sgRNA bulges (R1 C+12 and R30 U+12). Bulge-forming sgRNA variants may be
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more effective than regular sgRNAs in creating larger deletions that might be
preferred in certain applications, such as targeted disruption of genomic elements.
These larger deletions may also occur at off-target loci, which strengthens the need to
include them in genomic searches.

Recently, paired Cas9 nickases have been shown to increase target specificity
of CRISPR/Cas9 systems. However, only off-target activity associated with single
guide RNAs were investigated (Mali, et al., Nat. Biotechnol, 31:833-838 (2013); Ran,
et al., Cell, 154:1380-1389 (2013)), and the effect of cooperative nicking at potential
off-target sites with sequence similarity to a pair of guide RNAs has not been
characterized. Examples 3-8 show that Cas9n is able to cleave efficiently at target
sites despite a single-base bulge in one of the paired guide RNAs. The results of this
work provide some insight into off-target cleavage of the paired Cas9 nickases, as
nicking of opposite DNA strands is likely to be independent events and the
knowledge of bulge tolerance at the sgRNA-DNA interface would be applicable to
off-target cleavage of Cas9 nickases.

Recent studies on the specificity of CRISPR/Cas9 systems revealed that a
broad range of partial matches between sgRNA and DNA sequences could induce off-
target cleavage (Fu, et al., Nat. Biotechnol, 31:822-826 (2013); Hsu, et al., Nat.
Biotechnol, 31:827-832 (2013); Pattanayak, et al., Nat. Biotechnol, 31:839-843
(2013); Cradick, et al., Nucleic Acids Res., 41:9584-9592 (2013)), which may limit
the choice of sgRNA designs. While the use of existing bioinformatic tools based on
base mismatches is certainly useful for predicting the most likely potential off-target
sites, it might miss some important sites, since there would be too many base
mismatches if bulges were not allowed to form in the middle of a target sequence, so
the potential off-target sites with bulges are not likely to be included in the output of
these search tools. Therefore, based on these results, it is preferable to search
partially matched sequences including base mismatches, deletions and insertions and
their combinations in identifying off-target sites. Since there might be a large number
of potential off-target sites due to the many partially matched sequences, and the
effect of sgRNA-DNA sequence differences on off-target cleavage is target-site and
genome-context dependent, experimentally determining the true off-target activities is

preferred, including the use of deep sequencing.
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Example 9: COSMID search algorithm and web interface
Materials and Methods
COSMID search inputs

To perform a COSMID search, the genome of interest, guide strand, PAM
sequence, and the number of base mismatches, insertions, and deletions allowed are
specified (Figure 25A, Figure 26A-26G, Table 12 below). Three types of indel query
are allowed: (1) the number of mismatches with no insertion or deletion (No indels);
(i1) the number of mismatches in addition to a single-base deletion (Del); and (iii) the
number of mismatches in addition to a single-base insertion (Ins). Up to three
mismatches without indels, and up to two mismatches together with a one-base
insertion or deletion could be chosen. If primers are desired, primer design parameter
settings and parameter templates should also be entered (Figure 25A). PAM variants,
such as NRG can be entered in the suffix box, as well as other PAM sequences
(Fischer, et al., J Biol Chem, 287:33351-33363 (2012)). The spacer (Ns) and required
nucleotides are entered into the suffix box, such as “NNNNGATT” (Hou, et al., Proc
Natl Acad Sci USA, 110: 15644—-15649 (2013)), and include genomic sites with any
nucleotide at the N positions in the output.

Before performing the search, COSMID constructs a series of search entries
according to the user-specified guide strand and search criteria (Figure 25B). The
search entries include all insertions and deletions at each possible location (Figure
25C), and are subsequently used to perform rapid and accurate searches of the entire
sequence of the interested genome, while allowing for the user-specified number of
mismatches. These searches took ~4 seconds without primer design (Figure 26A-
26QG).

Although multi-base deletions (RNA bulges) and insertions (DNA bulges)
could be tolerated (Lin, et al., Nucleic Acids Res, 42:7473-7485 (2014)), they are less
common, and search for a wide range of insertions and deletions will likely result in a
very large number of returned sites. Therefore, COSMID only allows searches for
single-base insertions and deletions in the DNA sequence compared with the guide
strand (Figure 25A). For the potential off-target sites, the search algorithm allows
some ambiguities (such as N for any nucleotide). Ambiguities included in the search
string are marked in red in the HTML results (as are mismatches and indels), but are

not counted toward the user-specified mismatch limits. The use of ambiguities allows
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the inclusion of the matching genomic base with the output sequences. One
possibility is to include an “N” in positions that can have substitutions, such as the
first base in a guide strand that is often a G primarily to aid in transcription, but does
not need to match the complementary target sequence (Hsu, et al., Nat Biotechnol, 31:
827-832 (2013); Cradick, et al., Nucleic Acids Res, 41:9584-9592 (2013); Malj, et al.,
Science, 339: 823-826 (2013). One can leave off this base when performing a search,
or include a 5’ N in the search string, which allows COSMID to output and align to
the “N,” the corresponding 5’ bases at each locus.
COSMID search outputs

COSMID outputs all genomic sequences that match the user-supplied search
criteria in comparison with the entered guide strand. The first column of the HTML
output shows the genomic sequence (“hit”) aligned to the query sequence with
matches shown in black. Nucleotides that are not a direct match are shown, including
mismatches, insertions, and deletions (Table 12). Ambiguities in the query sequence,
such as the N in the PAM sequence NGG, are also shown in red, though they do not
count as mismatches. The second column lists the query type, including (i) no
deletion or insertion (No indel), (ii) deletions (Del), or (iii) insertions (Ins). This
column indicates if there are insertions or deletions, and specifies the indel positions
as the number of nucleotides away from the PAM. The third column lists the number
of mismatched bases between the query and target sequences. When two repeated
bases appear in the guide strand, a deletion of either one of them in the target
sequence gives the same query sequence, so the ambiguity is noted in the query
column. The fourth column indicates if the PAM in the hit ends in RG, as NGG is the
Cas9 PAM with the highest activity, followed by NAG (Hsu, et al., Nat Biotechnol,
31: 827-832 (2013)). This column helps in ruling out genomic sites with unlikely
PAMs. This function must be added to the excel spreadsheet for other PAMs. The
fifth, sixth, and seventh columns contain respectively the chromosomal location of the
matching sequence, its strand and the chromosomal location of the cleavage site. The
predicted cleavage position is based on the fact that Cas9 primarily cleaves both DNA
strands three nucleotides from the PAM (Jinek, et al., Science, 337: 816-821 (2012)).
The HTML links included in the COSMID output are directed to the chromosomal
sites in the UCSC genome browser. This allows determination of the gene that best

matches the target sequence and if the target site is in an exon, intron, or other region.
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This information is helpful as mutations may be better tolerated in regions that are
noncoding and nonfunctional.

The output is grouped by query types, including (i) genomic sites with base
mismatches, but no insertions or deletions (No indels), (ii) sites with deletions (Del),
and (ii1) sites with insertions (Ins) between the query and potential off-target sites
(Table 12). Within each category, sites with mismatches further from the PAM are
listed first, which are more likely to result in off-target cleavage (Fu, et al., Nat
Biotechnol, 31: 822-826 (2013); Hsu, et al., Nat Biotechnol, 31: 827-832 (2013);
Cradick, et al., Nucleic Acids Res, 41:9584-9592 (2013). The same genomic location
may satisfy two or more search criteria, such as those sites that satisfy the mismatched
base limit without and with an insertion or deletion. For example, mismatches at the
base farthest from the PAM and deletions of this base will give the same set of
genomic locations. This can also occur when the guide strand contains consecutively
repeated bases. Since genomic locations can be specified through multiple criteria
(examples shown in Figures 28 A and 28B), they are listed in each of the
corresponding groupings to aid further evaluation and scoring. Duplicate sites can be
removed in the spreadsheet, as described below.

COSMID also outputs the potential off-target sites identified in a spreadsheet
to allow for further processing, such as sorting by attributes or adding weight matrixes
to rank the most likely off-target sites. The accumulation of additional experiments
on CRISPR off-target activity will allow creation of a more predictive scoring system.
It is thought that mutations in the PAM are least well tolerated followed by sites
closest to the PAM; however, little is known about how the guide strand sequence
influences these effects (Jinek, et al., Elife 2:¢00471 (2013); Fu, et al., Nat Biotechnol,
31: 822-826 (2013); Hsu, et al., Nat Biotechnol, 31: 827-832 (2013); Cradick, et al.,
Nucleic Acids Res, 41:9584-9592 (2013)). The spreadsheet can also be used to
indicate duplicate genomic sequences found using different search criteria, as
mentioned above. The output list of off-target sites allows a user to compare the
number and score of off-target sites for the input target sites.

COSMID Primer design

COSMID’s primer design function is used to assay for off-target cleavage after

cells or animals are treated with CRISPR guide strands and nuclease. Primers are

designed that fit the criteria needed for the particular assay or sequencing platform
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using an automated primer pair design process, not found in other CRISPR programs.
The algorithm was developed for the zinc finger nucleases and TAL effector
nucleases off-target search program PROGNOS and found to give a single specific
band in ~93% of amplifications (Fine, et al., Nucleic Acids Res, 42:¢42 (2013)). The
automated primer design alleviates the need for the iterative steps of primer design
and verification of the resulting fragment sizes, that slow primer design, especially for
mutation detection assays where the cleavage product sizes determine how easily the
cleavage bands can be distinguished on gels. The recommended parameters for use in
Surveyor assays resolved on 2% agarose gels are: Minimum Distance Between
Cleavage Bands—100 bp, Minimum Separation Between Uncleaved and Cleaved
Products—150 bp. Users can also input the number of bases the cleavage site must be
from each amplicon’s edge to ensure sequencing coverage depending on the different
sequencing platforms. For single molecule, real-time (SMRT) sequencing, the
recommended parameters are: Minimum Distance Between Cleavage Bands—o0,
Minimum Separation Between Uncleaved and Cleaved Products—125 bp. The output
primers can be easily modified in the spreadsheet, such as to add flanking sequences
for additional amplification and/or barcodes for sequencing.
Results

The COSMID algorithm is based on sequence homology; it searches a genome
of interest for sites similar to CRISPR guide strands using the efficient FetchGWI
search program that has powered search tools including TagScan34 and ZFN-site
(Cradick, et al., BMC Bioinformatics, 12:152 (2011)). FetchGWI operates on indexed
genome sequences that are precompiled and stored (Figures 26A-26G). It can
identify genomic locations with sequences that match any of the series of search
entries. FetchGWI saves run time by searching indexed files that represent the
genome sequences, rather than the sequences themselves. There is one index entry
for each nucleotide in the genome, which allows a rapid and exhaustive search. This
is a key advantage of COSMID over BLAST and other programs that scan
nonoverlapping words and may miss potential off-target sites (Cradick, et al., BMC
Bioinformatics, 12:152 (2011)). COSMID currently allows searching the human,
mouse, Caenorhabditis elegans, and thesus macaque genomes.

