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Abstract
Treating of genetic disease by using programmable nucleases to directly alter the
genome have gained momentum following recent advances in genome editing
technologies based on CRISPR-Cas RNA-guided DNA endonucleases. However, there
exist key challenges that limit the in vivo application of CRISPR-Cas nucleases. Here,
we present technical advances in improving the delivery and understanding the
genome-wide specificity of CRISPR-Cas nucleases. For the former, the size of the
commonly-used Cas9 from Streptococcus pyogenes (SpCas9) limits its ability to be
delivered in many in vivo genome editing contexts. We characterize a smaller Cas9
from Staphylococcus aureus (SaCas9) that is ~1kb smaller in size than SpCas9 and
thus can be readily packaged along with its RNA guide into the highly versatile adenoassociated virus (AAV) delivery vehicle for efficient genome editing in somatic tissue.
Since in vivo applications also require a versatile method of measuring nuclease
specificity in both treated cells and tissues, we initially evaluated the specificity of Cas9
by identifying DNA double strand breaks (DSBs) using Breaks Labeling, Enrichment on
Streptavidin, and Sequencing (BLESS). Though we successfully identified on and offtarget sites with base pair resolution, the technical challenges of BLESS motivated the
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development of an improved assay, Breaks Labeling In Situ and Sequencing (BLISS)
that is more sensitive, higher throughput, and more quantitative in measuring CRISPRCas nuclease off targets. The development of an ‘all-in-one’ AAV-SaCas9 vector for
high efficiency in vivo genome editing, with subsequent evaluation of nuclease
specificity directly in the treated cells and tissues by direct DSB labeling using BLISS,
provide key components of a toolkit for in vivo genome editing and help pave the way
towards therapeutic strategies using CRISPR-Cas nucleases.
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CHAPTER 1

Introduction

Despite the fact that written descriptions of illnesses passed down through families
date back to Antiquity and likely was evident even earlier(1), the ability to define and
understand the exact genetic causes of disease has only been enabled very recently.
The past 150 years have created a paradigm shift in our understanding of heredity and
biology, starting with foundational work of scientists like Mendel and Morgan,
continuing through the discovery of identification of DNA as the primary substrate of
heredity and the birth of modern molecular biology, and finally, arriving at the presentday with discoveries powered by the tremendous power of DNA sequencing
technologies. Disorders that were previously described phenotypically are now
explained from a genetic perspective, yielding mechanistic insight into both the
physiologic and pathologic processes.

The past 15 years following the completion of Human Genome Project (HGP) has been
particularly fruitful for enhancing the genetic understanding of disease. Taking
advantage of the genetic framework created by the HGP and the concurrent advances
in sequencing and computational technologies, there has been a rapid increase in our
discovery of genes associated with both rare Mendelian and common diseases. At the
start of the HGP in the 1990s, fewer than 100 disease genes had been identified for
rare Mendelian diseases, and an order of magnitude fewer genetic variants associated
with common disorders. As of the 10th anniversary of the HGP completion in 2011,
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almost 3,000 rare Mendelian disease genes and 1,100 variants across 165 common
traits and diseases have been identified(2). These discoveries have heralded a new era
of therapeutic potential, in which specific disease pathways could be identified and
targeted to optimize therapeutic efficacy and minimize toxicity. However, the
development of potent and specific small molecules to target the pathways affected by
these genetic mutations has lagged significantly behind identification the discovery(3).

A History of Gene Therapy
Gene therapies, in which the defective copy of a gene that causes disease could be
replaced by exogenous introduction of a functional copy, has been a tantalizing and
elegant solution to genetic disease first proposed nearly half a century ago(4, 5).
Despite nascent recombinant DNA technology and genetic engineering, the technical
challenges of delivery and efficacy meant that it was not until 1989 that the first clinical
trial of gene therapy was approved, in which a retroviral vector was used to induce
expression of adenosine deaminase for treatment of Severe Combined
Immunodeficiency (SCID)(6). The subsequent development of gene therapies was set
back by high profile tragedies in the early 2000s that illustrate two key challenges of
this therapeutic modality: reducing the immunogenicity of the viral delivery vector, and
minimizing genotoxicity resulting from the transgene insertion creating permanent and
harmful modifications to the genome(7). Advances in viral vector development have
enabled new therapies that reduce the threat of these events, allowing the continued
progress of transgene replacement as therapy for genetic diseases. More than 2400
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gene therapy clinical trials have been conducted from 1989 to 2016(8), with a key
milestone being the approval in 2012 of Glybera by the European Medicines Agency for
treating lipoprotein lipase deficiency, the first gene replacement therapy to be
approved by a major regulatory body in Europe or the United States(9).

Nevertheless, fundamental limitations exist to current gene replacement therapies. The
central promise of gene therapy is that diseases can be treated by correcting the
causal genetic defects—but expression or random insertion of exogenous transgenes
cannot fully replicate the native dosing, expression control, and splice variants that
comprise the natural complexity at many loci. In many cases, the capacity of viral
vectors limits the size of the replacement gene, and the transgene additionally suffers
from durability of expression due to episomal silencing or loss through cell division.
Nevertheless, the delivery strategies developed for transgene expression would prove
critical to enabling the next generation of gene therapies, discussed below.

Genome Editing as a Therapy
Editing the endogenous genome to correct genetic disorders is tantalizingly elegant
and eerily futuristic; much like in a text editor, the code of life itself could be rewritten
to eliminate the mutations responsible for disease. By the mid-1980s, scientists
established the landmark technique of gene targeting, in which precise DNA alterations
could be introduced into the endogenous genomic locus of an organism via
homologous recombination(10). But the rarity of successful gene targeting events, with
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an approximate rate of 1 in 105 cells(11, 12), coupled with the challenge of delivering
large homologous recombination templates in vivo, meant that therapeutic applications
were out of reach.

The next breakthrough came from the recognition that double strand break (DSB)
repair pathways could be used not only to dramatically increase the efficiency of gene
targeting, but also to create insertion or deletion mutations (indels) to disrupt the
coding frame for knocking out gene activity. The initial demonstration was completed
using the S. cerevisiae homing meganucleases I-SceI, whose 18bp recognition
sequence nevertheless limited its ability to be retargeted for diverse applications(11).
The search was on for more versatile, programmable nucleases that allowed a broad
targeting space.

The discovery of modular DNA binding domain technologies such as zinc finger and
transcription activator-like effectors provided a separate, programmable chassis to
direct attached effector domains such as nucleases and transcriptional activators to
desired locations in the genome. Creating a chimeric protein with the DNA binding
chassis of a zinc finger protein and the nuclease domain isolated from the FokI
restriction enzyme yielded zinc finger nucleases (ZFNs), the first programmable
endonuclease(13). A key feature was that the FokI nuclease required dimerization in
order to cleave DNA, creating a design in which a set of paired ZFN units was required
for full activity(14). Each ZFN unit provided one half of the recognition site, and this
temporal and spatial control of the activity conferred a high degree of targeting
4

specificity. Further engineering to enforce the heterodimer activity of FokI minimized
the chance that homodimers could yield aberrant nuclease activity and cellular
toxicity(15). ZFNs have been effectively used to engineer the genomes of numerous
species(16-18), but their broader adoption has been limited by the challenges of target
design. Each ZFN recognizes a triplet of nucleotides, but individual zinc finger modules
vary in their specificity of targeting the recognition sequence. Furthermore, the
specificity of the triplet is influenced by the neighboring sets of fingers, complicating
the targeting rules and meaning that the targeting is not completely modular. This
ultimately means that large numbers of ZFNs fail, and screening through numerous
constructs for a given target adds significantly to the time, cost, and effort required to
generate a single successful target(19).

Despite these challenges, they can be successfully optimized for specific therapeutic
indications. A recent Phase 1 clinical trial demonstrated successful and safe
modification of CD4+ T cells from HIV patients to knock out the CCR5 gene before
autologous transplantation of the cells back into the patients(20). Several additional
clinical trials are currently under way using ZFNs that will set important precedents for
nuclease-based gene therapies.

The next generation of engineered nucleases were based on the modular DNA binding
capabilities of transcription activator-like effectors (TALEs), initially characterized from
proteins secreted by the Xanthomonas bacteria to modulate gene expression within
their hosts plants during infection(21, 22). The DNA binding was mediated by repetitive
5

monomers 33-35 amino acids in length, each of which recognized a single DNA base
depending on the identity of two residues within the monomer. Deciphering the
interaction of protein/DNA code led to the development of customizable DNA binding
domains(23, 24). When combined with FokI domains, TALE-nucleases (TALENs)
proved to be effective chimeric nucleases that were readily applied to numerous
applications and species, from model organism engineering to generation of disease
models (25). The efficiency of indel formation and gene targeting were comparable to
those of ZFNs, but the single DNA base recognition using TALE repeats provides a
much more straightforward design and modularity than the triplet-recognition of ZFNs
(26). The highly repetitive construction of TALENs required the development of new
assembly strategies(27-30), and furthermore, the recombinogenic nature of the repeats
makes lentiviral expression challenging(31). Like ZFNs, despite these challenges,
specific therapeutic uses have been enabling using TALENs—most commonly in ex
vivo therapies in which immune or blood cells are modified using the chimeric
nucleases and then infused into the patient(32).

To date, chimeric programmable nucleases such as ZFNs and TALENs have pioneered
numerous applications of gene editing in disease modeling and species engineering,
with even some promising initial results in therapeutics. Fundamentally, their DNA
targeting ability is based on protein-DNA interactions, in which the complex
interactions and contextual effects of neighboring modules make the efficacy and
specificity of a given ZFN or TALEN challenging to predict. Testing new targets
requires that a new protein be synthesized for every new construct, making the
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experimental validation time consuming and expensive, in addition to difficult to high
throughput.

The demonstration of mammalian genome editing using CRISPR-Cas9, a single
effector, RNA-guided DNA endonuclease, provided a paradigm shift in programmable
nuclease technology(33-35). Originally discovered as a part of a larger family of
prokaryotic adaptive immune systems known as the CRISPR/Cas system(36), Cas9 is
a single protein that possesses both the nuclease effector as well as the capability for
DNA recognition. In its engineered form, target recognition of Cas9 is provided by a
single short RNA called the single-guide RNA (sgRNA), in which a ~20bp RNA target
sequence binds to its complementary DNA target by relatively simple rules of WatsonCrick base pairing (37). Compared to ZFNs and TALENs, the CRISPR-Cas9
endonuclease possesses several key features: 1) significantly easier programmability,
conferred by swapping out different sgRNA sequences, which translates into 2)
lowered costs and barriers to entry, while possessing 3) comparable or greater
efficiency in genome editing, and 4) unprecedented multiplexing capabilities. The
remarkable properties of CRISPR-Cas nucleases have fueled the rapid adoption of
across diverse areas of research, industrial, agricultural, therapeutic, and even
ecological applications(35, 36, 38-41). The broad adoption has initiated an exciting and
frenetic pace of developments and imaginative uses of CRISPR, as well as further
discovery of new CRISPR effectors beyond Cas9 with novel properties from within the
rich bacterial diversity(42-44), with no end to the innovation in sight.
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For therapies, the careful control and screening of cells edited ex vivo means that cellbased therapies will likely be the first successful gene therapies using programmable
nucleases. Building on the pioneering work using ZFNs and TALENs, CRISPR-Cas
therapies bring additional versatility through the ease of reprogrammability and
retargeting. For example, Cas9 is currently being used to target and remove HLA type
II molecules and other immunogenic surface markers to create universal donor cells for
chimeric antigen receptor (CAR) T-cell therapies that can be transfused across a
number of patients, thus avoiding the laborious process of engineering each patient’s
own T cells for autologous transplantation. Nevertheless, the scope of diseases in
which such ex vivo therapies can be effective is limited by the availability of stem cell
populations in affected tissues that can be readily manipulated and sustained ex vivo,
which overall is a small fraction of genetic diseases to which gene therapies can be
applied (41).