COSMID is a CRISPR off-target search tool with a web interface that allows

directed and exhaustive genomic searches to identify potential off-target sites for
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guide strand choice or experimental validation. To perform a search, a user chooses
the genome of interest from the list, and enters the guide strand and PAM sequences
(Figure 25A). By clicking the appropriate selection buttons, a user can choose to
include (i) <2 base mismatches with an insertion and/or deletion, or (i1) <3 base
mismatches without any indels (Figure 25A). The user has the option to have primers
as part of the output. Primers are designed by COSMID that are optimized to the
specified criteria or to the defaults given for particular applications (Figure 25A).
COSMID exhaustively scans the genome based on these input parameters (Figure
25B), allowing consideration of mismatches, insertions, and/or deletions (Figure 25C,
Figure 26A-26G).

COSMID outputs a ranked list of perfectly matched (on-target site and
possibly other sites) and partially matched (potential off-target) sites in the genome,
their ranking score, along with reference sequences and primer designs that can be
used for sequencing and/or mutation detection assays (Table 12). Each line of the
output file describes one genomic locus matching the search criteria. A locus may
appear on multiple lines if it can be modeled and found in multiple ways.

An exemplary COSMID Output includes the following text, a hyperlink for
viewing the raw search results in a txt file and Table 12.

COSMMDautpat

Frocessing inpat agr

Boarch in aeget database: hgds

Lengih: 23
Searching kirno dndet hity alowing upio & mismatehiesk ... Done
Seaenhing ke W-deletion hitx aliowing up ke 2 onismateles) ..o Done
Searching e Thedelotion hity allowing upr o 2 mistmolen) o Dong
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Table 12: Exemplary COSMID Output - Search Results
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Table 12 shows an exemplary COSMID output in HMTL and includes the
genomic sites matching the user-supplied criteria in comparison to guide strand R-01
with chromosomal location. Scoring of the mismatches is provided for ranking, as are
PCR primers and reference sequence. The right primers, in silico link, amplicon, and
digest sizes are provided in the output, but not shown here. Links are provided to
each location in the UCSC genome browser, and to the output file as a spreadsheet for
further manipulation and primer ordering.

Each hit is appropriately aligned to the query shown in the “Result” box (Table
12). DNA bases corresponding to mismatches, indels, ambiguity codes, such as N,
are shown in the query line to identify the matching genomic bases. To the right of
the “Result” box are boxes with the query type, number of mismatches, chromosomal
position, score, primers, and other features. The web page showing COSMID output
also includes links to test each primer pair and to reformat the output file as text or in
a spreadsheet. The spreadsheet output allows thorough evaluation of the number and
scores of the low-scoring sites that are predicted to be more likely off-target sites,
which may provide important guidelines when evaluating and choosing guide strands
and/or testing for true cleavage events using DNA samples from cells after
CRISPR/Cas treatment.

COSMID uses the TagScan algorithm to minimize run times while still
performing exhaustive genome searches (Iseli, et al., PLoS One, 2:¢579 (2007)).

With the primer design option off, the run times averaged 4 seconds for the guide
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strands without indels (Table 13).
Table 13: Run Times

Mo Average run and
Guide strand search AN indsl Ins Del  Primers Hits inad time =0

HTGABCGTGRATOAAGTTGG MGG 3 - - paired 250 e 3113 56

TEAMGTUCATOAAGTTSE  RGG 3 - - paired 250 376 3 28
STGAACGTGGATGAAGTTGR NGOG 3 - pabrad 250 g1 44 08
STGAACGTOGATGAAGTTRE NGG 3 - 1 ;04 0.6
SZTGAACRTGRATGAAGTTAGE MGG 3 2 2 paired 250 563 511 283
STEAMCATEEATAAMGT TGO  MRG 3 2 2 - Heh 42 28
NTAGAGCGGAGGCAGHBAGGET NGG 3 = paired 250 140 1:42 1.0

TAGAGLOGAGGIAGEAGED  NGG 3 - patred 250 180 132 0.6
STAGAGLGGAGGUAGGAGRC  NGG 3 - - paired 250 89 048 08
GTAGAGCOGAGGCAGGAGGE NGOG 3 - - - &g 204 00
STAGASCOGAGGCAGGAGGL NGOG 3 2 2 paed 250 556 448 3.1
STAGAGCGGAGGCAGEAGGL MNRG 3 2 2 paired 250 799 718 118
STAGAGUGGAGGLAGGAGSC NRG 3 2 2 - 749 38 0@

Run times were measured for COSMID using variations of guide strands R-01 and R-
30, with and without a 5'G, using standard (NGG) or relaxed PAM (NRG). All runs
included sites matching the guide strand with three or less mismatches without indels.
More matching loci “hits” were identified by allowing single-base insertions or
deletions together with <2 base mismatches.

Allowing insertions or deletions in addition to mismatches increases run time.
For example, when searching with a 19-nt guide strand and an NRG PAM, and
including two mismatches with either an insertion or an deletion resulted in run times
averaging 42 seconds for R-01 and 36 seconds for R-30. The run times for the search
with three mismatches without insertions or deletions were similar. Including primer
design increased the run times proportional to the number of primer sets and reference
sequences returned.

Figures 26A-26G and Table 14 illustrate an exemplary search string
processing by COSMID include examples showing the input, and portions of the web
results and spreadsheet output for a search of the human genome using guide strand
R-01.

The genome of interest is chosen from the Target Genome list (Figure 26A).
The target sequence is entered into the Query Sequence box (Figure 26B). The
required protospacer adjacent motif (PAM) is entered into the ‘Add suffix’ Box of the
Search Options section (Figure 26C). The spacers (Ns) and required bases are
included, such as NGG or NRG.
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The boxes in the ‘Allowed indels and mismatch’ of the Search Options section
are checked to indicate if genome sites to be searched include genomic sites that have
No indels (with <3 mismatches but the same length), have 1-base Del (are 1-base
shorter), or have 1-base Ins (are 1-base longer) (Figure 26C).

The boxes in the PCR Primer Design Options section are chosen, which allow
COSMID to design primers matching the specific application. Primer design
parameters are set by pressing the button for ‘Default’, ‘Illumina 250°, ‘Illumina 250
paired’, ‘SMRT”’ or ‘enzyme’ (when using other enzymes). Any of the parameters
can be entered by hand to further customize.

For each genome included in COSMID, the genwin program was used to
transform the DNA sequence from FASTA formatted files into unsorted index entries,
which have all possible 25 bases-long tags in the DNA sequence. After that, the
sortGWI program was used to sort the index entries, and store the result as a binary
index file. sortGWI subdivided the whole index file into 16,777,216 parts, each
representing entries having identical first 12 nucleotides. A secondary index,
recording the position in the main index file where each part starts, was added to the
end of the index file to enable faster search and reduce file size. The index files are
stored in the COSMID server.

When the submit button is clicked, the sequence tags in COSMID are used to
generate a series of additional tags that contain indels if the insertion or deletion boxes
are checked. Identical tags are removed if they are duplications for strings containing
consecutive identical bases. The resulting tags are all searched against the user-
selected genome. For example, if guide strand R-01 is entered, the tags illustrated in
Figure 26E and 26F are generated and used to search the human genome.

To search the query sequences against the user selected genome, the
FetchGWI program is used. If the user specifies a search with one or more
mismatches, FetchGWI generates all possible sequence tags by replacing the specified
number of nucleotides with all other possibilities. After that, FetchGWI sorts all the
query tags and search for matches in the index file, using an efficient method called
binary search. FetchGWI reports the search results by appending the actual sequence
tag found, along with the accession number and position offset within the sequence
for each matched query tags.

For each match that FetchGWI finds, COSMID generates a score that reflects the
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empirical expectation of how likely it is an off-target site.
COSMID web output includes links for html, txt and excel files (Figure 26G).
Links are provided to test each primer pair using the UCSC in-silico PCR web site.
The excel output is sorted for unique sites with the lowest mismatch and indel score to
5 locate the most likely off-target sites. Here the Score+ column contains a ranking to
place NGG ahead of NAG sites (+0.3 points added to the COSMID default scoring).
The second column represents the query type, then the chromosomal location, the
ranked number and a grid showing the mismatches, insertions and deletions (Table
14). Different sections of the output are illustrated in Table 14.
10 Table 14: Exemplary COSMID excel output
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Example 10: COSMID searches and identifies putative off-target cleavage sites
Materials and Methods

CRISPR transfection and mutation detection assays
The on- and off-target cleavage activity of Cas9 and guide strand R-01 was
measured using the mutation rates resulting from the imperfect repair of double-
stranded breaks by non-homologous end joining. An amaxa Nucleofector 4D was

used to transfect 200,000 K-562 cells with 1 pg px330 expressing R-01 sgRNA,
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following manufacturer’s instructions. The genomic DNA was harvested after 3 days

using QuickExtract DNA extraction solution (Epicentre, Madison, WI), as described
(Guschin, et al., Methods Mol Biol, 649: 247-256 (2010)). On- and off-target loci

were amplified using AccuPrime Taq DNA Polymerase High Fidelity (Life

Technologies, Carlsbad, CA) following manufacturer’s instructions for 40 cycles (94

°C, 30 seconds; 52-60 °C, 30 seconds; 68 °C, 60 seconds) in 50 pl reactions

containing 1 pl of the cell lysate, and 1 pl of each 10 pmol/l amplification primer.

The T7EI mutation detection assays were performed, as per manufacturers protocol

(Reyon, et al., Nat Biotechnol, 30: 460-465 (2012)), with the digestions separated on

2% agarose gels (Figure 2a) and quantified using ImageJ (Figure 2b) (Guschin, et al.,
Methods Mol Biol, 649: 247-256 (2010)). This guide strand was shown to have on-

target cleavage at beta-globin and off-target cleavage at delta-globin,24 so a range of

off-target sites were chosen, including two pairs of identical sites (OT6—OT7 and

OT8-0T9) and five identical sites (OT1-OT5) to test for off-target mutations and

evaluate the role of genomic context on cleavage and mutation rates. It is hoped that

increased cellular data, such as provided in ENCODE for some cell lines, may prove

useful in this regard.

Table 15: Genomic sequences and chromosomal positions of the

off-target sites tested using the mutation detection assay in Figure 27.

Loci 1D Genomic Sequence Chromosomai Location
RO1 gTGAACGTGGATGAAGTTGGIGR  Chri1:5248175-5248197
ROY_ DT aGLGAACATOGATGAAGT TGGahs Chr2104339432-104338454
R1_372 aGAACATGGATHAAGT TGRaAhLG Chrb77278064-77278386
RO _IITA g GOAACATEGATGAAGTTGGAGS Chr1:187156560-187156582
Rt D74 gGOAACATGGATGAAGTTGGAGEL Chrd:36043483-38043515
RO _DTE gELAACATGGATGAAGT TGGRAGG Chri4:97573865-97573887
Rt QT8 aGAACGTLGATLLAGTTERAGG Chrd:162915337-162915358

o
RO1_OT8
RO1_OTO
RO1_OT10

aGGAALGTGGATLGAGT T GGG
aGOAALCGTGLATOAAGLTGGAGR

eOAALGTOGATGAAGITGGaGG
g TGAAAATGGATHAAGTTGGAGES

Chr3:91958548-91958570
Chr10:114331596-114331618

Chr2:118826852-118828874
Chr13:84213286-84213308

The nucleotides in position 20 and in the first position of the NGG PAM are

lowercase, as there are not mismatches at these positions.

Results

To validate COSMID predictions, mutation detection assays were performed
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to determine if off-target cleavage occurred at putative off-target sites identified by
COSMID. A search for the guide strand R-01 (GTGAACGTGGATGAAGTTGG),
which targets the human beta-globin gene (Cradick, et al., Nucleic Acids Res,
41:9584-9592 (2013)), gave 1,040 potential off-target sites in the human genome
when allowing for up to three mismatches without any indels, and up to two
mismatches with a one-base deletion or one-base insertion, adjacent to a NRG PAM
(Figure 25A).

Using primers as part of COSMID output, mutation detection assays were
performed based on PCR amplification of the genomic loci (Guschin, et al., Methods
Mol Biol, 649: 247-256 (2010)) after transfecting K-562 cells with a plasmid
expressing Cas9 and guide strand R-01. A range of potential off-target sites without
indels were studied in order to compare COSMID with other available bioinformatics
tools. Of the 10 off-target sites tested, 8 sites, all with two mismatches, had off-target
mutagenesis that could be detected by the T7EI mutation detection assay (Figure 27,
Table 15), including an off-target site with higher activity than the on-target cleavage
rate (44% versus 35%, Table 16, below). Similar to previous results, the level of off-
target activity was generally diminished at sites with mismatches closer to the PAM
(Gasiunas, et al., Proc Natl Acad Sci USA, 109:E2579-E2586 (2012); Jinek, et al.,
Elife 2:¢00471 (2013); Jiang, et al., Nat Biotechnol, 31: 233-239 (2013); Fu, et al.,
Nat Biotechnol, 31: 822-826 (2013); Hsu, et al., Nat Biotechnol, 31: 827-832 (2013);
Cradick, et al., Nucleic Acids Res, 41:9584-9592 (2013)).

Five different genomic sites with identical sequences, containing two
mismatches respectively 14 and 19 bases from the PAM, had cleavage activities
ranging from below the detection limit to 44%. The 10 sites chosen also contained
two pairs of duplicated sites that had different mutation rates (13% versus 3%, and
7% versus below detection). The large variation in mutation rates at identical
sequences, but different genomic regions may be due to the difference in gRNA/Cas9
accessibility and/or binding affinity at different genomic loci. This exemplifies the
role genomic context can play in Cas9-induced cleavage and the difficulty in ranking
off-target sites solely based on target sequences. See also, Figure 2C which compares
the mutation rates at two identical sequences.

Table 16 lists these eight experimentally validated off-target sites in
decreasing order of mutation rate (%), their ranking by COSMID, as well as that by
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other on-line CRISPR tools.
Table 16: Comparison of COSMID with other available tools in predicting off-

target sites with two mismatches for guide strand R-01.

Loct D COSMID Cas ZiFit CRISPR Cas Mutation  Qene
onlineg design | offinder rate
designer Helell {3}
{raveic) franky [Sorted)
2.6 27 15 18-134 436  Nons
3 4 on on 352 HBE
7 27 3 317 234 Nong
2-8 27 16 218 Nane
2-8 2-7 5 15.9 Nong
143-145 7378 24 128 SECISE
22
0.8 2.7 7 108 More
355-357 | 238-241 34 8.6 VTFITA
143-145 T&TE 25 27 FST L5

The cleavage rates at R-01 on-target site and off-target sites OT1-OT10 are
listed by decreasing T7EI activity in Table 16. OT3 and OT9 had activities below
T7EI detection limit. Annotated genes corresponding to the sites are listed. Off-
target analysis was performed with different online search tools. If the genomic sites
with measurable T7EI activity (Figure 27) were identified by a specific tool (such as
Cas OFFinder), their rankings in its output (if sortable) are shown. Sites not in the
output of that tool are indicated by a dash in a grey box (e.g., RO1_OT1 under “Cas
OFFinder”).

The output from COSMID was also compared with the output from other web
tools for their ability to identify off-target sites that contain an extra bases (DNA
bulge) or a missed base (RNA bulge) relative to the complementary genomic DNA
sequence (Lin, et al., Nucleic Acids Res, 42:7473-7485 (2014)) (Table 17). The off-
target sites in Table 17 might also be modeled as sites with four mismatches or
noncanonical PAMs compared with the on-target site, though it is less likely that
binding of Cas9 would occur without an NGG or NAG PAM. The columns
corresponding to the individual tools follow from Table 16, above. When an extra
base is present in the genomic sequence, next to one or more of the same nucleotide,
the DNA bulge may occur in multiple locations, such as in the off-target site
R30_Ins9 where the additional G in the genomic sequence might be the first, second,
or third of the three adjacent Gs, at locations 2, 3, or 4 nucleotides from the PAM
(Table 18).
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Table 17: Comparison of search results for off-target sites that contain deletions

or insertions, in which sequence-verified off-target sites with insertions or

deletions, which can also be modeled as loci with four mismatches or alternate

PAM considered.

Loct 1D

R30. Delt
RO1_Deilt
R30_Inss
RO _Ins1
R30_Ins14

Yes
Yes
Ygs
Yes
Yes

Mism- Bulgs Bulge  Indel/ alternate
atches type position reoetet
2 BiA 17 4 mismatches
2 BNA 1814 4 mismatches
2 DA 41372 Alternale PAM
3 BHA )] Alternaie PAM
2 PRA, 1 Alternate PAM

Table 18: Sequence-verified off-target sites with mismatches and 1-base

insertion (Ins) or deletion (Del).

focilD ?@fyﬁ; 3;;%3 Bulge Position Genomic Sequence”

30, Dali 2 RNA 17 AGA-AGUGGAGGLAGGAGELLEE
Ri#1_Del 2 RidA TR GLOAAT - TOGATGAAGTTIGGLEGE
R20_Insy 2 DA 4352 GRAGAGCGLAGLCAGGAGGR abia
Ri1_Ins 3 DRA 1 AGGAACGTGGATGAAL TTGEARGS
R3O0 Ins14 2 ONA 1 HRAGAGUGGULGCAGGAGGEG AL
R3O _Delig 3 ENA 108 ALAGAGAGGA-GLAGGAGEL 66
H30 Ins1f Z DA 10 GUAGAGULGAGAGLAGRAGR AL
R30 Insd 2 DNA %8 GHAGAGLLGEEGCIAGLAGRLCHE
RAG_ins? 2 DA 7iah GAAGAGTGLAGLCAGRLAGGLLGE
HA0_ins® 2 DA 4372 GAAGAGAGGAGGECAGRAGGLULGE

Genomic sequences of the off-target sites are given, together with the number

of mismatches, bulge type (guide bulge or gDNA bulge) and bulge position relative to

PAM. *gDNA mismatches compared to guide strand are shown by alignment;

insertions are underlined, and deletions (guide bulge) are represented as dashes. The

first nucleotide in PAM is in lower case.

In addition to being modeled as having one insertion with two mismatches,

this off-target site can be modeled as having three mismatches with a shift in the PAM

from NGG to NAG. Further, the off-target site RO1 Ins1 may be modeled as having
a NAG PAM. Without a bulge, R30 Ins14 would need to have the unlikely GTA

PAM, so it remains unclear how it was modeled by Cas Online Designer. Each site in

Tables 17 and 19 are marked “yes” when found by COSMID (first column) or other

search method; if any of the confirmed off-target site could not be identified by a

search tool, it is shown as a box with a dash. Specifically, of the six off-target sites

identified by COSMID (and previously sequence confirmed) (Lin, et al., Nucleic
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Acids Res, 42:7473-7485 (2014)), Cas Online Designer, ZiFit, and CRISPR tools
each only found two, and Cas OFFinder only found one. Table 19 lists the sequence
confirmed, off-target sites containing DNA or RNA bulges that could not be
represented by other means, with COSMID in the first column and the columns the
same as in Table 16. Each of these sequence-verified off-target sites was identified
by COSMID, but they were not output by these search tools, as they fail to locate sites
with insertions or deletions.

Table 19: The sequence-verified off-target sites with insertions or deletions that
cannot be modeled as four mismatches or alternate PAM can only be predicted

by COSMID.