Therapeutic in vivo genome editing, where a CRISPR-Cas nuclease is directly delivered
to cells inside a disease-affected tissue, has wide-ranging potential and shown
promising initial results in preclinical models of disease(45, 46), but faces key
challenges in delivery, efficacy, and specificity. In this thesis, I will describe our efforts
to advance our capabilities towards therapeutic in vivo genome editing.
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Specific Aims
Using AAV to deliver Cas9 for in vivo genome editing
The need for efficient and safe delivery of nucleases like Cas9 and its targeting RNA to
cells and tissues in vivo means that commonly used methods for ex vivo cell
manipulation such as electroporation and lipofection are not technically feasible. The
large size of the Cas9 protein also poses a challenge for direct ribonucleoprotein
complex delivery, so viral vectors are often used to enable successful transgene
expression. Motivated by a streamlined route to therapeutic genome editing that
delivers Cas9 using viral vectors with a precedent of safety and efficacy, we set about
searching for Cas9 orthologs to the widely-used Streptococcus pyogenes Cas9
(SpCas) that were smaller in size for increased versatility in viral packaging while
maintaining genome modification efficacy and targeting flexibility, enabling the creation
of an ‘all-in-one’ AAV-Cas9 vector for more efficient delivery and transduction(47). This
led us to Staphylococcus aureus Cas9 (SaCas), which is about 70% the size of SpCas9
while similarly efficient in editing and specificity. The smaller size allowed it to be
readily packaged into clinically-relevant adeno-associated viral (AAV) vectors with its
guide RNA, while still leaving room for a diversity of cell and tissue-specific
promoters—thus making a versatile, efficient single vector AAV-SaCas9 system for in
vivo genome editing.
Double stranded break labeling using BLESS for evaluating Cas9 specificity
The therapeutic potential of in vivo gene editing using nucleases such as Cas9 also
highlights the importance of understanding the specificity of Cas9 and other

9

programmable nucleases in a genome-wide manner. Particularly since the genomic
modifications induced by Cas9 are permanent, its off-target activity could result in loss
of function in critical genes that may result in cell death or, potentially more
problematically, neoplastic transformations that could eventually lead to cancer. It is
thus vital to have a sensitive way of assessing potential off target activity genome-wide
to screen for such events prior to therapeutic applications of CRISPR-Cas nucleases,
especially as predictive models and computational design strategies are incomplete in
their detection ability(47-50). To detect off-targets with a technique that causes
minimal perturbation to the cell and is versatile across a wide range of model cell lines,
primary cells, and tissue, we expressly opted to use detection of double strand break
(DSB) detection in fixed cells that have undergone genome-editing, as opposed to
more artificial methods such as evaluating the sites of exogenous DNA insertion, or in
vitro cleavage of DNA.

We adapted Breaks Labeling, Enrichment on Streptavidin, and Sequencing
(BLESS)(51) to examine the off targets of SpCas9 and SaCas9(47). BLESS allowed the
visualization of DSBs with base pair resolution. The stereotyped break pattern induced
by Cas9 allowed the development of a computational pipeline that effectively
separated bona-fide Cas9-induced off targets from background DSBs in the cell. We
demonstrate that DSB labeling could be an effective technique at evaluating the
specificity of Cas9 nucleases.
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BLISS: improving DSB labeling for greater sensitivity and versatility
BLESS nevertheless presented technical challenges that ultimately limit its applicability
to therapeutic applications of Cas9, with its requirement for large numbers of input
cells, its low throughput protocol, and the lack of quantitative ability to measure breaks
made it difficult to adapt more widely. Working off of an initial concept by Dr. Nicola
Crosetto at the Karolinska institute, I collaborated with the Crosetto Lab to create a
vastly improved version of DSB labeling that remedied many of the limitations of
BLESS. This improved method, Breaks Labeling In Situ and Sequencing (BLISS),
required many fewer input cells, could be readily applied to tissue sections as well as
fixed cells, and is more quantitative due to the use of unique molecular identifiers
(UMIs). In total, BLISS could be applied in greater throughput on a broader variety of
input samples, and furthermore, when assayed across a wide dynamic range of Cas9
off targets with different cleavage efficiencies, displayed greater sensitivity compared
to BLESS. We furthermore used well-studied Cas9 off-targets to benchmark BLISS
against other methods of studying Cas9 specificity such as Digenome-seq and
GUIDEseq, and evaluated the specificity of the recently developed CRISPR-Cpf1
nuclease system for mammalian genome editing.

The work described in this thesis has taken place amongst a remarkable background
and pace of activity. Given the excitement, effort, and innovation within both the
CRISPR and gene therapy communities, fulfilling the promise of using nucleases to
impact the lives of patients with genetic disease seems like a more attainable goal than
ever.
11

CHAPTER 2

Characterizing and adapting Staphylococcus
aureus Cas9 for in vivo genome editing

Adapted from FA Ran*, L Cong*, WX Yan*, DA Scott, JS Gootenberg, AJ Kriz, B
Zetsche, O Shalem, X Wu, KS Makarova, EV Koonin, PA Sharp, F Zhang. “In vivo
genome editing using Staphylococcus aureus Cas9.” Nature, 520, April 2015, pp. 186 –
181.
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Introduction
Cas9, an RNA-guided endonuclease derived from the Type II CRISPR-Cas bacterial
adaptive immune system(37, 52-57), has been harnessed for genome editing(33, 58)
and holds tremendous promise for biomedical research. Genome editing of somatic
tissue in post-natal animals, however, has been limited in part by the challenge of
delivering Cas9 in vivo. For this purpose, adeno-associated virus (AAV) vectors are
attractive vehicles(59) because of their low immunogenic potential, reduced oncogenic
risk from host-genome integration(60), and broad-range of serotype specificity(61-64).
Nevertheless, the restrictive cargo size (~4.5kb) of AAV presents an obstacle for
packaging the commonly used Streptococcus pyogenes Cas9 (SpCas9, ~4.2kb) and
its sgRNA in a single vector; although technically feasible(65, 66), this approach leaves
little room for customized expression and control elements.

In search of smaller Cas9 enzymes for efficient in vivo delivery by AAV, we have
previously described a short Cas9 from the CRISPR1 locus of Streptococcus
thermophilus LMD-9 (St1Cas9, ~3.3kb)(33) as well as a rationally-designed truncated
form of SpCas9(67) for genome editing in human cells. However, both systems have
important practical drawbacks: the former requires a complex Protospacer-Associated
Motif (PAM) sequence (NNAGAAW)(54), which restricts the range of accessible targets,
whereas the latter exhibits reduced activity. Given the substantial diversity of CRISPRCas systems present in sequenced microbial genomes(68), we therefore sought to
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interrogate and discover additional Cas9 enzymes that are small, efficient, and broadly
targeting.

In vitro cleavage by small Cas9s
Type II CRISPR-Cas systems require only two main components for eukaryotic
genome editing: a Cas9 enzyme, and a chimeric single guide RNA (sgRNA)(37) derived
from the CRISPR RNA (crRNA) and the noncoding trans-activating crRNA
(tracrRNA)(53, 69). Analysis of over 600 Cas9 orthologs shows that these enzymes are
clustered into two length groups with characteristic protein sizes of approximately
1350aa and 1000aa residues, respectively(35, 68) (Figure 2-1), with shorter Cas9s
having significantly truncated REC domains.

Figure 2-1. Distribution of lengths for Cas9 from >600 Cas9 ortholog

From these shorter Cas9s, which belong to Type IIA and IIC subtypes, we selected six
candidates for profiling (Figure 2-2). To determine the cognate crRNA and tracrRNA for
each Cas9, we computationally identified regularly interspaced repeat sequences
(direct repeats) within a 2-kb window flanking the CRISPR locus. We then predicted
the tracrRNA by detecting sequences with strong complementarity to the direct repeat
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sequence (an anti-repeat region), at least two predicted stem-loop structures, and a
Rho-independent transcriptional termination signal up to 150-nt downstream of the
anti-repeat region. Although a truncated tracrRNA can support robust DNA cleavage in
vitro(37), previous reports show that the secondary structures of the tracrRNA are
important for Cas9 activity in mammalian cells(33, 34, 67, 70). Therefore, we designed
sgRNA scaffolds for each ortholog by fusing the 3’ end of a truncated direct repeat
with the 5’ end of the corresponding tracrRNA, including the full-length tail, via a 4-nt
linker(37) (Figure 2-3 and Supplementary Table 1).

Figure 2-2. Phylogenetic tree of selected Cas9 orthologs
Subfamily and sizes (amino acids) are indicated, with nuclease domains highlighted in
colored boxes, and conserved sequences in black.
To identify the PAM sequence for each Cas9, we first constructed a library of plasmid
DNA containing a constant 20-bp target followed by a degenerate 7-bp sequence (5’NNNNNNN). We then incubated cell lysate from human embryonic kidney 293FT
(293FT) cells expressing the Cas9 ortholog with its in vitro transcribed sgRNA and the
plasmid library. By generating a consensus from the 7-bp sequence found on
successfully cleaved DNA plasmids (Figure 2-4a), we determined putative PAMs for
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each Cas9 (Figure 2-4b). We observed that, similar to SpCas9, most Cas9 orthologs
cleaved targets 3-bp upstream of the PAM (Supplementary Figure 1). To validate
each putative PAM from the library, we then incubated a DNA template bearing the
consensus PAM with cell lysate and the corresponding sgRNA. We found that the
Cas9 orthologs, in combination with the sgRNA designs, successfully cleaved the
appropriate targets (Figure 2-4c and Supplementary Table 2).
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Figure 2-3. Schematic of Type II CRISPR-Cas loci and sgRNA from eight bacterial
species
Spacer or “guide” sequences are shown in blue, followed by direct repeat (gray).
Predicted tracrRNAs are shown in red, and folded based on the Constraint Generation
RNA folding model(71).
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Figure 2-4. Biochemical screen for small Cas9 orthologs
a, Schematic illustration of the in vitro cleavage-based method used to identify the first
seven positions (5’-NNNNNNN) of protospacer adjacent motifs (PAMs). b, Consensus
PAMs for eight Cas9 orthologs from sequencing of cleaved fragments. Error bars are
Bayesian 95% confidence interval(72). c, Cleavage using different orthologs and
sgRNAs targeting loci bearing the putative PAMs (consensus shown in red). Red
triangles indicate cleavage fragments.
To test whether each Cas9 ortholog can facilitate genome editing in mammalian cells,
we co-transfected 293FT cells with individual Cas9s and their respective sgRNAs
targeting human endogenous loci containing the appropriate PAMs. Of the six Cas9
orthologs tested, only the one from Staphylococcus aureus (SaCas9) produced indels
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with efficiencies comparable to those of SpCas9 (Figure 2-5a, b and Supplementary
Table 3), suggesting that DNA-cleavage activity in cell-free assays does not necessarily
reflect the activity in mammalian cells. These observations prompted us to focus on
harnessing SaCas9 and its sgRNA for in vivo applications.