R30_Deli Yes 3 BMA e
H30_Ing10 Yas 2 DNA 10
R30 Insd Yes 2 DMA '8
B30 Ins7 Yas 2 DA S
F230_Ins8 Yo3 2 DA Ri3i2

COSMID has better ability in identifying off-target sites with indels.
Although a number of bioinformatics programs can be used for CRISPR designs,
COSMID provides exhaustive genomic searches for off-target sites due to
mismatches, deletions, and insertions, as well as providing primers for experimental
validation of predicted off-target sites. The results shown in Tables 16, 17, and 19
give examples of validated off-target sites identified by COSMID, but not found by
other search tools, including Cas Online Designer (Hsu, et al., Nat Biotechnol, 31:
827-832 (2013)), ZiFit (Sander, et al., Nucleic Acids Res, 38 (suppl.): W462-468
(2010)), CRISPR Tools (Hsu, et al., Nat Biotechnol, 31: 827-832 (2013)), and Cas
OFFinder (Bae, et al., Bioinformatics, 30:1473-1475 (2014)), which have different
functions, such as determining CRISPR guide sequences (Grissa, et al., Nucleic Acids
Res, 35: W52-W57 (2007); Grissa, et al., BMC Bioinformatics, 8:172 (2007);
Rousseau, et al., Bioinformatics, 25: 3317-3318 (2009); Bland, et al., BMC
Bioinformatics, 8:209 (2007)), scanning a genome for possible target
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sites, and comparing the potential off-target sites (Hsu, et al., Nat Biotechnol, 31:
827-832 (2013); Montague, et al., Nucleic Acids Res, 42:W401-W407 (2014);
Ronda, et al., Biotechnol Bioeng, 11:1604-1616 (2014)).

In addition to providing optimized primer designs for sequencing and mutation
detection for confirming putative off-target sites, COSMID also provides the
reference sequence to facilitate sequencing. The reference sequence and knowledge
of the cut site location facilitates mutation detection assays, including surveyor and
T7EI, and possibly other uses, such as searching for restriction sites that may overlap
the cut site.

To illustrate the ability of COSMID and importance of locating indels, search
results for two guide strands were compared with validated activity and known off-
target cleavage, including the guide strand R-01 that targets the human HBB gene,
and the guide strand R-30 (GTAGAGCGGAGGCAGGAGC) that targets the human
HIV co-receptor CCRS5 gene (Cradick, et al., Nucleic Acids Res, 41:9584-9592
(2013); Lin, et al., Nucleic Acids Res, 42:7473-7485 (2014)). The results of
COSMID searches were compared with the output given by other existing search
tools. When off-target sites contain insertions or deletions in addition to mismatches,
only COSMID searches could identify all of the 10 sequence-validated off-target sites
(Tables 15, 16, and 17). Note that the deletion contained in off-target sites R-01 Dell
or R-30 Dell (Table 17) could be modeled as four mismatches, and the insertion in
off-target sites R-01 Insl, R-30 Ins9, or R-30 Ins14 (Table 17) could be modeled as
having alternative PAMs. These alternative interpretations of the insertions and
deletions for the sites shown in Table 17 explain why some existing bioinformatics
tools such as Cas Online Designer, ZiFit, CRISPR Tools, and Cas OFFinder could
still identify some of the off-sites listed in Table 17, although these tools do not allow
insertions or deletions to be considered in the searches. Since the insertions or
deletions in off-target sites R-30 Del10, R-30 Ins4, R-30 Ins7, R-30 Ins§, R-

30 Ins10 (Table 19) could not be modeled as either mismatches or having alternative

PAM, they were not found by any other tools at this time.
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Example 11: Extensive searches for HBB-targeted (R-01) and CCRS-targeted
(R-30) guide strands, allowing indels greatly increases the number of putative
off-target sites.

In addition to off-target sites of the same length as the guide strand but with
mismatches, many similar sites exist in a genome with insertions (DNA bulges) and
deletions (RNA bulges). Cas9 can tolerate DNA and RNA bulges and induce
cleavage at genomic loci with high rates, sometimes even higher than the target site
(Lin, et al., Nucleic Acids Res, 42:7473-7485 (2014)). To further demonstrate the
capabilities of COSMID, the guide strands R-01 and R-30 (Cradick, et al., Nucleic
Acids Res, 41:9584-9592 (2013); Lin, et al., Nucleic Acids Res, 42:7473-7485
(2014)) were extensively analyzed using COSMID to search the human genome for
sites similar to the R-01 or R-30 guide strands, having (i) up to three mismatches with
no indels, (i1) up to two mismatches with a single-base insertion, and (iii) up to two
mismatches with a single-base deletion. Since matching a guide strand’s initial G is
not essential, it was omitted in these searches. The off-target sites with a mismatched
A at this position (OT1 and OT2) happened to have higher mutation rates than the
three sites with a matching G (OT3-5) (Figure 27). The outputs provided many
possible off-target sites, including those with insertions or deletions.

The number of putative genomic off-target sites output by COSMID increased
drastically when indels were allowed in the search. For example, allowing one-base
insertions together with two mismatches increased the number of genomic sites
adjacent to a NAG or NGG PAM ~3 and ~7 times for R-01 and R-30 respectively
compared with those without indels and two mismatches (166 versus 49 for R-01 and
224 versus 34 for R-30, Table 20).

Table 20: Comparison of search results for guide strands R-01 and R-30 with

deletion or insertion permitted.

R-D1 search _ H-30 search
dMismatches 0 =1 s €3 L w2 w3
Ng indels 1 i 48 875 1 1 34 257
Ona delefion 1 &1 883 L 36 Bal
One insertion O & 164 s 0 g 224 -

The number of possible unigee genosmic sites with NAG or NGG PAMs with
<2 migmaiches was signiicantly highsy whan the searches affowing ofther
are gletetion or ane inseriion than without,
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When one-base deletions are allowed together with two mismatches, the number of
genomic sites identified is even higher, ~18 and ~26 times higher for R-01 and R-30
respectively compared with those without indels (883 sites for R-01 and 883 sites for
R-30) (Table 20). With one-base insertion or one-base deletion in addition to base
mismatches, the number of unique loci found was greatly increased compared with
the corresponding number without indels. For example, when a one-base deletion
was allowed in addition to <2 mismatches, the unique off-target loci found by
COSMID is 333 for R-01 and 761 for R-30 (Table 21).

Table 21: Off-target loci when a one-base deletion was allowed in addition to <2

mismatches.
R-01 search R-30 search
Mismatches =~ @ = t @ o =t o=
One deletion iy L 333 o £ 751
Ore inseriion O 0 52 i 2 198

When allowing (i) up to three mismatches with no indels, or (ii) up to two
mismatches with a one-base insertion, or (iii) up to two mismatches with a one-base
deletion, COSMID searches of off-target sites for guide strands R-01 and R-30 with
NRG PAM located 1,040 unique putative off-target sites for R-01 and 1,218 for R-30.
There were many identical sites located by multiple query types (examples shown in
Figures 28A and 28B). The results varied between the two guide strands R-01 and R-
30 (each targets a coding sequence), as can be expected in a nonrandom genome
(Figures 29A-29D). R-01 had a markedly larger number of matching sites with no
indels. Of note was a particular 3-mismatch hit in 69 sites.

In summary, identifying off-target cleavage by CRISPR/Cas9 systems in a
genome of interest is important, especially in treating human disease and creating
model organisms, as CRISPR off-target cleavage (Fu, et al., Nat Biotechnol, 31: 822—
826 (2013); Hsu, et al., Nat Biotechnol, 31: 827-832 (2013)) can result in mutations,
deletions, inversions, and translocations (Cradick, et al., Nucleic Acids Res, 41:9584—
9592 (2013); Xiao, et al., Nucleic Acids Res, 41:¢141 (2013)) inducing detrimental
biological consequences and potentially causing disease. However, accurate and
complete genome-wide analysis of off-target efforts is a daunting task, since unbiased
sequencing of a full genome to determine off-target activity is very costly, and many

nuclease-treated clones would have to be sequenced. Therefore, a bioinformatics-
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based tool that can predict and/or rank potential off-target cleavage sites can greatly
aid the off-target analysis, and provide valuable guidance for guide strand designs. In
particular, it is important to perform extensive bioinformatics searches for potential
off-target sites that contain base mismatches, insertions, and deletions compared with
the intended CRISPR target site.

COSMID can quickly and exhaustively search a genome for DNA sequences
that partially match the target sequence of the guide strand, but contain insertions or
deletions in addition to base mismatches. As shown in Table 21, a large number of
potential off-target sites would be missed using search tools that only consider base
mismatches, but not insertions or deletions. COSMID outputs potential off-target sites
(“hits”) corresponding to allowed mismatches and indels, the PAM sequence and the
chromosomal location of the hits. COSMID also outputs primer designs for
experimental validation of the off-target sites. Further processing of the COSMID
results from the output spreadsheets extends COSMIDs utility to different
CRISPR/Cas platforms, including the use of Cas9 nickase pairs (Ran, et al., Cel/,
154:1380-1389 (2013)), Cas9/Fokl fusion (Tsai, et al., Nat Biotechnol, 32:569-576
(2014); Guilinger, et al., Nat Biotechnol, 32: 577-582 (2014)), and multiplexed
targeting (Cong, et al., Science, 339: 819-823 (2013)) by searching for multiple
(sometimes paired) sites within a user-input chromosomal proximity. In addition to
aiding the design of CRISPR/Cas systems for DNA cleavage, COSMID can be used
to identify potential off-target sites of CRISPR activators, repressors, or other effector
domains (Cheng, et al., Cell Res, 23: 1163-1171 (2013)).

The on-target and potential off-target sites given in the COSMID output can be
tested experimentally using mutation detection assays (Guschin, et al., Methods Mol
Biol, 649: 247-256 (2010)) or deep sequencing with genomic DNA harvested from
cells treated by CRISPR/Cas. Mutation detection assays, including Surveyor and
T7EI, are very commonly used to measure on- and off-target cleavage and
mutagenesis (Guschin, et al., Methods Mol Biol, 649: 247-256 (2010)). COSMID
facilitates these assays by automatically designing primers to enable facile gel
separation of the uncleaved and cleavage bands. The output also includes the
genomic reference sequence for comparison to the sequencing results.

COSMID scores the potential off-target sites based on the number and location

of base mismatches, allowing ranking of the more likely off-target sites.
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Bioinformatics based ranking of CRISPR/Cas off-target sites may be influenced by
the effects of genomic context and DNA modifications. As exemplified herein,
identical genomic sites and duplicated sites may have differences in off-target
activity. The indel rate at off-target site R-01 _OT2 was 44%, though other loci with
the same complementary sequence have much less, or no activity, possibly due to
nuclease blocking. It is believed that incorporating parameters such as the effects of
chromatin condensation, DNA availability and other factors into the COSMID search
algorithm will improve the scoring and ranking of the target sites.

Unless defined otherwise, all technical and scientific terms used herein have
the same meanings as commonly understood by one of skill in the art to which the
disclosed invention belongs. Publications cited herein and the materials for which
they are cited are specifically incorporated by reference.

Those skilled in the art will recognize, or be able to ascertain using no more
than routine experimentation, many equivalents to the specific embodiments of the
invention described herein. Such equivalents are intended to be encompassed by the

following claims.
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We claim:
1. A computer-implemented method for identifying cleavage locations of a
nucleotide-directed nuclease comprising: in a computer system,

comparing a series of query sequences comprising a guide strand sequence
and one or more guide strand sequence variants comprising one or more nucleotide
insertions, one or more nucleotide deletions, and/or one or more nucleotide
substitutions relative to the guide sequence to genomic sequence and reporting target
cleavage sites corresponding to locations in the genomic sequence within specified
search conditions or having a specified sequence identity to the guide sequence or one
or more of the query sequences.
2. The method of claim 1, wherein the series of query sequences comprises all
possible guide strand sequence variants comprising between 0 and 10 nucleotide
insertions relative to the guide sequence.
3. The method of claim 1, wherein the series of query sequences comprises all
possible guide strand sequence variants comprising between 0 and 5 nucleotide
insertions relative to the guide sequence.
4. The method of claim 1, wherein the series of query sequences comprises all
possible guide strand sequence variants comprising 0, 1, or 2 nucleotide insertions
relative to the guide sequence.
5. The method of any of claims 1-4, wherein the series of query sequences
comprises all possible guide strand sequence variants comprising between 0 and 10
nucleotide deletions relative to the guide sequence.
6. The method of any of claims 1-4, wherein the series of query sequences
comprises all possible guide strand sequence variants comprising between 0 and 5
nucleotide deletions relative to the guide sequence.
7. The method of any of claims 1-4, wherein the series of query sequences
comprises all possible guide strand sequence variants comprising 0, 1, or 2 nucleotide
deletions relative to the guide sequence.
8. The method of any of claims 1-7, wherein the series of query sequences
comprises all possible guide strand sequence variants comprising between 0 and 10

nucleotide substitutions relative to the guide sequence.
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9. The method of any of claims 1-7, wherein the series of query sequences
comprises all possible guide strand sequence variants comprising between 0 and 5
nucleotide substitutions relative to the guide sequence.

10.  The method of any of claims 1-7, wherein the series of query sequences
comprises all possible guide strand sequence variants comprising 0, 1, or 2 nucleotide
substitutions relative to the guide sequence.

11.  The method of any of claim 1-10, wherein the specified search conditions
comprise the number of insertions, deletions, and/or mismatches between the guide
strand sequence and the genomic sequence

12. The method of claim 11, wherein the specified search conditions comprise 5
or fewer mismatches, 5 or fewer insertions, 5 or fewer deletions, and combinations
thereof.

13.  The method of claim 12, wherein the specified search conditions comprise one
or two mismatches with or without one or more insertions and/or one or more
deletions.

14.  The method of claim 12, wherein the specified search conditions comprise
zero mismatches with or without one or more insertions and/or one or more deletions.
15.  The method of claim 12, wherein the specific search conditions comprise zero,
one, two, or three mismatches, zero insertions, and zero deletions; zero, one or two
mismatches with one insertion, and zero deletions; one or two mismatches with zero
insertions, and one deletions; or one or two mismatches with one insertion, and one
deletion; and combinations thereof.

16.  The method of any of claim 1-15, wherein the method further comprises
assigning a score to the returned target cleavage locations indicative of the predictive
likelihood of cleavage at the target cleavage location, and ranking the target cleavage
locations based on their scores.

17.  The method of claim 16, wherein target cleavage locations comprise genomic
sequences comprising higher sequence identity to the guide sequence receive a lower
score relative to target cleavage locations comprising genomic sequences comprising
lower sequence identity to the guide sequence.

18. The method of claim 17, wherein increasing numbers of substitutions,

deletions, and insertions at the target cleavage location increase the score.
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19.  The method of claim 18, wherein the score is increased more for deletion(s) in
the genomic sequence relative to the guide sequence (RNA bulges) than for insertions
in the genomic sequence relative to the guide sequence (DNA bulges).

20.  The method of claim 19, wherein the score reflects that sgRNA bulges are less
tolerant to additional base mismatches, and vice versa.

21.  The method of any of claims 1-20, wherein the series of query sequences
comprise a protospacer adjacent motif (PAM) suffix.

22. The method of claim 21, wherein the PAM suffix is selected from the group
consisting of NGG, NAG, and NRG.

23. The method of claim 22, wherein a target cleavage site comprising a NGG
PAM guide strand is given a lower score than that of NAG PAM.

24, The method of any of claims 1-23, further comprising providing primer

sequences suitable for amplifying the genomic sequence at the target cleavage site.

25. The method of any of claims 1-24, wherein the genomic sequence is an
organismal genome selected from the group consisting of a human genome, a rat
genome, a mouse genome, a rhesus macaque genome.

26.  The method of any of claims 1-25, wherein the genomic sequence comprises
DNA sequence from FASTA formatted files transformed into index entries, which
have all possible 25 bases-long tags in the DNA sequence.

27. The method of claim 26, wherein the index entries are sorted and the results
are stored as a binary main index file.

28. The method of claim 27, wherein main index file is divided into parts, each
representing entries having identical first about 12 nucleotides.

29. The method of claim 28, wherein a secondary index file comprises the
position in the main index file where each part starts added to the end of the index
file.

30.  The method of any of claims 1-29, wherein the nuclease is a CRISPR/Cas
nuclease.

31. The method of claim 30, wherein the CRISPR/Cas nuclease is Cas9 or a
variant thereof.

32. The method of claim 30, wherein the nuclease is RNA-directed.
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33, The method of claim 30, wherein the nuclease is DNA-directed, or directed by
RNA, DNA and/or alternative nucleotide format.

34, The method of any claims 1-33, wherein nuclease cleaves both DNA strands,
is a single nickase, or a double nickase.

34.  The method of any claims 1-33, wherein the nucleotide-directed protein, binds

or interacts with DNA, but is not a nuclease.
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R-04 53 gCACGTTCJACCTTGCCCCACGG 12
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A R-03 HBB 31/ 44 = 70%

-22 ACCACCAACTTCA:zsszsiszizsrzses:

-15 ACCACCAACTTCATCCACGTTCACCTTGC:: 21 :CGGCAGACTTCTCCTCAGGAG

-9 ACCACCAACTTCATCCACGTTCACCTTGCCCC TAACGGCAGACTTCTCCTCAGGAG

-3 ACCACCAACTTCATCCACGTTCACCTTGC ACAGGGCAGTAACGGCGGACTTCTCCTCAGGAG

2% -2 ACCACCAACTTCATCCACGTTCACCTTGCCC: : CAGGGCAGTAACGGCAGACTTCTCCTCAGGAG

3x -1 ACCACCAACTTCATCCACGTTCACCTTGCCC :ACAGGGCAGTAACGGCAGACTTCTCCTCAGGAG

-1 ACCACCAACT :CATCCACGTTCACCTTGCCCCACAGGGCAGTAACGGCAGACTTCTCCTCAGGAG

HBB ACCACCAACTTCATCCACGTTCACCTTGCCCCACAGGGCAGTAACGGCAGACTTCTCCTCAGGAG

13x WT ACCACCAACTTCATCCACGTTCACCTTGCCCCACAGGGCAGTAACGGCAGACTTCTCCTCAGGAG
R-03 GACGTTCACCTTGCCCCACANGG

19x +1 ACCACCARACTTCATCCACGTTCACCTTGCCCCCACAGGGCAGTAACGGCAGACTTCTCCTTAGGA

+9 ACCACCAACTTCATCCACGTTCACCTTGCCTTGTTCACCGTTACAGGGCAGTAACGGCAGACTTC

+10 ACCACCAACTTCATCCACGTTCTCATCCACGTTCACCTTGCCCACAGGGCAGTAACGGCAGACTT

1GGGCAGTAACGGCAGACTTCTCCTCAGGAG

B R-03 Off-target HBD 16/26 = 62%

-22 ACCACCAACTGCATCCACGTTC:::

-18 ACCACCAACTGCATCCACGTTCACT 1 t ACAGCAGTCTTCTCCTCAGGAG

-6 ACCACCAACTGCATCCACGTTCACTTTGCCCC CATTGACAGCAGTCTTCTCCTCAGGAG

-5 ACCACCAACTGCATCCACGTTCACTT: :: : :CACAGGGCATTGACAGCAGTCTTCTCCTCAGGAG

-3 ACCACCAACTGCATCCACGTTCACTTTTC ACAGGGCATTGACAGCAGTCTTCTCCTCAGGAG

2x -2 ACCACCAACTGCATCCACGTTCACTTTGCC : : ACAGGGCATTGACAGCAGTCTTCTCCTCAGGAG
2x -1 ACCACCAACTGCATCCACGTTCACTTTGCC:CACAGGGCATTGACAGCAGTCTTCTCCTCAGGAG
HBD ACCACCAACTGCATCCACGTTCACTTTGCCCCACAGGGCATTGACAGCAGTCTTCTCCTCAGGAG

10x WT ACCACCAACTGCATCCACGTTCACTTTGCCCCACAGGGCATTGACAGCAGTCTTCTCCTCAGGAG

21 ¢ :CAGCAGTCTTCTCCTCAAGAG

R-03 cacerrcaddrreccecacance
4x +1 ACCACCAACTGCATCCACGTTCACTTTGCCCCECACAGGGCATTGACAGCAGTCTTCTCCTCAGGA

+1 ACCACCAACTGCATCCACGTTCACTTTGCCCCCCCAGGGCATTGACAGCAGTCTTCTCCTCAGGA
+140 ACCACCAACTGCATCCACGTTCACTTTGCCCCAATCCCTCCCAGCATCAGGCTCTTTTCCAATGA
+216 ACCACCAACTGCATCCACGTTCACTTTGCCCCGGCGTCAATACGGGATAATACCGCGCCACATAG

GACGTTCACCTTGCCCCACANGG

TGCCCCACAGGGC>

<rreccccacacccll
FIG. 4A, 4B, and 4C
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A R-25 CCR5 4/8 = 50%

=314 :z:reizriiosiiiosrsiioisisiiciiigr:
-193 CCGCTCTACTCACTGGTGTTCATCTTTGG: :
-121 CCGCTCTACTCACTGGTGTTCATCTTTGGTTGTGGGCTCACTCTGCTGCAAATGRGTGGGTCTTﬂ