Figure 2-5. Test of Cas9 ortholog activity in 293FT cells
a, SURVEYOR assays showing indel formation at human endogenous loci from cotransfection of Cas9 orthologs and sgRNA. PAM sequences for individual targets are
shown above each lane, with the consensus region for each PAM highlighted in red.
Red triangles indicate cleaved fragments. b, SaCas9 generates indels efficiently for
multiple targets. c, Box-whisker plot of indel formation as a function of SaCas9 guide
length L, with unaltered guides (perfect match of L nucleotides, gray bars) or
replacement of the 5’-most base of guide with guanine (G + L -1 nucleotides, blue
bars) (n = 8 guides).
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SaCas9 sgRNA design and PAM discovery
Although mature crRNAs in S. pyogenes are processed to contain 20-nt spacers
(guides) and 19- to 22-nt direct repeats(53), RNA sequencing of crRNAs from other
organisms reveals that the spacer and direct repeat sequence lengths can vary(53, 69,
73). We therefore tested sgRNAs for SaCas9 with variable guide lengths and
repeat:anti-repeat duplexes. We found that SaCas9 achieves the highest editing
efficiency in mammalian cells with guides between 21- to 23-nt long and can
accommodate a range of lengths for the direct repeat:anti-repeat region (Figure 2-6a,
b, Supplementary Figure 2). This notably contrasts with SpCas9, where the natural
20-nt guide length can be truncated to 17-nt without significantly compromising
nuclease activity, while increasing specificity(74). Additionally, replacing the first base
of the guide with guanine further improved SaCas9 activity (Figure 2-5c).

To fully characterize the SaCas9 PAM and the seed region within its guide
sequence(75), we performed ChIP using catalytically mutant forms of SaCas9
(dSaCas9, D10A and N580A mutations, based on homology to SpCas9) or SpCas9
(dSpCas9, D10A and H840A mutations) and their corresponding sgRNAs. We targeted
two loci in the human EMX1 gene with composite NGGRRT PAMs, which allow
targeting by both Cas9 variants. A search for motifs containing both the guide region
and PAM within 50-nt of the ChIP peak summits revealed seed sequences of 7-8 nt for
dSaCas9 (Figure 2-6c).
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Figure 2-6. Characterization of Staphylococcus aureus Cas9 (SaCas9) in 293FT cells
a, SaCas9 sgRNA scaffold (red) and guide (blue) base-pairing at target locus (black)
immediately 5’ of PAM. b, Box-whisker plot showing indels vary depending on the
length of the guide sequence (n=4). c, dSaCas9-ChIP reveals peaks associated with
seed + PAM. Text to the right indicates the total number of peaks and percentage
containing significant (FDR < 0.1) match to the guide motif followed by NNGRRT
PAMs. d, Pooled indel values for NNGRR(A), (C), (G), or (T) PAM combinations (n=12,
21, 39, and 44 respectively).
In addition, NNGRRT and NGG PAMs were found adjacent to the seed sequences for
dSaCas9 and dSpCas9, respectively (Figure 2-7). Although the 6th position of the PAM
is predominantly thymine, we did observe low levels of degeneracy in both the
biochemical and ChIP-based PAM discovery assays (Figure 2-4b and Figure 2-7a).
We therefore tested the base preference for this position and determined that although
SaCas9 cleaves genomic targets most efficiently with NNGRRT, all NNGRR PAMs can
21

be cleaved and should be considered as potential targets, especially in the context of
off-target evaluations (Figure 2-6d, Supplementary Figure 3, and Supplementary
Table 4).

Figure 2-7. Genome-wide binding by Cas9-chromatin immunoprecipitation (dCas9ChIP).
a, Unbiased identification of PAM motif for dSaCas9 and dSpCas9. Peaks were
analyzed for the best match by motif score to the guide region only within 50-nt of the
peak summit. The alignment extended for 10-nt at the 3’ end and visualized using
Weblogo. Numbers in parentheses indicate the number of called peaks. b, Histograms
show the distribution of the peak summit relative to motif for dSaCas9 and dSpCas9.
Position 1 on x-axis indicates the first base of PAM.
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In vivo genome editing using SaCas9
Following in vitro characterization, we incorporated SaCas9 and its sgRNA into an AAV
vector to test its efficacy and specificity in vivo. The small size of SaCas9 enables
packaging of both a U6-driven sgRNA and a CMV- or TBG-driven SaCas9 expression
cassette into a single AAV vector within the 4.5kb packaging limit. Using hepatocytetropic AAV serotype 8, we targeted the mouse apolipoprotein (Apob) gene. One week
after intravenous administration of virus into C57BL/6 mice, we observed ~5% indel
formation in liver tissue; after four weeks, the liver tissue showed characteristic hepatic
lipid accumulation from Apob knockdown following histology analysis using oil red
staining(76-79) (Figure 2-8).

We next targeted proprotein convertase subtilisin/kexin type 9 (Pcsk9), a
therapeutically relevant gene involved in cholesterol homeostasis(80). Inhibitors of the
human convertase PCSK9 have emerged as a promising new class of cardioprotective
drugs after human genetic studies revealed that loss of PCSK9 is associated with a
reduced risk of cardiovascular disease and lower levels of LDL cholesterol(81-83). We
designed two Pcsk9-targeting sgRNAs and validated their activity in vitro. Each sgRNA
was packaged into AAV-SaCas9 and injected into mice (2E11 total genome copies)
(Figure 2-9a). One week after administration, we observed greater than 40% indel
formation at either locus in whole liver tissue, with similar levels two and four weeks
post-injection (Figure 2-9b). To determine the effect of Pcsk9-targeting AAV-SaCas9
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dosage on serum Pcsk9 and total cholesterol levels, we administered a range of AAV
titers from 0.5E11 to 4E11 total genome copies. With all titers, we observed a ~95%
decrease in serum Pcsk9 and a ~40% decrease in total cholesterol one week after
administration, both of which were sustained throughout the course of four weeks
(Figure 2-9c,d).

Figure 2-8. SaCas9 targeting Apob locus in the mouse liver
a, Experimental time course and b, SURVEYOR assay showing indel formation at
target loci after intravenous injection of AAV2/8 carrying thyroxine-binding globulin
(TBG) promoter-driven SaCas9 and U6-driven guide at 2E11 total genome copies (n =
1 animal each). c, Oil-red staining of liver tissue from AAV- or saline-injected animals.
Male C56BL/6 mice were injected at 8 weeks of age and analyzed 4 weeks post
injection.
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Finally, we examined the titer-matched Pcsk9-targeting and TBG-GFP cohorts as well
as naïve animals for signs of toxicity or acute immune response. At 1 week postinjection, necropsy and gross examination of liver tissue of the cohorts revealed no
abnormalities; further histological examination of the liver by hematoxylin and eosin
(H&E) staining showed no signs of inflammation, such as aggregates of lymphocytes or
macrophages (Figure 2-10a). Throughout the time course of the experiment, there
were no elevated levels of serum ALT, albumin, and total bilirubin in any of the cohorts.
We observed a slight trend in AST increase across all cohorts at four weeks, including
the un-injected animals. The elevated levels did not exceed the upper limit of normal
and is not indicative of hepatocellular injury (Figure 2-10b). However, a larger cohort
study should be conducted to further evaluate the effects of in vivo toxicity.

Figure 2-9. AAV-delivery of SaCas9 for in vivo genome editing
a, Single-vector AAV system and experimental timeline. b, Indels at Pcsk9 targets in
liver tissue following injection of AAV at 2E11 total genome copies (n=3 animals). Time
course of c, serum Pcsk9 and d, total cholesterol in animals (n=3 for all titers and time
points, error bars show S.E.M.).
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Figure 2-10. Liver function tests and toxicity examination in injected animals
a., Histological analysis of the liver at 1-week post-injection by H&E stain. Scale bar =
10μm. b, Liver function tests in Pcsk9-targeted (both Pcsk9-sg1 and Pcsk9-sg2; 2E11
total genome copies, n ≥ 4), TBG::EGFP injected (2E11 total genome copies, n=3), and
un-injected (n=5) animals. Dashed lines show the upper and lower ranges of normal
value in mice where applicable.

Discussion
Here, we develop a small and efficient Cas9 from S. aureus for in vivo genome editing.
The results of these experiments highlight the power of using comparative genomic
analysis(68, 84) in expanding the CRISPR-Cas toolbox. Identification of new Cas9
orthologs(68, 84), in addition to structure-guided engineering, could yield a repertoire
of Cas9 variants with expanded capabilities and minimized molecular weight, for
nucleic acid manipulation to further advance genome and epigenome engineering.
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The AAV-SaCas9 system is able to mediate efficient and rapid editing of Pcsk9 in the
mouse liver, resulting in reductions of serum Pcsk9 and total cholesterol levels. We did
not observe any overt signs of acute toxicity at one to four weeks post virus
administration. Although further studies are needed to further improve the SaCas9
system for in vivo genome editing, such as assessing the long-term impact of Cas9
and sgRNA expression, these findings suggest that in vivo genome editing using
SaCas9 has the potential to be highly efficient, specific, and well-tolerated.
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CHAPTER 3

Adapting Breaks Labeling, Enrichment on
Streptavidin and Sequencing (BLESS) for
evaluating genome-wide specificity of Cas9

Adapted from FA Ran*, L Cong*, WX Yan*, DA Scott, JS Gootenberg, AJ Kriz, B
Zetsche, O Shalem, X Wu, KS Makarova, EV Koonin, PA Sharp, F Zhang. “In vivo
genome editing using Staphylococcus aureus Cas9.” Nature, 520, April 2015, pp. 186 –
181.
and
IM Slaymaker, L Gao, B Zetsche, DA Scott, WX Yan, F Zhang. “Rationally engineered
Cas9 nucleases with improved specificity.” Science, January 2016, 84 – 88.
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Introduction
As advances in Cas9 technology promise to enable a broad range of in vivo and
therapeutic applications, accurate, genome-wide identification of off-target nuclease
activity has become increasingly important. Although a number of studies have
employed sequence similarity-based off-target search(70, 85-88) or dCas9-ChIP(89,
90) to predict off-target sites for Cas9, such approaches cannot assess the nuclease
activity of Cas9 in a comprehensive and unbiased manner. Identifying double strand
breaks (DSBs) induced by Cas9 in mammalian cells is a direct and relevant method to
study the genome-wide cleavage activity of Cas9, posing advantages over in vitro
cleavage based methods or methods that rely on the products of NHEJ.