4x WT CCGCTCTACTCACTGGTGTTCATCTTTGGTTTTGTGGGCAACATGCTGGTCATCCTCATCCTGAT
CCR5 CCGCTCTACTCACTGGTGTTCATCTTTGGTTTTGTGGGCAACATGCTGGTCATCCTCATCCTGAT
R-25 GTGTTCATCTTTGGTTTTGTNGG

+1 CCGCTCTACTCACTGGTGTTCATCTTTGGTTTATGTGGGCAACATGCTGGTCGTCCTCATCTTAR

B R-25 Additional target CCR2 7/22 = 32%

-20 CCGCTCTACTCGCTGGTG::::¢szitstsstzesss tCAACATGCTGGTCGTCCTCATCTTAAT

- 1 CCGCTCTACTCGCTGGTGTTCATCTTTGGTTT : GTGGGCAACATGCTGGTCGTCCTCATCTTAAT

CCGCTCTACTCGCCGGTGTTCATCTTTGGTTTTGTGGGCAACATGCTGGTCGTCCTCATCTTAAT

CCR2 CCGCTCTACTCGCTGGTGTTCATCTTTGGTTTTGTGGGCAACATGCTGGTCGTCCTCATCTTAAT

15x WP CCGCTCTACTCGCTGGTGTTCATCTTTGGTTTTGTGGGCAACATGCTGGTCGTCCTCATCTTAAT
R-25 GTGTTCATCTTTGGTTTTGTNGG

2x +1 CCGCTCTACTCGCTGGTGTTCATCTTTGGTTTATGTGGGCAACATGCTGGTCGTCCTCATCTTAZ

+1 CCGCTCTACTCGCTGGTGTTCATCTTTGGTTTTTGTGGGCAACATGCTGGTCGTCCTCATCTTAZ

+2 CCGCTCTACTCGCTGGTGTTCATCTTTGGTTTTTTGTGGGCAACATGCTGGTCGTCCTCATCTT2

T —— ————
R2S e, —— R25

CTGGTGTTCATCTT::z:: 333823t TGGTC
CTGGTGTTCATCT:::: TGGGCAACATGCTGGTC]
4x CTGGTGTTCATCTT: : ¢ TGGGCAACATGCTGGTC
CTGGTGTTCATCTTTGGT : GGCAACATGCTGGTC
CTGGTGTTCATCTTTGGTTT: AAACATGCTGGTC,
CTGGTGTTCATCTTT: s :: TGGGCAACATGCTGGTC
2x CTGGTGTTCATCTTTG: : : : : GTGGGCAACATGCTGGTC

GTGTTCATCTTTGGTTTTGTNGG
I GG TGTTCATCTTTGGTTTTGTGGGCAACATGCTGGTC>
<cTeeTeTTcATCTTTGETTTTeTGeccAACATCCTCCTC I

FIG. 5A, 5B, and 5C
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R-02 HBB 60/80 = 75%

-45 TTCATCCACGTTC.

-45
=23
=22

2x =19 TTCATCCACGTTCACCTT
=17 TTCATCCACGTTCACCTTGCCCCACAGGGCA ' TCAGGAGTCAGGTGCA
=16 TTCATCCACGTTCACC CGGCAGACTTCTCCTCAGGAGTCAGGTGCA
=11 TTCATCCACGTTCACCTTGCCCC GGCAGACTTCTCCTCAGGAGTCAGGTGCA

=10 TTCATCCACGTTCACCTTGCC
2x -9 TCCATCCACGTTCACCTTGCCCCAC.
15x =9 TTCATCCACGTTCACCTTGCCCCACAL

'AACGGCAGACTTCTCCTCAGGAGTCAGGTGCA
GGCAGACTTCTCCTCAGGAGTCAGGTGCA
GGCAGACTTCTCCTCAGGAGTCAGGTGCA

-9 TTCATCCACGTTCACCTTGCCCCACAS TAGACTTCTCCTCAGGAGTCAGGTGCA

-8 TTCATCCACGTTCACCTTGCCCCACAI CAGGACTTCTCCTCAGGAGTCAGGTGCA
3x =7 TTCATCCACGTTCACCTTGCCCCA 'AACGGCAGACTTCTCCTCAGGAGTCAGGTGCA
2x -6 TTCATCCACGTTCACCTTGCCCCACAGGGC.

-6 TTCATCCACGTTCACCTTGCCCCAC.

=5 TTCATCCACGTTCACCTTGCCCCACAGGGC.

-5 TTCATCCACGTTCACCTTGCCCCAC. TAACGGCAGACTTCTCCTCAGGAGTCAGGTGCA
2x -3 TTCATCCACGTTCACCTTGCCCCACA AACGGCAGACTTCTCCTCAGGAGTCAGGTGCA

-2 TTCATCCACGTTCACCTTGCCCCACAI (CAGTAACGGCAGACTTCTCCTCAGGAGTCAGGTGCA

2x -2 TTCATCCACGTTCACCTTGCCCCACAGGGC| 'AACGGCAAACTTCTCCTCAGGAGTCAGGTGCA
-2 TTCATCCACGTTCACCTTGCCCCACAGGGC. CGGCAGACTTCTCCTCAGGAGTCAGGTGCA
3x -1 TTCATCCACGTTCACCTTGCCCCACAGGGCA CGGCAGACTTCTCCTCAGGAGTCAGGTGCA
-1 TTCATCCACGTTCACCTTGCCCCACAGGGC. 'AACGGCAGACTTCTCCTCAGGAGTCAGGTGCA
3x TTCATCCACGTTCACCTTGCCCCACAGGGCATTGACAGCAGACTTCTCCTCAGGAGTCAGGTGCA

HBB TTCATCCACGTTCACCTTGCCCCACAGGGCAGTAACGGCAGACTTCTCCTCAGGAGTCAGGTGCA
20x WT TTCATCCACGTTCACCTTGCCCCACAGGGCAGTAACGGCAGACTTCTCCTCAGGAGTCAGGTGCA

R-02 GTTGCCCCACAGGGCAGTAANGG
2x +1 TTCATCCACGTTCACCTTGCCCCACAGGGCAGTTAACGGCAGACTTCTCCTCAGGAGTCAGGTGC
2x +1 TTCATCCACGTTCACCTTGCCCCACAGGGCAGATAACGGCAGACTTCTCCTCAGGAGTCAGGTGC
+1 TTCATCCACGTTCACCTTGCCCCACAGGGCAAGTAACGGCAGACTTCTCCTCAGGAGTCAGGTGC
2x +1 TTCATCCACGTTCACCTTGCCCCACAGGGCAGGTAACGGCAGACTTCTCCTCAGGAGTCAGGTGC
2x +2 TTCATCCACGTTCACCTTGCCCCACAGGGCAGAGTAACGGCAGACTTCTCCTCAGGAGTCAGGTG

+3 TTCATCCACGTTCACCTTGCCCCACAGGGCAATATTAACGGCAGACTTCTCCTCAGGAGTCAGGT

FIG. 6A
R-02 Off-target-2 GRIN3A 23/30 = 77%

-134 AGTCAGAGCAGTGCTTCAGCCCCACAGGGGCT

-34 AGTCAGAGCAGTGCTTCAGCCCCACAGGGCCCTG

-14 AGTCAGAGCAGTGCTTCAGCCCCACAGGGCA

16x -9 AGTCAGAGCAGTGCTTCAGCCCCACAGGGCA CCTTCCTCTAAATACCAGATTCCC

-1 AGTCAGAGCAGTGCTTCAGCCCCACAGGGCAJrAAGGGCAGCCTTCCTCTAAATACCAGATTCCC

GRIN3A AGTCAGAGCAGTGCTTCAGCCCCACAGGGCAGTAAGGGCAGCCTTCCTCTARATACCAGATTCCC

7x WP AGTCAGAGCAGTGCTTCAGCCCCACAGGGCAGTAAGGGCAGCCTTCCTCTAAATACCAGATTCCC
R-02 ETHaCCCCACAGGGCAGTABRNGG

+1 AGTCAGAGCAGTGCTTCAGCCCCACAGGGCAGTTAAGGGCAGCCTTCCTCTAAATACCAGATTCC

+1 AGTCAGAGCAGTGCTTCAGCCCCACAGGGCAGCTAAGGGCAGCCTTCCTCTARATACCAGATTCC

+1 AGTCAGAGCAGTGCTTCAGCCCCACAGGGCAGTATAAGGGCGCCTTCCTCTAAATACCAGATTCC

CTCTAAATACCAGATTCCC

FIG. 6B



WO 2015/113063 PCT/US2015/013134

9/37

R-30 CCR2 oOff-target 9/43 = 21%

-7 GATGAACACCAGCGAGTAGAGCGGAGGCAG
-5 GATGAACACCAGCGAGTAGAGCGGGGGCAG]
=5 GATGAACACCAGCGAGTAGAGCGGA GTTGGGCCCCAATTTGCTTCACGTCAAATTTAT
-4 GATGAACACCAGCGAGTAGAGCGGAG GTTGGGCCCCAATTTGCTTCACGTCAAATTTAT
-1 GATGAACACCAGCGAGTAGAGCGGAGGCAGAGTTGGGCCCCAATTTGCTTCACGTCAAATTTAT
-1 GATGAACACCAGCGAGTAGAGCGGAGGCAGGA.TTGGGCCCCAATTTGCTTCACGTCAAATTTAT
CCR2 GATGAACACCAGCGAGTAGAGCGGAGGCAGGAGTTGGGCCCCAATTTGCTTCACGTCAAATTTAT
34x WT GATGAACACCAGCGAGTAGAGCGGAGGCAGGAGTTGGGCCCCAATTTGCTTCACGTCAAATTTAT
R-30 GTAGAGCGGAGGCAGGAGGCNGG
2X +1 GATGAACACCAGCGAGTAGAGCGGAGGCAGGAAGTTGGGCCCCAATTTGCTTCACGTCAAATTTA
+2 GATGAACACCAGCGAGTAGAGCGGAGGCAGGAGCAGTTGGGCCCCAATTTGCTTCACGTCAAAT

CCAATTTGCTTCACGTCAAATTTAT
CTCCAATTTGCTTCACGTCAAATTTAT

FIG. 6C

Indel Spectra From CRISPR Cleavage and NHEJ
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Change in Basepairs

FIG.7
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FIG. 8A
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HBBilarget ste PAM

5'-. .. AAGGTGAACGTGGATOAAGT TGGTGGTGA. . . % indels
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GUGAA-GUGGAUGAAGUUGE
GUGAAC-UGGAUGAAGUUGG
GUGAACG-GOAUGAAGUUGE
GUGAACGUG-AUGAAGUUGG
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GUCAAC GUGEA-GAAGULGE
GUGAACGUGGAU-AAGUUGE
GUGAACGUGGAUG-AGUUGG
GUGAACGUGGAUGAA-IUGE
GUGAACGUGGAUGAAG-UGG
GUOAACGUGOAVGAAGUL-G

FIG. 9A FIG. 9B FIG. 9C

CCRStarget site PAM =
5. .. TGAGTAGAGL GGAGGC AGGAGGC GGCTG. . . * indels

20[wlw 7] 1s]va1s]12[11]r0] s

Guide stiand R-30 5 -GUAGAGC GGAGGCAGGAGGC . . . R0 aojclaloiafe —
GAGAGC GBAGGCAGGAGGC

GU-GAGCGGAGGCAGGAGGL
GUA—AGL GOAGEL AGBAGHL
GUAG=GL BOAGGL AGGAGLC
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GUAGAGK G-AGGC AGGAGGC
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FIG. 10A FIG. 10B FIG. 10C
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1918|117 [16]15]14 |13 (1211|109 |8[7[6[S5]4]|3])2]1

GI|G|A|AICIG|T|IGIGIAITIG|IAIA|IGIT|TIG|IGIN|G|G

20

GITIGIA|A|C|G|IT|[G|G|A|TIG|A|A|G|T|IT|G[G[T[E]|G

HBB gene

HBB

R-01 variant -19

BB [c[t[clafafcle[r]clcalr[c[alale]r][T]c]c[T][c]ec]

[elrlalalclelT]e]lelaltlec]alale]r[T]clc[n]a]c]

*

l

BB [c[T[a[alalc]e][T]a]ec[alT][c]alalc][T[T][ec]c][T[c]G]

R-01 variant -18

*

.
HBB [e[T|e[alalclec[T[clclalt][alalalec]r[T][c]c]1[c]s]

*

*

*
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R-01 variant -7/6
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-2

R-01 variant

FIG. 11A
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R-30 variant -7
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R-30 variant -1

FIG.11B
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A B
% indels
5432109876543210987654321 PAM 0 » 40 0
Target GTGAAC - -GTGGATGAAGTTGG tgg
R1+15+16 GUGAACUUGUGGAUGAAGUUGG Ri+15+16 [}
Target GTGAAC - - -GTGGATGAAGTTGG tgg
R1+15+16417 GTGAACUUUGTGGATGAAGTTGE R1+15+16+17
Target GTGAACGTG- -GATGAAGTTGG tgg
R1+12413 GUGAACGUGUUGAUGAAGUUGG R1+12413
Target GTGAACGTG- - -GATGAAGTTGG tgg ®
R1+12+13+14 GTGAACGTGUUUGATGAAGTTGE 2 R1#12413+14
£
Target GTGAACGTG- - --GATGAAGTTGG tgg g R1+12413414+15
R1+12413+14¢15 GTGAACGTGUUUUGATGAAGTTGG (4
Target GTGAACGTG - -- - -GATGAAGTTGG tgg B R112413414+15416
R1+12+413+14+15+16 GTGAACGTGUUUUUGATBGAAGTTGG .A
-3
Target GTAGAG - -CGGAGGCAGGAGGC BEE a R30 +16 +16
R30 +15 +16 GUAGAGUUCGGAGGCAGGAGGC 3
Target GTAGAG- - -CGGAGGCAGGAGGC BRE R30+15+16+17
RI0+8+18+17 GTAGAGUUUCGGAGGCAGGAGGS
Target GTAGAG- - - -CGGAGGCAGGAGGC ggg R30+16+16+17+18
R30+15416417418 GTAGAGUUUUCGGAGGCAGGAGGE
Target GTAGAGCGG- -AGGCAGGAGGC ggg R30 +12 +13
R30 +12 +13 GUAGAGCGGUUAGGCAGGAGGC
Target GTAGAGCGG- - -AGGCAGGAGGC EEE R30+12+13+14
R30+12+13+14 GTAGAGCGGUUUAGGCAGGAGGC
Target 6TAGAGCGG- - - -AGGCAGGAGGC ggg R30+12413+14+15
RI0+12+13414+15 6TAGAGCGGUUUUAGGCAGGAGGC
09876543210987654321 PAM
Target GTGAACGTGGATGAAGTTGG tgg
R1-67 GUGAACGUGGAUG - - GUUGG R167
Target GTGAACGTGGATGAAGTTGG tgg S
R1-1-2 GUGAACGUGGAUGAAGUU - - Fi R1-1-2
<
Target GTAGAGCGGAGGCAGGASGC 888 z
R30-9-10 GUAGAGCGGA - - CAGGAGGC 3 R30-9-10
~N
Target GTAGAGCGGAGGCAGGAGGE 888 R3078
R30-7-8 GUAGAGCGGAGG- ~GGABGE

FIG. 17A-17B
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HBB gene R-01

57 -GUGAACGUGGAUGAAGUUGG. . .
5°-...TCTGCCGTTACTGCCCTGTGGGGCAAGGTGAACGTGGATGAAGT TGGTGGTGA. . .
.. .AGACGGCAATGACGGGACACCCCGTTCCACTTGCACCTACTTCAACCACCACT. . . -5
. . .AAUGACGGGACACCCCGWIG-5*

R-02
% indels
0 20 40 60 80 100
= nick R1 U+14/13
= <
ag nick R1 C+12
@ g nick R1 -7/6
© nick R1-211
R1U+4/13 ok
-]
2 R1C#+2 *k
o
R1-716
R1-21
FIG. 18A-18B
B

R-30 GUAGAGCGGAGGCAGGAGEC ___ R-31 GCCAAGCACUUAAAGGAGUC

CCRS  GAGTAGAGCGGAGGCAGGAGGCGGGCTG ERCCS  AAACCAAGCACTTAAAGGAGTCCGGGA

(target) {target)

R-30 GUAGAGCGGAGGCASGGAGGC ___ R-31 GCCAAGCACUVARAGGAGUAC __

Off-4  GGGTAGAGAGGAGGCAGGGAGGCGGGAA Off-1  ATACCAAGCACTTAAAGGAGTCTGGTC

FIG. 19A FIG. 19B
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(R-30) Off4 15/33 = 45.5%

R-30 GUAGAGCGGAGGCA=GGAGGC

18X WT  CTGTTGGGGGTAGAGAGGAGGCAGGGAGGCGGGAAGGAGGC TGTGCTGGCC TCCAGGGCCAAGCTGGTGATGGCT TGACA
-2 CTGTTGGGGGTAGAGAGGAGGCAGGGA==CGGGAAGGAGGC TGTGCTGGCC TCCAGGGCCAAGCTGGTGATGGCT TGACA
-4  CTGTTGGGGGTAGAGAGGAGGCAGG™==+CGGGAAGGAGGC TGTGCTGGCC TCCAGGGCCAAGCTGGTGATGGCT TGACA

2X -7  CTGTTGGGGGTAGAGAGGAGGCA®+=++s<GGGAAGGAGGCTGTGC TGGCC TCCAGGGCCAAGCTGGTGATGGCTTGACA
-19 CTGTTGGGGGTAGAGAGE==~ = “eabe a4 dGAGGC TGTGCTGGCC TCCAGGGCCAAGCTGGTGATGGCTTGACA

4X +1  CTGTTGGGGGTAGAGAGGAGGCAGGGAAGGCGGGAAGGAGGCTGTGCTGGCCTCCAGGGCCAAGC TGGTGATGGC TTGAC
41 CTGTTGGGGGTAGAGAGGAGGCAGGGAtGGCGGGAAGGAGGCTGT GCTGGCCTCCAGGGCCAAGCTGGTGATGGC TTGAC
41 CTGTTGGGGGTAGAGAGGAGGCAGGGAGGGCGGGAAGGAGGCTGTGCTGGCCTCCAGGGCCAAGC TGGTGATGGC TTGAC
+2  CTGTTGGGGGTAGAGAGGAGGCAGGGAARGGCGGGAAGGAGGCTGTGCTGGCCTCCAGGGCCAAGCTGGTGATGGCT TGA
+34 CTGTTGGGGGTAGAGAGGAGGCAGGGAgagctagaccacgacatatggtcagattttgtttGGCGGGAAGGAGGCTGTGC
+41 CTGTTGGGGGTAGAGAGGAGGCAGGGAgECEggaaggagaacaagggcagaageagtgaaaccacctaGGCGGGAAGGAG
+47 CTGTTGGGGGTAGAGAGGAGGCAGGGAactcccggatgaacactaagtacgacgagaatgacaagctgatccggGGolaas

FIG. 19C

(R-31) Off-1 3/36 = 8.3%

R-31 GCCAAGCACUUAAAGGAGURC
33X WT GAGGATTAAGTGTTATACCAAGCACTTAAAGGAGTGCTGGTCCTATGTCAGCAGAACTCATAGCACTGTTAAAATACATA
X -4 GAGGATTAAGTGTTATACCAAGCACTTAA-G---TGCTGGTCCTATGTCAGCAGAACTCATAGCACTGTTAAAATACATA
+1 GAGGATTAAGTGTTATACCAAGCACTTAAAGGAGRTGCTGGTCCTATGTCAGCAGAACTCATAGCACTGTTAAAATACAT

>

FIG. 19D
roims Do B e Ofttarget ste " 5%
2 sgRNA 1514  RI1_del 1  GGGAAT.TGGATGAAGTTGGGGG ook
2 sgRNA 17 R3I0_del_!  AGA-AGCGGAGGCAGGAGGCTCG «Sampie
3 SQRNA 109 R30_del_10 ABAGAGAGGA - GCAGGAGGCTGG
3 DNA 1 Ri_ns_1  AGGAACGTGGATGAACTTGGANGG
2 DNA 7 R7_ns_1  AAGATGAACGTGGAGTGAAGTGGG
2 DNA 3 R20_ns_2  ATCCAGGATGGGCACCACACCLGG
2 ona 10 R30_ns_10  GCAGAGCLGAGAGCAGGAGGLGAL
2 DNA 1 R30_ns_t4 GGAGAGCGECGGCAGGAGGLETAG
2 ONA 9B R30_ns 4 GGAGAGCGGGGGECAGGAGACCEG
2 DNA s R30_ns_7  GAAGAGTGGAGGCAGGGAGGL TGG
2 DNA 432  R¥nsS8 466
2 DNA 432 RIOmsS GCAGG - 472%
1 DNA 12111110 R5_ns_1 GCYCTGCCGTTTACTGLCCTGTGG