To directly measure the genome-wide cleavage activity of SaCas9 and SpCas9, we
applied BLESS (direct in situ breaks labeling, enrichment on streptavidin and nextgeneration sequencing)(51) to capture Cas9-induced DNA double strand breaks (DSBs)
in cells. BLESS captures chromosomal DSB sites via ligation of a biotinylated hairpin
adaptor to open ends of genomic DNA (DSB-proximal labeling). Chromosomal DNA
with DSBs can subsequently be captured using streptavidin beads and sheared to
yield smaller size fragments compatible with next generation sequencing. A distal
adaptor carrying the PCR priming site was then ligated on to permit enrichment prior to
preparation of sequencing library (Figure 3-1).
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Figure 3-1. Schematic of BLESS experimental processing steps (Adapted from
Crosetto et al.(51))

Data processing pipeline to reveal bona-fide Cas9-induced breaks
Because DSBs can occur during natural biological processes such as replication,
especially around pericentromeric and telomeric regions, as well as sample processing
steps due to physical shearing, it is important to accurately identify the DSBs induced
by Cas9. To do this, we empirically optimized the parameters for each step of our
BLESS analysis, as explained in the following subsections: 1. Determining the
clustering window for building regions of DSB enrichment (“DSB clusters”), 2. Defining
the distribution of pairwise-distances within each DSB cluster, and 3. Background
subtraction using negative controls (Figure 3-2).

Figure 3-2. Overview of the data analysis pipeline starting from the raw sequencing
reads

1. Determining the clustering window for building regions of DSB enrichment
To build the DSB clusters from the sequencing reads, we took the first 30-bp of
sequence reads immediately following the proximal label and mapped them using
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Bowtie to the hg19 or mm9 reference genome, allowing up to 2 mismatches. Following
alignment, the reads were grouped using a nearest-neighbor clustering method, hence
referred to as “DSB clusters”: we determined the genomic coordinate of the 5’-most
position (first base) for each read, and grouped reads by applying a sliding window of
width x, i.e. within each DSB cluster, the first base of any given read will be no more
than x bp from its adjacent reads. We empirically determined that 30-bp windows
yielded well-defined DSB clusters.

2. Defining the distribution of pairwise-distances within each DSB cluster
The grouping in the previous section using a sliding window identified all DSB regions,
but did not distinguish between the ones induced by Cas9 activity and those from
background. To determine properties that could be used to separate the two, we
compiled a training data set by extracting the reads mapped to the on-target and a
subset of known off-target sites. These off-target sites, verified by the presence of
indels from sequencing, include those predicted based on similarity to the on-target
sequence as well as by dCas9-ChIP (Supplementary Tables 6 and 7). We additionally
included centromeric regions with DSB signals observed in both experimental (Cas9
and sgRNA co-transfected) and negative control (pUC19 transfected) samples to
further refine the specificity of the algorithm.

Since every DSB generates two open chromosomal ends, the sequencing reads from
either end of the DSB align to the + and – strands of the reference genome. The pattern
and distribution of the forward (+ strand aligned) and reverse (– strand aligned) reads in
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a given DSB cluster can help determine whether it is induced by Cas9. Since the DSB
site within a centromeric or telomeric region is not consistent from cell to cell, we
expect that such a DSB cluster contains forward and reverse reads that are broadly
distributed (Figure 3-3a)(51). This contrasts with DSBs induced by Cas9, which
typically occur at a well-defined position 3-bp upstream of the PAM(37, 54, 55)
(Supplementary Figure 1) and result in a characteristic distribution of forward and
reverse reads that flank a sharp break site (Figure 3-3b). However, due to endresection during DNA repair, there can be reads aligned away from the cleavage site.

Cas9-induced DSBs can be distinguished from background events by the following
analysis: first, we calculated the distance between every possible pair of forward and
reverse reads in the DSB cluster by subtracting the chromosomal coordinate of the first
base on reverse read from that of the forward read. A distance of 1 thus represents the
reverse and forward reads directly abutting and facing away from each other.
Distances of >1bp indicate reads that are separated by one or more base pairs, and
distances of <1bp indicate reads that overlap. Second, we generated a histogram of
these distances for each DSB cluster. Histograms of clusters from centromeric,
telomeric, and other background regions had broad distributions of pairwise distances
(Figure 3-3a), while the histograms from Cas9-induced DSB clusters were sharp and
asymmetric (Figure 3-3b). Finally, to quantify this difference we calculated the fraction
of pairwise reads that overlapped by no more than 7bp (distance ≥ -6bp) within all
possible pairwise distances in each cluster.
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Based on the training dataset, we found that in the majority of Cas9-induced clusters,
this fraction was greater than 0.99. In using this metric to filter out background
clusters, we required that a candidate Cas9-induced DSB cluster should have a
minimal fraction number of 0.95. This relaxed cut-off value of 0.95 was selected to
increase the sensitivity for detecting bona fide Cas9-induced clusters, particularly for
those with fewer read counts where a small number of outlier reads might significantly
reduce the fraction value.

3. Background subtraction using negative controls
Finally, we compared the DSB clusters in the experimental versus the negative control
group to locate and remove background signals that should be present in both
datasets. The DSB score for a given genomic locus was calculated by comparing the
count of pass-filter clusters in the experimental samples with the controls using a
maximum likelihood estimate (MLE)(70). This score describes the number of expected
Cas9-induced DSB clusters per 1x105 reads and allowed the final ranking of all
candidate DSB sites.

Together, the above approach enables us to minimize the use of heuristics and limit
the introduction of potential biases during the identification of Cas9-induced DSBs.
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Figure 3-3. Representative sequencing read mappings and corresponding pairwise
distance histograms (next page)
All the forward orientation (red) reads and reverse orientation (blue) reads, displayed for
representative a, DSB hotspots and poorly-defined DSB sites and b, Cas9 induced
DSBs with detectable indels. For the histograms, the pairwise distances are calculated
by distance between the coordinates of the rightmost base of the forward orientation
read and leftmost base of the reverse orientation read. Fraction of pairwise distances
between reads overlapping by no more than 6bp (dashed vertical line) are indicated
over histogram plots.
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BLESS on SaCas9 and SpCas9
We transfected 293FT cells with SaCas9 or SpCas9 and the same EMX1 targeting
guides used in the previous ChIP experiment, or pUC19 as negative controls. After
cells are fixed, free genomic DNA ends from DSBs are captured using biotinylated
adaptors and analyzed by deep sequencing (Figure 3-1). To identify candidate Cas9induced DSB sites genome-wide, we established a three-step analysis pipeline
following alignment of the sequenced BLESS reads to the genome (Figure 3-2). This
analysis identified the on-target loci for both SaCas9 and SpCas9 guides as the top
scoring sites, and revealed additional sites with high DSB scores (Figure 3-4).

Next, we sought to assess whether DSB scores correlated with indel formation. We
used targeted deep sequencing to detect indel formation on the ~30 top-ranking offtarget sites identified by BLESS for each Cas9 and sgRNA combination. We found that
only those sites that contained PAM and homology to the guide sequence exhibited
indels (Figure 3-5). We observed a strong linear correlation between DSB scores and
indel levels for each Cas9 and sgRNA pairing (r2 = 0.948 and 0.989 for the two EMX1
targets with SaCas9 and r2 = 0.941 and 0.753 for those with SpCas9) (Figure 3-4b,
Figure 3-6). Furthermore, BLESS identified additional off-target sites not previously
predicted by sequence similarity to target or ChIP (Figure 3-6, Supplementary Figure
4, Supplementary Table 5-7). These new off-target sites include not only those
containing Watson-Crick base-pairing mismatches to the guide, but also the recently
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reported insertion and deletion mismatches in the guide:target heteroduplex (Figure
3-5)(50, 85). Together, these results highlight the need for more precise understanding
of rules governing Cas9 nuclease activity, a requisite step towards improving the
predictive power of computational guide design programs.

Figure 3-4. Characterization of genome-wide nuclease activity of SaCas9 and SpCas9
a, Manhattan plots of genome-wide DSB clusters generated by each Cas9 and sgRNA
pair, with on-target loci shown above. b, Correlation between DSB scores and indel
levels for top-scoring DSB clusters. Trendlines, r2, and p-values are calculated using
ordinary least squares.
Given the importance of targeting specificity in a therapeutic context, we next
considered SaCas9 off-target modifications in vivo. To identify candidate off-target
cleavage sites for the two Pcsk9-targeting guides, we transiently transfected an AAVCMV::SaCas9 vector into mouse Neuroblastoma-2a (N2a) cells and applied BLESS to
detect Cas9-induced DSBs in the genome. For both guides, we found very low levels
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of DSB signal across the genome except at the on-target locus (Figure 3-7a). Targeted
deep sequencing of the candidate off-target sites identified by BLESS in N2a cells did
not reveal appreciable levels of indels in either N2a cells or liver tissue (4 weeks post
injection of 2E11 total genome copies) (Figure 3-7a, b and Supplementary Table 8).
We additionally sequenced off-target sites predicted by target sequence similarity, and
likewise did not detect indel formations (Supplementary Table 9).

38

Figure 3-5. Indel measurements at off-target sites based on DSB scores
List of top off-target sites ranked by DSB scores for each Cas9 and sgRNA pair. Indel
levels are determined by targeted deep sequencing. Blue triangles indicate positions of
peak BLESS signal, and where present, PAMs and targets with sequence homology to
the guide are highlighted. Lines connect the common on-targets (EMX1) and offtargets between the two Cas9s. N.D. not determined.
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Figure 3-6. Correlation plots between indel percentages and different off target metrics
a, prediction based on sequence similarity, b, ChIP peaks ranked by motif similarity, or
c, DSB scores for top ranking off-target loci. Trendlines, r2, and p-values are calculated
using ordinary least squares.

Figure 3-7. BLESS on SaCas9 in Neuro2a cells for in vivo editing sgRNA
a, Manhattan plots of BLESS-identified DSB clusters in N2a cells. Inset indicates indel
levels at top DSB scoring loci. b, Indels in liver tissue (n=3 animals, error bars indicate
Wilson intervals) at BLESS-identified off-target loci. Heatmap indicates DSB scores.
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Discussion
Altogether, these results suggest that BLESS is a sensitive method for detecting Cas9
nuclease activity in an unbiased, genome-wide manner. In particular, BLESS was able
to detect off-target sites featuring insertion and deletion mismatches between the RNA
guide and the genomic DNA sequence. Furthermore, BLESS is a powerful tool for
future studies of designer nuclease specificity in several ways: first, it is a direct
measurement of nuclease activity, unaffected by the efficiency of downstream events.
This additionally reduces bias resulting from off-target modification of essential genes,
which can affect cell viability. Second, BLESS has the potential to be readily applied in
vivo without the need to label cleavage events through exogenous markers.

Nevertheless, there are several areas of improvement for BLESS. Technically, future
implementations of BLESS can be improved by including the use of unique molecular
identifiers (UMIs) on the hairpin adaptors to minimize the effects of PCR bias and allow
quantitative measurement of the breaks present within the cell. Additionally, greater
sequencing depth can improve the sensitivity for identifying candidate Cas9-induced
DSBs. Mechanically, the current protocol is difficult to use in a high throughput manner
due to numerous time sensitive steps and careful buffer transfers needed. Furthermore,
the protocol is labor intensive: to process 12 samples, it takes about 2 people working
for 6 days, with a number of delicate, hands-on steps that make it challenging to
automate. Together, these limit the use of BLESS in a more widespread manner to
enable broader surveying of off targets across conditions and time points, and
furthermore may impact the consistency of the data because conditions are not able
41

be run in parallel. These provide the motivation for further refinement of the technique
that is described in the following chapter.
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CHAPTER 4

Breaks Labeling In Situ and Sequencing
(BLISS): quantitative and versatile detection of
DSBs in situ for evaluating specificity

Adapted from WX Yan*, R Mirzazadeh*, S Garnerone, DA Scott, MW Schneider, T
Kallas, J Custodio, E Wernersson, L Gao, Y Li, Y Federova, B Zetsche, F Zhang, M
Bienko, N Crosetto. “BLISS: quantitative and versatile genome-wide profiling of DNA
breaks in situ.” Accepted at Nature Communications.
The text and figures were modified to fit the format of this dissertation, with the
content streamlined to focus more directly on the evaluation of CRISPR
specificity.
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Introduction
We present a method for genome-wide DNA double strand Breaks (DSBs) Labeling In
Situ and Sequencing (BLISS) which, compared to existing methods, introduces several
key features: 1) high efficiency and low input requirement by in situ DSB labeling in
cells or tissue sections directly on a solid surface; 2) easy scalability by performing in
situ reactions in multi-well plates; 3) high sensitivity by linearly amplifying tagged DSBs
using in vitro transcription; and 4) accurate DSB quantification and control of PCR
biases by using unique molecular identifiers. We demonstrate the ability to use BLISS
to quantify natural and drug-induced DSBs in low-input samples of cancer cells,
primary mouse embryonic stem cells, and mouse liver tissue sections. Finally, we
applied BLISS to compare the specificity of CRISPR-associated RNA-guided
endonucleases Cas9 and Cpf1, and found that Cpf1 has higher specificity than Cas9.
These results establish BLISS as a versatile, sensitive, and efficient method for
genome-wide DSB mapping in many applications.

DNA double strand breaks (DSBs) are major DNA lesions that form in a variety of
physiological conditions – such as transcription(91, 92), meiosis(93) and VDJ
recombination(94) – and arise as a consequence of DNA damaging agents and
replication stress(95). DSBs can also be induced in a controlled fashion at specific sites
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in the genome using programmable nucleases such as CRISPR (clustered regularly
interspaced short palindromic repeats)-associated RNA-guided endonucleases Cas9
and Cpf1, which have greatly advanced genome editing. However, the potentially
mutagenic off-target DNA cleavage activities of these nucleases represent a major
concern that needs to be evaluated before these enzymes can be used in the clinical
setting(35). Thus, developing methods that can accurately map the genome-wide
location of endogenous, as well as induced DSBs in different systems and conditions
is not only essential to expand our understanding of DSB biology, but is also crucial to
enable the translation of programmable nucleases into clinical applications.

In the past few years, several methods based on next-generation sequencing have
been developed to assess DSBs at genomic scale, including ChIP-seq(96, 97),
BLESS(47, 51, 98), GUIDEseq(48), Digenome-seq(99), IDLV-mediated DNA break
capture(49), HTGTS(100), and more recently End-Seq(101) and DSBCapture(102).
While in general all of these methods represent complementary tools (
Table 4-1) they also have important drawbacks. For example, ChIP-seq for factors
such as γH2A.X cannot label DSBs directly or identify breakpoints with singlenucleotide resolution. GUIDEseq, IDLV-mediated DNA break capture, and HTGTS
detect DSBs by quantifying the products of non-homologous end-joining (NHEJ)
repair, potentially missing DSBs repaired through other pathways. Furthermore, in vivo
delivery of exogenous oligonucleotides in GUIDEseq or viral cassettes in IDLVmediated DNA break capture is challenging, especially for primary cells and intact
tissues. DSBs induced by programmable nucleases can be evaluated in vitro using
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Digenome-seq, but this approach may not be representative of physiologically relevant
conditions – such as chromatin environment and nuclear architecture – in controlling
the frequency of DNA breaking and repair, or of relevant nuclease concentrations.
Lastly, BLESS and its recent modifications, End-Seq(101) and DSBCapture(102),
require large quantities of input material, are labor-intensive, and are not quantitative
due to lack appropriate controls for amplification biases, which altogether limits their
applications and scalability.

Method

Detection

BLISS

Direct

BLESS

Direct

DSBCapture

Direct

End-Seq

Direct

Digenome-seq

Direct

ChIP-seq

Indirect

GUIDE-seq

Indirect

Main features
In situ DSB blunting and
ligation in cells and tissue
sections attached onto a
solid surface. Selective
amplification of DSB ends by
in vitro transcription.
Quantitative power thanks to
UMIs.
In situ DSB blunting and
ligation of biotinylated
adapters. DSB capture on
streptavidin
In situ DSB blunting and Atailing. Modified BLESS
adapters containing Illumina
adapter sequences
In vivo DSB blunting and Atailing in agarose plugs.
Modified BLESS adapters
containing Illumina adapter
sequences
In vitro nuclease digestion of
purified genomic DNA and
detection of DSBs by wholegenome sequencing

Sample (input)

Reported applications

Fixed cells, tissue
sections (compatibility
with low-input samples
3
of 10 cells)

Etoposide-induced DSBs. Natural
DSBs in cells and tissues. Cas9
and Cpf1 specificity (this paper)

Fixed cells
6
(at least 10 cells)

Replication stress-induced DSBs in
mammalian cells(51), Cas9
specificity(47, 98)

Fixed cells
6
(at least 10 cells)

DSBs at G-quadruplex rich sites,
active genes and transcription start
sites(102)

Live cells
7
(at least 10 cells)

AsiSI-induced DSBs resection
mapping, RAG endonuclease
specificity(101)

Purified DNA

Cas9 and Cpf1 specificity(99, 103)

Capture of chromatin
containing DSBs markers
such as γH2A.X

Fixed cells
7
(at least 10 cells)

Replication stress-induced DSBs in
yeast(97), AsiSI-induced DSBs
processing in mammalian cells(96),
transcription-associated DSBs in
neuronal cells(91)

In vivo DSB labeling by
incorporation of dsDNA
oligos through NHEJmediated repair

Transfected live cells

Cas9 and Cpf1 specificity(48, 104)
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IDLV capture

Indirect

LAM-HTGTS

Indirect

In vivo DSB labeling by
random incorporation of
integration defective
lentiviral vectors through
NHEJ-mediated repair
In vivo induction of DSBs
and sequencing of
translocation products
originated from NHEJmediated repair

Transduced live cells

Cas9 and TALENs specificity(49)

Live cells treated to
induce translocations

Cas9 specificity(100), transcriptionassociated DSBs in neuronal
cells(105)

Table 4-1. Comparison of BLISS with other methods for genome-wide DSB detection.

Overview of BLISS for evaluating the specificity of CRISPR nucleases
We present here a more versatile, sensitive and quantitative method for detecting
DSBs applicable to low-input specimens of both cells and tissues that is scalable for
high-throughput DSB mapping in multiple samples. Our method, Breaks Labeling In
Situ and Sequencing (BLISS), features efficient in situ DSB labeling in fixed cells or
tissue sections immobilized onto a solid surface, linear amplification of tagged DSBs
via T7-mediated in vitro transcription (IVT)(106) for greater sensitivity, and accurate DSB
quantification by incorporation of unique molecular identifiers (UMIs)(107) (Figure 4-1,
Supplementary Table 10).
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Figure 4-1. Schematic of BLISS (next page)
The workflow starts by either fixing cells onto a microscope slide or in a multiwell plate,
or by immobilizing already fixed tissue sections onto a slide. DSB ends are then in situ
blunted and tagged with dsDNA adapters containing components described in the
boxed legend. Tagged DSB ends are linearly amplified using in vitro transcription, and
the resulting RNA is used for Illumina library preparation and sequencing.
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We aimed to assess the sensitivity of BLISS by characterizing the DSBs induced by the
CRISPR-associated RNA-guided endonucleases, Cas9 and Cpf1. Evaluating Cas9 and
Cpf1 on and off-targets is a valuable way of assessing BLISS sensitivity because the
nuclease-induced cleavage sites 1) are sparse enough so as to not saturate BLISS; 2)
are relatively well-defined by both cut site location determined by other assays as well
as homology to the original target; and 3) occur over a wide dynamic range of DSB
frequencies to allow quantification of the detection sensitivity. Meanwhile, BLISS is a
versatile and minimally disruptive technique for studying the specificity of CRISPR
nucleases since by labeling DSBs post fixation, it requires no additional perturbations
to the cell beyond delivery of the nuclease and RNA guide. Hence, we developed a
workflow to screen the off-target activity of Cas9 or Cpf1 endonucleases using BLISS
(Cas9-BLISS/Cpf1-BLISS) in parallel with existing genome editing protocols (Figure
4-2). Aside from culturing cells for BLISS on poly-D-lysine coated plates and fixation 24
hours post transfection, no additional modifications of delivery reagents or workflows
were necessary, allowing BLISS to capture a snapshot of the CRISPR activity in cells
with minimal bias.

Figure 4-2. Scheme of Cas9-BLISS in 24-well plates
In situ DSB blunting and ligation reactions are performed directly in the multiwell plate.
HEK 293T cells were used for transfection of sgRNA and SpCas9 constructs.
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To benchmark the sensitivity of Cas9-BLISS against existing genome-wide specificity
methods such as BLESS, GUIDEseq, and Digenome-seq, we transfected HEK293T
cells with SpCas9 and two sgRNAs targeting the EMX1 and VEGFA genes, both of
which have been characterized using all three methods(48, 98, 108). This set of known
off-targets allowed us to further optimize Cas9-BLISS through direct comparison of
different DSB labeling strategies, showing that in situ A-tailing prior to adapter ligation
increased the sensitivity of DSB detection when directly compared to the original blunt
end ligation chemistry (Figure 4-3).

Improvements to the computational pipeline
We updated the original DSB detection pipeline previously described for analyzing
Cas9-BLESS data(47, 51, 98) to determine whether we could enhance the sensitivity of
off-target detection by both BLESS and BLISS. Previously, we demonstrated that a
homology search algorithm was capable of separating bona fide Cas9 induced DSBs
from background DSBs, and performed the analysis on the top 200 DSB loci with the
strongest signal after initial filtering(47, 98). To achieve even greater sensitivity, here we
extended this homology search to the top 5,000 DSB locations identified by BLISS. To
enable a direct comparison between BLESS and BLISS, we used this updated
approach to re-analyze the BLESS data previously obtained with wild-type SpCas9(98)
on the same EMX and VEGFA guide targets as studied here. Briefly, a ‘Guide
Homology Score’ was determined using an algorithm that searched for the best
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matched guide sequence within a region of the genome 50nt on either side of the
center of a DSB cluster identified in BLESS/BLISS for all NGG and NAG PAM
sequences in the case of SpCas9(98), and all possible PAMs in the case of AsCpf1 and
LbCpf1 for maximum sensitivity. A score based on the homology was calculated using
the Pairwise2 module in the Biopython Python package with the following weights: a
match between the sgRNA and the genomic sequence scores +3, a mismatch is –1,
while an insertion or deletion between the sgRNA and genomic sequence costs –5.
Thereby, an on-target sequence with the fully matched 20bp guide would have a Guide
Homology Score of 60. Previously, we included the PAM match in the scoring, yielding
a maximum score of 69, but in order to make the score more versatile and comparable
across different PAMs, we removed the PAM dependence in the scoring. Using this
guide homology score, we performed a receiver operating characteristic (ROC) curve
analysis based on validated and non-validated off-targets from SpCas9-BLESS(47)
which justified our previous choice of a homology score cutoff (41 out of a max score
of 60), to maximize the sensitivity and specificity of Cas9-BLISS and Cpf1-BLISS. In
practical terms, this score corresponds to ≤4 mismatches or ≤2 gaps as well as
combinations thereof.