FIG. 19E
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(R-30) Off-5 1724 = 4.2%

R-30 GUAGAGCGGAGG CAIGGAGGC
23X WT CTGGAGGGGGTAGAGAGGAGGCAGGGAGGCGGGGAGGAGGCTGTGCTG
+1 CTGGAGGGGGTAGAGAGGAGGCAGGGAaGGCGGGGAGGAGGCTGTGCT

FIG. 20

A R-30 Off-4 (intron of RABGEF { gane)
Chr 6613407 5-66135888 (hg 19) l
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€8 . WBEE NIK27TeeQ Wistorns Mooz by ChiF-seq Signal From ENCOOE /Bresd

K562 HIKETLE
| S et o —

18kb

FIGS. 21A-21B

25 -

$gRNA Log Fold Change
{-ddCt)
-l -
(-] (-] (L]

o

R18 R1-1211 R30-8 R30-11 conirol
Sample

FIG. 22

&



WO 2015/113063

Parcontage In total indel

Percentape in total Indal

Percentage in total indels

% 4

25%

20%

15%

0% 4

%

0%

A -

35% -

a4

25% +

20% A

15%

1%

40%

Ak

25%

20%

15%

%

PCT/US2015/013134

24/37

R1 atHEB
Overall Indel: 5§%

Cllln!.h Gazes

e e e A R b

R1-7/6 st HBD
Qverallindel: 21%

#JIJIJA-IIII ‘
Liassn b Lo _._._.__ﬁ——ﬂmmg‘gﬁmﬁ
Changsn Bases
R1C+12atHBER
Overallinded: 70%
I IIIII' am
vmﬁmvm—mwm—o Ty e T O

T e B U TR T me oy b A ol S AT Rt

Chnngo n Bnu

FIGS. 23A-23C



WO 2015/113063 PCT/US2015/013134

25/37
A‘ D%
R3O0 st ECRS
i a6% Overall inded: 40%
i 20%
Eox
2
oo
8
<
5% ||
N i -|I|.I.| Dl o
mm—mmmm—o—wmmo—wwmww
N% Changsin Bases
B R30 -11 at CCRS

255 Overall indel: 84%
20%
16%

10%

. I ‘l |
0% T Y -l Illl lll l n,

B B R B P P PR N IR BTt
Changein Basan

Parcentage it tdal indaly

an%

R30 U412 at CCRS
C Overall indel; 58%
25%
'E 20%
z
= 15%
2
10%
3
E 5%
: |I Ll
‘D,‘ || 1T | | P

mwmmrﬁ—mmmwm%mm
Changein Bases

FIGS. 24A-24C



WO 2015/113063 PCT/US2015/013134

26/37
a °006 PR Target Saarch
@ onorome somnts
COSMID: CRISPR Search with Mismatches, Insertions and/or Deletions

sapiens 8
Homo sapiens CRCh37 (hg19)

Macaca
[Mus musculus GRCm38 {(mm10)

Query Sequence

Search Options

G-GAACGTGGATGAAGTTG

- GT-AACGTGGATGAAGTTG
I Generate seaich "“‘"“"“"""’”I GTGA-CGTGGATGAAGTTG

GTGAA-GTGGATGAAGTTG
Process GTGAAC-TGGATGAAGTTG
Search entries against T
genom ing tagscan Insertions:
GNTGAACGTGGATGAAGTTG
- GTNGAACGTGGATGAAGTTG
GTGNAACGTGGATGAAGTTG
Lv:.,..:.:....’_m Output GTGANACGTGGATGAAGTTG
GTGAANCGTGGATGAAGTTG
GTGAACNGTGGATGAAGTTG

I ) Guide Strand:
Userinput CRISPR || search User inputs GTGAACGTGGATGAAGTTGG
Genome guide .;m w0es paramaters - Deletions:

FIG. 25A-25C

Target Genome

Homo sapiens GRCh38 (hg38)

Homo sapiens GRCh37 (hg19)

Homo sapiens NCBI36 (hgl8)

C elegans (cel0/W5220)

Macaca mulatta Mmul_051212 {rheMac2)
Mus musculus GRCm38 {(mm10)

FIG. 26A
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Query Sequence

TCAACCTCGCATCAACTTCG

FIG. 26B

Search Options

FIG. 26C

PCR Primer Design Options

[ Defautt W 1ilumina_250 W illumina_250_paired | SMRT | enzym« |

FIG. 26D
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To allow gRNA bulge = DNA is one- To allow DNA bulge = gRNA is one
base shorter base shorter

DNA DNA
Search for genomic sequence using
strings with each deletion:

Search for genomic sequence using
strings with each insertion added:

T-AACGTGGATGAAGTTGGNRG
TG-ACGTGGATGAAGTTGGNRG
TGAA-GTGGATGAAGTTGGNRG
TGAAC-TGGATGAAGTTGGNRG
TGAACG- GGATGAAGTTGGNRG
TGAACGT -GATGAAGTTGGNRG
TGAACGTG-ATGAAGTTGGNRG
TGAACGTGG-TGAAGTTGGNRG
TGAACGTGGA - GAAGTTGGNRG
TGAACGTGGAT - AAGTTGGNRG
TGAACGTGGATG-AGTTGGNRG
TGAACGTGGATGAA - TTGGNRG
TGAACGTGGATGAAG - TGGNRG
TGAACGTGGATGAAGTT-GNRG
TGAACGTGGATGAAGTTGG- RG
TGAACGTGGATGAAGTTGGNR -

FIG. 26E

NGAACGTGGATGAAGTTGGNRG
GNAACGTGGATGAAGTTGGNRG
GANACGTGGATGAAGTTGGNRG
GAANCGTGGATGAAGTTGGNRG
GAACNGTGGATGAAGTTGGNRG
GAACGNTGGATGAAGTTGGNRG
GAACGTNGGATGAAGTTGGNRG
GAACGTGNGATGAAGTTGGNRG
GAACGTGGNATGAAGTTGGNRG
GAACGTGGANTGAAGTTGGNRG
GAACGTGGATNGAAGTTGGNRG
GAACGTGGATGNAAGTTGGNRG
GAACGTGGATGANAGTTGGNRG
GAACGTGGATGAANGTTGGNRG
GAACGTGGATGAAGNTTGGNRG
GAACGTGGATGAAGTNTGGNRG
GAACGTGGATGAAGTTNGGNRG
GAACGTGGATGAAGTTGNGNRG
GAACGTGGATGAAGTTGGNNRG
GAACGTGGATGAAGTTGGNNRG
GAACGTGGATGAAGTTGGNRNG

FIG. 26F
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0sw auuc
@ » HisPER X X < (@ coome
COSMID Output

input logr: TGA TGGNRG

Search in target datadese: hg3B
Lengw: 22
‘saarching for no indel hits allowing up o 3 mismetchas) .. Done
! up 0 3 e

gearching for 1b- smnerrimrrscees DONG
searching for 1 b-inserton hie Done.

View raw saarch rasuita in tol file
Download axcse| spreadsheet summary

Download this bl page

PCR Primar|

‘WGTG“'W"“:T - ::ery Mo indel [} Yo Chr11:6226045-5228068 - ACCAATAGGCAGAGAGAGTCAG!
AARACAIGIATGANSIIGGRSG :: ary | Vo 0ol 3 Yos ChrS: 1504823561 50482377 | - | 150482350 |0.59 | AGGTCTCCITIATGCCARRGETC
ACAACATGCATGAASTIGSNGS ~ :::w Mo indel a Yas Chr14:76042450.76242480 +  |762¢2477 |05 |ccreeranceaccarreracte:
ACAACTIGGATGAAGTTGEAGG = Al |y, oy a Yes he 30481961 - |30481963 051 |CAACCTANGTACCCACTGATCA:
[ MR — query

T ey |No el 3 Yoo e 40616962 | ¢ |46676070 [1.38 |GTGOCAGATATOGAAKICATCT:
ACAM:GTGGATGAN:TTG{:::G: ::lry N indel 3 Yos Chr18;13962384- 13062406 - 13062387 |2.58 | CAACCTAAGTGTCTAGCARCAG
ACAACGTGCATGARTIGRRAS - ::nrv No ndel 2 Yes Chr7:106476838.108478968 | + | 10B476853 |288 |cCARCCACCATICICCTCTG
‘“’“‘WTGG"GME"GG:T - ::.ry No indel ] Yes Chré:40552177-49662 198 + |amBE2185 |258 |GccaccaccearTTicTeTcTe
ACAACGIGEATGAN TIGRRG :'I:UI'Y No indel 3 o8 Chrg:8126912.6120833 - |szests 288 |ccaeaccecrascancoate
:‘;““““‘“G““?Tc’eﬁﬁ“: ::m No indel 3 Yas Chr13:40740941-48740062 - 49740844 (258 |maccanzCRGCOCARRTGTCCA
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Mis Ins Del
TAGAGCGGAGGCAGGAGGCNGG -No Indel
CAGGAGAGGAGGCAGGAGGCAGG -Chr2:113487249 3 ] -]
-AGAGCGGAGGCAGGAGGCNGG -Del 19
CAGGAGAGGAGGCAGGAGGCAGG -Chr2:113487249 2 [} 1
TANGAGCGGAGGCAGGAGGCNGG -Ins 17
CAGGAGAGGAGGCAGGAGGCAGG -Chr2:113487249 2 1 2]
FIG. 28A

TAGAGCGGAGGCAGGAGGCNGG -No Indel
TGTGAGCGGAGGCAGGAGGCAGG -Chr2:241984714 2 >} >}

-AGAGCGGAGGCAGGAGGCNGG -Del 19
TGTGAGCGGAGGCAGGAGGCAGG -Chr2:241904714 1 e 1
TNAGAGCGGAGGCAGGAGGCNGG -Ins 18
TGTGAGCGGAGGCAGGAGGCAGG -Chr2:241904714 1 1 e

FIG. 28B
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