Validation and optimization of BLISS using well-characterized Cas9 sgRNAs
BLISS detected numerous off-target sites that were successfully validated by targeted
next-generation sequencing (NGS), including many sites previously identified by
BLESS, GUIDEseq, or Digenome-seq (Figure 4-4). BLISS also uncovered new off-
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target sites that were not found when the refined computational pipeline was reapplied to published BLESS data on the same targets(47, 98) (Figure 4-5a). Side-byside comparison of BLISS with Digenome-seq and GUIDEseq revealed that while all
three methods generally agree on the top off-targets identified, they differ in the
number of weaker off-target sites, particularly in the case of VEGFA (Figure 4-5b).

53

Figure 4-3. Testing BLISS adapter designs for optimizing Cas9 on- and off-target
detection efficiency
a, Adapter designs tested. The classic adapter is the same as in efficient in situ DSB
labeling in fixed cells or tissue sections immobilized onto a solid surface, linear
amplification of tagged DSBs via T7-mediated in vitro transcription (IVT)(106) for greater
sensitivity, and accurate DSB quantification by incorporation of unique molecular
identifiers (UMIs)(107) (Figure 4-1, Supplementary Table 10).
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Figure 4-1. A longer UMI was tested in order to increase the number of unique on- and
off-target break events that can be detected. P, 5’-phosphate group. b, Total number
of on- and off-targets for the EMX1 and VEGFA targets detected at similar read depths
for the BLISS adapters described in (a). c, On- (ON) and off-targets (OFF) detected by
BLISS using the four different adapters and ranked in descending order. d, DSB score
for the on- and top off-targets detected with different BLISS adapters. The endprotected, T-tailed adapter is more efficient in detecting the on- and top 2–3 offtargets.
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Figure 4-4. Genome-wide quantification of SpCas9 on- and off-target DSBs
On- and off-target sites identified by BLISS, BLESS, GUIDEseq, and Digenome-seq.
BLISS targets were ranked in descending order based on the number of unique DSB
ends aligned to the target per 105 unique BLISS reads. Colors in the BLESS,
GUIDEseq, and Digenome-seq columns indicate when the BLISS target was previously
found by either of these methods. Individual sites were validated by targeted deep
sequencing and the percentage of reads containing an insertion or deletion (indel) is
shown. (n=3, error bars show S.E.M.). ON, on-target. OT, off-target.
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Figure 4-5. Summary of overlap in targets detected between methods
a, Overlap between on- and off-target sites identified by BLISS versus BLESS. b,
Overlap between on- and off-target sites identified by BLISS versus GUIDEseq and
Digenome-seq.

Evaluating Cpf1 specificity using BLISS
We next applied BLISS to characterize the DNA-targeting specificity of the recently
described CRISPR-associated endonuclease Cpf1 (Cpf1-BLISS). Cpf1 is a twocomponent RNA-programmable DNA nuclease with several unique properties that may
broaden the applications of genome engineering: 1) it employs a short CRISPR RNA
(crRNA) without an additional trans-activating CRISPR RNA (tracrRNA); 2) it utilizes a Trich protospacer-adjacent motif (PAM) located 5’ to the target sequence; and 3) it
additionally generates a staggered cut with a 5’ overhang(42). We selected six Cpf1
targets across four different genes for genome-wide off-target evaluation using BLISS
and targeted NGS. Four targets have NGG PAMs on the 3’ end to enable a
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simultaneous comparison between SpCas9 and eSpCas9. We evaluated Cpf1 from
Acidaminococcus sp. (AsCpf1) and Lachnospiraceae bacterium (LbCpf1), both which
have been harnessed for efficient mammalian genome editing(42).

At the dual Cpf1 and Cas9 targeted loci, BLISS revealed differences in the in vivo
pattern of DSBs induced by these two enzymes. Taking the histogram of all the
differences between reads mapping to opposite sides of DSBs (Figure 4-6a) showed
that while Cas9 cuts are generally blunt ended or contain 1nt overhangs, Cpf1 cuts
exhibit a wide distribution of overhang lengths depending on the target (Figure 4-6b).
Since in vitro cleavage of AsCpf1 and LbCpf1 reveals 4–5nt 5’ overhangs as the
predominant cleavage outcome(42), these results suggest that in vivo processing of
Cpf1 cut sites generates heterogeneous DSB patterns.

To identify Cpf1 off-target sites using BLISS, we applied the same computational
pipeline as was used for Cas9-BLISS. We performed targeted NGS on all off-target
sites identified from independent BLISS biological replicates from both AsCpf1 and
LbCpf1 to maximize sensitivity (Supplementary Figure 5). Comparing the BLISS
results for AsCpf1 or LbCpf1 with SpCas9, we consistently found fewer bona fide offtarget sites for the two Cpf1 orthologs (Figure 2-1), suggesting that Cpf1 is less
tolerant of mismatches than Cas9.

For the four targets with shared Cpf1 and Cas9 PAMs, genome modification with
SpCas9 yielded a greater range of bona fide off-target sites (Figure 4-8), consistent
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with prior observations that individual SpCas9 guides can have a wide variation in the
number of off-target sites independent of the prevalence of closely matched sites in
the genome(48). As expected, the use of eSpCas9(98) reduced the number of offtargets without loss of on-target activity.

Figure 4-6. Differences in in vivo patterns of DSB cleavage of Cas9 and Cpf1
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a, Representative DSB mapping and distance calculation at on-target sites for Cas9
and Cpf1 nuclease activity. Red indicates reads mapped to the positive strand, blue
reads mapped to the negative strand. Distances were calculated between all positive
and negative reads. The PAMs for the respective enzymes are labeled in magenta
while the genomic target is in cyan. b, Histograms of differences between positive and
negative reads mapped for targets with concurrent AsCpf1, LbCpf1, SpCas9, and
eSpCas9 targeting.
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Figure 4-7. Characterization of AsCpf1 and LbCpf1 specificity
Validated on- and off-target sites for AsCpf1 and LbCpf1 for six separate guide targets
as measured by Cpf1-BLISS over two independent biological replicates and validated
by targeted NGS (n=3, error bars show S.E.M.). Gray boxes indicate DSB loci not
detected within a biological replicate.

Lastly, to assess whether BLISS was sensitive enough to detect a large number of
Cpf1-induced breaks across a wide dynamic range of cleavage activity, we designed
additional guides for Cpf1, targeting repetitive sequences with 278 (GRIN2b repetitive
guide) and 8,130 (DNMT1 repetitive guide) perfectly matched on-target sites with a
TTTN PAM, as predicted using Cas-OFFinder(85). A wide range of both on- and offtarget loci were detected using Cpf1-BLISS (Figure 4-9), suggesting that Cpf1 can
indeed have a high level of specificity for guides not targeting repetitive regions.
Altogether, these results corroborate the findings of other recent studies that Cpf1 can
be highly specific(103, 104).

The Cpf1 repetitive targets also enabled us to study the position dependence of
mismatch tolerance by examining whether mismatches in certain positions are
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enriched in the off-target results versus the genomic background. In particular, the
DNMT1 repetitive guide has nearly 37,000 off-targets with a single mismatch to the ontarget sequence and a TTTN PAM, according to Cas-OFFinder(85). Each mismatched
position is represented in at least 150 genomic loci, though the prevalence of a
mismatch at a given target position is not uniformly distributed (Figure 4-10a, b). Cpf1BLISS detected ~1,000 and ~3,600 off-targets for AsCpf1 and LbCpf1, respectively,
that contain only one mismatch to the on-target sequence. The fraction of Cpf1-BLISSdetected sites over all possible mismatches at that position was calculated to obtain a
measure of how permissive Cpf1 is to mismatches along the guide (Figure 4-10b). We
also systematically introduced mismatches between the Cpf1 guide and target DNA,
normalizing the on-target modification rate for each mismatched guide to the matched
target (Figure 4-10c, Supplementary Figure 6). The on-target indel data from the
mismatched guides were used to generate a composite model of the mismatch
tolerance versus position for AsCpf1 and LbCpf1 (Figure 4-10d, Materials &
Methods), with the overlaid SpCas9 trace based on reanalysis of previous mismatch
data(70) (Materials & Methods). Taken together, there appears to be three regions of
the guide for both AsCpf1 and LbCpf1 where mismatches are more tolerated: 1) at the
3’ PAM distal end of the guide (positions 19-20); 2) towards the middle of the guide
(positions 8-11); and, to a lesser degree, 3) at the first base at the 5’ PAM proximal
end (position 1). This qualitatively suggests that Cpf1 may have several distinct regions
of the guide that enforce complementarity and thereby contribute to its heightened
specificity compared to SpCas9.
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Figure 4-8. Comparison of BLISS results at guides targeted by both AsCpf1, LbCpf1,
SpCas9, and eSpCas9.
Individual sites identified across two bioreplicates of BLISS were validated by targeted
deep sequencing and the percentage of reads containing an insertion or deletion (indel)
is shown. (n=3, error bars show S.E.M.). Cpf1-BLISS data redisplayed from Figure 3a
for clarity of comparison. Dotted lines indicate the matching on target sequences for
the different enzymes.
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Figure 4-9. Cpf1-BLISS for guides targeted to two repetitive sequences in the genome
Plot displays the guide homology score (for which 60 is a perfect match to the ontarget sequence) versus the DSB score (a measure of unique DSBs at a particular
locus). The outlined box indicates the BLISS-identified 1bp mismatch genomic loci that
were used in the position-dependent mismatch tolerance analysis in Figure 4-10b.
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Figure 4-10. Position-dependent mismatch tolerance of AsCpf1 and LbCpf1
a, Evaluating the position-dependent mismatch tolerance of AsCpf1 and LbCpf1 using
a repetitive guide with 36,777 predicted genomic loci with single mismatches. b, A map
of mismatch tolerance per position generated by dividing at each base the number of
off-targets discovered in BLISS versus the possible single mismatched genomic
targets for Cpf1. The gray line plotted on the left y-axis is the count of single
mismatched targets in the genome for Cpf1 as predicted by Cas OFFinder(85). c,
Guide designs for investigating the effect of single base pair mismatches in the RNA
guide on AsCpf1 and LbCpf1 specificity by measuring the change in their on-target
efficiency versus a matched guide. d, Composite mismatch tolerance model for
AsCpf1 and LbCpf1 based on saturated single base pair mismatches for two guides.
Cas9 data (green) modeled from existing Cas9 single mismatch data(70).
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Discussion
In conclusion, we have developed a sensitive method for direct genome-wide DSB
detection that compared to the existing methods presents major improvements: 1) robust
quantification by using UMIs to reduce data noise and count DSBs that form in different
cells at the same genomic location; 2) applicability to low-input cell and tissue samples
by performing all in situ reactions and washes on a solid surface (if sample input is not
limiting, in situ reactions can also be performed in-tube, thus providing additional
versatility); 3) assay scalability and cost-effective multiplexing by performing in situ
reactions inside multi-well plates and barcoding samples in different wells before pooling;
4) fast turnaround time compared to BLESS (~12 active work-hours over 5 days to
process 24 samples by BLISS versus at least ~60 active work-hours over 15 days by
BLESS). Finally, we demonstrate that BLISS is a highly sensitive method to assess the
DNA-targeting specificity of CRISPR-associated RNA-guided DNA endonucleases Cas9
and Cpf1, and we show that, in agreement with previous reports(103, 104), Cpf1 can
provide high levels of editing specificity. These features make BLISS a powerful and
versatile method for genome-wide DSB profiling that we believe will advance the study of
natural and artificially induced DSBs in many conditions and model systems, including
precious clinical samples.
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CHAPTER 5

Discussion & Future Directions

The past two decades have been marked by a remarkable and unprecedented
increase in our molecular understanding of biological processes. Much of this has been
fueled by the legacy of the Human Genome Project(109); in sequencing the first human
genome, it not only provided the first complete reference onto which genotypes could
be organized and compared, but spurred the rapid decrease in cost of DNA
sequencing technology that has enabled an ever-more broad sampling of genetic
diversity in both health and disease. As the cost to sequence a human genome
continues to plummet, the vast amounts of data collected are providing researchers
with an ever-more detailed map of the genetic variation that is associated with the
huge phenotypic diversity of nature. For understanding human biology, the unique
confluence of cheap sequencing, vast distributed computing power, and the
maturation in effective computational strategies for analyzing large data sets has
yielded a vast trove of genetic associations from everything ranging from benign traits
such as height(110) to life-altering ones like schizophrenia(111). Yet correlation does
not imply causation, and so the bottleneck has been the functional validation of these
associations.

The arrival of CRISPR nucleases seemed perfectly timed to break open the floodgates
of functional genomics. The versatility, efficiency, and speed helped satisfy the
ravenous desire to write the genome with the same proficiency as our ability to read it.
The ZFNs and TALENs that came before CRISPR-Cas systems could be similarly
67

efficient, but were significantly more expensive in terms of both raw materials and labor
to clone, test, and validate. The lowered barrier to entry, combined with the growing
need, resulted in the rapid adoption of CRISPR in research laboratories around the
world.

Therapeutic Applications of CRISPR nucleases
One of the remarkable aspects of the CRISPR revolution has been the speed with the
technology has been applied beyond research labs and towards therapeutic
opportunities. Much of the foundational work was laid by pioneers using ZFNs and
TALENs for therapeutic applications, particularly ex vivo manipulation of cells.
Following such precedents, a number of the initial applications will be ex vivo
therapies, in which a target cell population from the patient (e.g., immune or stem cells)
is harvested, modified using nucleases (e.g., inactivate CCR5 in order to lower the HIV
infection rate), and then subsequently evaluated and selected before transplanting
back into the body(41). One key advantage for ex vivo therapy is the high level of
control available in making and evaluating the genetic modifications. Numerous
technologies such as electroporation, nucleofection, cationic lipids, and viral vectors
have been extensively used for manipulating cells in culture, so efficient delivery will
likely not be a limiting case. Furthermore, the exact dose of nuclease and sgRNA
delivered can be carefully titrated to minimize the risk of aberrant events, such as offtarget genetic modifications. Lastly, prior to transplantation, the edited cells can be
screened for efficacy and safety. Nevertheless, the scope of diseases that can be
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addressed using ex vivo approaches is limited to organ systems with precursor cells
that can be efficiently harvested and cultured, such as the hematopoietic or immune
systems.

To broaden the therapeutic capabilities of the CRISPR-Cas9 nuclease family, one of
our first objectives was to develop an in vivo genome editing capability that can be
directly deployed into the tissue(s) of interest. The most effective and versatile methods
for in vivo transgene delivery have generally used viral vectors. The latest generation of
viral vectors based on adeno-associated virus (AAV) have minimal immunogenicity, and
there are numerous gene therapies based on AAV vectors in the advanced stages of
the regulatory approval process(112). While AAV vectors are attractive for their low
immunogenicity and diverse array of serotypes for preferentially targeting different cells
and tissues, they are limited by the size of the transgene that they can efficiently
deliver. By finding a smaller Cas9 ortholog from Staphylococcus aureus that has a
comparable targeting range and genome modification efficiency to the widely-used
Streptococcus pyogenes Cas9, we were able to package all the components of the
programmable nuclease into a single vector, while leaving sufficient room for a wide
array of promoters for expression control. This provides a versatile, efficient tool for
direct in vivo genome modification of somatic cells.

Beyond our initial proof of concept targeting Pcsk9 to reduce cholesterol levels, the
AAV-SaCas9 system has been used in several different therapeutically relevant
models. Two groups recently demonstrated that using a mouse model of Duchenne’s
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Muscular Dystrophy, they could achieve significant improvements in disease
phenotypes after targeting the Dystrophin gene using AAV-SaCas9(113, 114).
Additional support for the translational potential comes from the development pipeline
of Editas Medicine, a therapeutics company based on CRISPR-Cas technologies,
which contains plans to use AAV-SaCas9 to treat a form of congenital blindness called
Leber’s Congenital Amaurosis(115). These provide hope that CRISPR-Cas based gene
therapies will have broad impact in treating diseases in somatic tissue.

Challenges facing therapeutic applications of CRISPR nucleases
Corrective strategies for disease using CRISPR-Cas nucleases nevertheless face two
key questions: toxicity and specificity.

Toxicity
In a number of model organisms and cell lines, including transgenic mice with
constitutive expression of Cas9, the presence of CRISPR nucleases has thus far not
resulted in frank toxicity(116). In our work, following wild type, adult mice up to 4
weeks after delivery of AAV-SaCas9 did not result in significant differences in
biomarkers versus the control animals or histological evidence suggestive of
inflammation or liver damage. Long term follow up with the remaining animals that
received AAV-SaCas9 showed no overt difference versus other animals in the cohort
who received either saline injections or vehicle injections (AAV8 containing GFP driven
by the same promoter)—though larger sample sizes and more rigorous sampling of
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biomarkers would be needed to confirm these observations. Nevertheless, despite
Cas9 being well tolerated in model animals, in human tissue, the effects of long term
expression resulting from viral delivery remains unknown. It is unclear how our immune
system will react upon exposure to a bacterial protein from species to which many of
us have been previously exposed, such as Streptococcus pyogenes through illnesses
such as strep throat, and Staphylococcus aureus through their commensal and
occasionally pathogenic nature. Beyond immunogenicity, other mechanisms of direct
toxicity could come from Cas9 co-opting endogenous small RNAs as guide
sequences, leading to unexpected cleavage and activity. Careful evaluation of toxicity
will be critical for determining the feasibility of gene therapy using CRISPR-Cas
nucleases.

Specificity
The specificity of CRISPR-Cas nucleases is another problem of immediate relevance
for therapeutic genome editing. The permanence of the biological modification created
by nuclease-based treatment results in a fundamental difference in management of
side effects versus other therapeutic modalities such as small molecules, antisense
oligonucleotides, or biologics. For the latter, side effects can be alleviated by
discontinuing use of the drug; this is in contrast to the side effects resulting from offtarget nuclease activity, which are permanent and can have severe consequences,
particularly if the mutations are oncogenic. Thus, evaluating and understanding
CRISPR-Cas nuclease specificity has important consequences for the future of gene
therapies.
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A number of experimental methods have been adapted or developed to evaluate the
specificity of CRISPR-Cas nucleases genome-wide in cells. As discussed in Chapter 4,
these include techniques such as GUIDEseq(48), IDLV-mediated DNA break
capture(49), and HTGTS(100) that capture the errant products from NHEJ repair, as
well as methods of capturing double strand breaks such as BLESS(47, 51) and BLISS.

There are tradeoffs in versatility and sensitivity to each technique. Those based on
capture of barcoded DNA such as GUIDEseq have high sensitivity, but their versatility
beyond model cell lines may be limited by the requirement for a large amount of
exogenous DNA to be delivered with the nuclease; how GUIDEseq can be applied to
evaluate the specificity of nucleases in in vivo settings, or in cells that are resistant to
transient DNA delivery methods remains to be seen(117). Furthermore, GUIDEseq may
suppress signals from off-targets located within essential genes, which are in fact
amongst the most important to detect for evaluating the safety of a guide. This is
because if the off-target cleavage enables exogenous DNA to insert within an essential
gene, the resultant disruption of the gene would result in slowed cell growth or death
that would artificially suppress the signal from that off-target within the assayed
population. DSB capture methods such as BLESS and BLISS are more versatile and
minimally perturbative because they label DSBs that are nuclease-induced after
fixation; but since they only capture a single timepoint, these methods are more
sensitive to experimental timing and kinetics of on- and off-target CRISPR-Cas
nuclease activity. We demonstrate that BLISS can nevertheless be very sensitive,
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capable of detecting off targets at and under the threshold of validation using targeted
NGS (~0.1%).

Given the challenge of achieving ever-greater detection sensitivity of off-targets in
cells—a measure which may be fundamentally limited by the number of input cells to
the assay—in vitro approaches are increasingly attractive. The ability in vitro to run
cleavage reactions at high nuclease concentrations to saturation, on extracted
genomic DNA that is free from specific cellular contexts and chromatin configurations,
may discover the superset of all possible targets for a particular guide sequence.
Following the in vitro cleavage, the identified loci can then be scrutinized using
targeted NGS in the edited cells or tissue to directly examine the presence of
mutations; methods to detect ultralow-frequency variants such as Duplex
Sequencing(118, 119) can be employed to lower the detection threshold to find single
mutations in 1x107 wild type nucleotides. Sensitivity becomes limited by the number of
genomes present in the gDNA harvest and the sequencing depth, rather than by the
off-target assay.

The closest such in vitro, genome-wide specificity assay is Digenome-seq(99, 108), in
which genomic DNA is purified and digested using high-concentration Cas9 or Cpf1
ribonucleoprotein complexes. However, the digested DNA is prepared for whole
genome sequencing (WGS) without any enrichment of the cleavage sites, leading to
wasted sequencing reads on the unmodified genome and limited read depth that
reduces sensitivity. While Digenome-seq is technically capable of identifying bona-fide
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off targets, work continues on developing a method that enables selective enrichment
of cut DNA fragments in vitro.

Making sense of the specificity landscape for therapeutics applications of
CRISPR
An open question remains whether increasingly sensitive methods of off-target
detection are necessary. In theory, there exists the threat of an off-target that
permanently disables a tumor suppressor or causes a similar oncogenic
transformation, but in practice, the wide use CRISPR-Cas nucleases in transgenic
animal models has not demonstrated such outcomes from off-target effects—a stark
contrast to the well-documented off-target effects of siRNA technologies(120). The
development of high-fidelity versions of the standard Cas9 nucleases, such as
eSpCas9(98) and SpCas9-HF1(121), in addition to the discovery that CRISPR-Cpf1
nucleases naturally display high specificity, further allow researchers to obtain higher
specificity with minimal cost to their on-target efficacy. Other methods of reducing offtarget activity through modifying Cas9 or the guide include double nicking, in which
two Cas9 molecules that have one catalytic nuclease site removed are needed to cut
simultaneously(122), turning Cas9 into a heterodimeric cutter by using fusions of
nuclease-inactive Cas9 with FokI domains(123), as well as using a truncated guide
sequence for the Cas9 sgRNA(74)—but these may come at a cost of reduced efficacy
and versatility.
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Despite these technological improvements and lack of observed deleterious off-target
effects, as care providers to the initial recipients of CRISPR-based gene therapies, we
must strive to maximize the therapeutic benefit while minimizing the possible side
effects, lest an unforeseen adverse reaction jeopardize the field of nuclease-based
gene therapies.

There are still several important considerations for thinking about detecting nuclease
specificity:

1) The practical requirements for off-target sensitivity will vary with the specific
therapeutic application and delivery modality. The sensitivity requirements will
vary based on the number of cells edited, as well as the duration of exposure to
the nuclease. For example, an off-target that has a 1/1,000,000 probability of
occurrence is not likely to be present in an ex vivo setting where ~500,000
hematopoietic stem cells are treated in a cell culture dish, but is likely to be
present if the same guide is used for an intravascular injection of Cas9 that
affects ~1,000,000,000 cells. Developing the optimal timing, dosing, and delivery
method of nuclease for a given disease is just as important to minimizing the offtarget effects as using engineered variants of the nucleases with increased and
selecting a specific guide.
2) Location matters for the off-targets of programmable nucleases. Even if the
overall DSB burden of CRISPR off-targets is low, it is important to recognize that
the targeting rules of CRISPR-Cas nucleases produce different outcomes than
75

other treatment modalities such as radiation and chemotherapy that semistochastically generates DSBs throughout the genome. Having 100 total DSBs
that are randomly distributed through the genome poses a different risk than
100 total DSBs that occur on a tumor suppressor. Thus, if in vitro or in silico
assays can accurately identify high risk off-target loci, it will still be important to
directly monitor them in the treated cells or tissues.
3) Human genetic variation will also alter the off-target landscape. Since we are
interested in detecting rare off-target events that can possibly create negative
outcomes, we must also analyze the genetic variation that can create unique,
patient-specific off-targets. Ideally, all recipients of gene therapy would have
their complete genome for in silico predictions of off-target activity, and
sufficient genomic DNA collected to run personalized in vitro reactions.

These considerations will hopefully enable CRISPR-Cas nuclease based gene
therapies to move forward to safely treat patients, as well as provide a roadmap to
develop assays that have greater sensitivity, specificity, and personalization. The
efficiency, customizability, and multiplexing abilities of the CRISPR-Cas nuclease
families, combined with a growing catalog of the genetic origins of disease, enables an
opportunity to create life-changing treatment options for diseases that had hitherto
been too challenging and costly to address.
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Supplementary Figure 1. Cas9 ortholog cleavage pattern in vitro
Stacked bar graph indicates the fraction of targets cleaved at 2, 3, 4, or 5-bp upstream
of PAM for each Cas9 ortholog; most Cas9s cleave stereotypically at 3-bp upstream of
PAM (red triangle).
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Supplementary Figure 2. Optimization of SaCas9 sgRNA scaffold in mammalian cells
a, Schematic of the Staphylococcus aureus subspecies aureus CRISPR locus. b,
Schematic of SaCas9 sgRNA with 21-nt guide, crRNA repeat (gray), tetraloop (black)
and tracrRNA (red). The number of crRNA repeat to tracrRNA anti-repeat base-pairing
is indicated above the gray boxes. SaCas9 cleaves targets with varying repeat:antirepeat lengths in c, HEK 293FT and d, Hepa1-6 cell lines. (n=3, error bars show S.E.M.)
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Supplementary Figure 3. Indel measurements at candidate off-target sites based on
ChIP
Indels at top off-target sites predicted by dCas9-ChIP for each Cas9 and sgRNA pair,
based on ChIP peaks ranked by sequence similarity of the genomic loci to the guide
motif (heatmap in purple), or p-value of ChIP enrichment over control (heatmap in red).
Lines connect the common targets (EMX1) and off-targets between the two Cas9s.
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Supplementary Figure 4. Indel measurements of top candidate off-target sites based
on sequence similarity score.
Off-targets are predicted based on sequence similarity to on-target, accounting for
number and position of Watson-Crick base-pairing mismatches as previously
described(Hsu et al., 2013). NNGRR and NRG are used as potential PAMs for SaCas9
and SpCas9, respectively. Lines connect the common targets (EMX1) and off-targets
between the two Cas9s.
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Supplementary Figure 5. Genome-wide characterization of AsCpf1 and LbCpf1
specificity
Genome-wide characterization of AsCpf1 and LbCpf1 specificity using BLISS and the
presence of indels at the indicated targets are evaluated using targeted NGS. Off targets
were evaluated for loci combined from independent biological replicates and both AsCpf1
and LbCpf1 in order to maximize sensitivity. For the target sequence, the PAM is in
magenta and mismatches to the on-target sequence are indicated in red. Grayed out
sequences indicate loci in which no indels were observed above the negative control.
(n=3, error bars show S.E.M.).
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Supplementary Figure 6. Single mismatch experiments for measuring mismatch
tolerance along the length of the guide sequence
Systematically investigating the tolerance of AsCpf1 and LbCpf1 to single base pair
mismatches by measuring the on-target modification fractional efficiency with guide
RNAs which contain a, all possible single base pair mismatches at each position along
the 20nt target sequence and b, purine-to-purine and pyrimidine-to-pyrimidine
mismatches. On-target indel rates are measured by targeted NGS and normalized to
the fully matched target sequence. Values are the average of three technical replicates.
94

CHAPTER 8

Supplementary Tables

95

Supplementary Table 1. List of Cas9 orthologs and predicted RNA components
Cas9
S. pyogenes

class
IIA

direct repeat
GUUUUAGAG
CUAUGCUGU
UUUGAAUGG
UCCCAAAAC

S. aureus

IIA

GUUUUAGUA
CUCUGUAAU
UUUAGGUAU
GAGGUAGAC

S. thermophilus

IIA

GUUUUUGUA
CUCUCAAGA
UUUAAGUAA
CUGUACAAC

S. pasteurianus

IIA

GUUUUUGUA
CUCUCAAGA
UUUAAGUAA
CCGUAAAAC

N. cinerea

IIC

GUUGUAGCU
CCCAUUCUC
AUUUCGCAG
UGCUACAAU

C. lari

IIC

GUUUUAGUC
UCUUUUUAA
AUUUCUUUA
UGAUAAAAU

P.
lavamentivorans

IIC

GCUGCGGAU
UGCGGCCGU
CUCUCGAUU
UGCUACUCU

C. diphtheriae

IIC

ACUGGGGUU
CAGUUCUCA
AAAACCCUG
AUAGACUUC

tracrRNA
GUUGGAACCAUUCAAAACA
GCAUAGCAAGUUAAAAUAA
GGCUAGUCCGUUAUCAACU
UGAAAAAGUGGCACCGAGU
CGGUGCUUUUU
AUUGUACUUAUACCUAAAA
UUACAGAAUCUACUAAAAC
AAGGCAAAAUGCCGUGUUU
AUCUCGUCAACUUGUUGGC
GAGAUUUUU
CUUACACAGUUACUUAAAU
CUUGCAGAAGCUACAAAGA
UAAGGCUUCAUGCCGAAAU
CAACACCCUGUCAUUUUAU
GGCAGGGUGUUUU
CUUGCACGGUUACUUAAAU
CUUGCUGAGCCUACAAAGA
UAAGGCUUUAUGCCGAAUU
CAAGCACCCCAUGUUUUGA
CAUGAGGUGCUUUU
AUUGUCGCACUGCGAAAUG
AGAACCGUUGCUACAAUAA
GGCCGUCUGAAAAGAUGUG
CCGCAACGCUCUGCCCCUU
AAAGCUUCUGCUUUAAGGG
GCAUCGUUUAUUUCGGUUA
AAAAUGCCGUCUGAAACCG
GUUUUU
AAUUCUUGCUAAAGAAAUU
UAAAAAGAGACUAAAAUAA
GUGGUUUUUGGUCAUCCAC
GCAGGGUUACAAUCCCUUU
AAAACCAUUAAAAUUCAAA
UAAACUAGGUUGUAUCAAC
UUAGUUUUUU
UAGCAAAUCGAGAGGCGGU
CGCUUUUCGCAAGCAAAUU
GACCCCUUGUGCGGGCUCG
GCAUCCCAAGGUCAGCUGC
CGGUUAUUAUCGAAAAGGC
CCACCGCAAGCAGCGCGUG
GGCCUUUUU
AGUCACUAACUUAAUUAAA
UAGAACUGAACCUCAGUAA
GCAUUGGCUCGUUUCCAAU
GUUGAUUGCUCCGCCGGUG
CUCCUUAUUUUUAAGGGCG
CCGGCUUUCUU
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sgRNA scaffold
GUUUUAGAGCUAGAAAUAGCAA
GUUAAAAUAAGGCUAGUCCGUU
AUCAACUUGAAAAAGUGGCACC
GAGUCGGUGCUUUU
GUUUUAGUACUCUGGAAACAGA
AUCUACUAAAACAAGGCAAAAU
GCCGUGUUUAUCUCGUCAACUU
GUUGGCGAGAUUUU
GUUUUUGUACUCGAAAGAAGCU
ACAAAGAUAAGGCUUCAUGCCG
AAAUCAACACCCUGUCAUUUUA
UGGCAGGGUGUUUU
GUUUUUGUACUCGAAAGAGCCU
ACAAAGAUAAGGCUUUAUGCCG
AAUUCAAGCACCCCAUGUUUUG
ACAUGAGGUGCUUUU
GUUGUAGCUCCCAUUCUCGAAA
GAGAACCGUUGCUACAAUAAGG
CCGUCUGAAAAGAUGUGCCGCA
ACGCUCUGCCCCUUAAAGCUUC
UGCUUUAAGGGGCAUCGUUUAU
UUCGGUUAAAAAUGCCGUCUGA
AACCGGUUUUUAGGUUUCAGAC
GGCAUUUU
GUUUUAGUCUCUGAAAAGAGAC
UAAAAUAAGUGGUUUUUGGUCA
UCCACGCAGGGUUACAAUCCCU
UUAAAACCAUUAAAAUUCAAAU
AAACUAGGUUGUAUCAACUUAG
UUUU
GCUGCGGAUUGCGGGAAAUCGC
UUUUCGCAAGCAAAUUGACCCC
UUGUGCGGGCUCGGCAUCCCAA
GGUCAGCUGCCGGUUAUUAUCG
AAAAGGCCCACCGCAAGCAGCG
CGUGGGCCUUUU
ACUGGGGUUCAGGAAACUGAAC
CUCAGUAAGCAUUGGCUCGUUU
CCAAUGUUGAUUGCUCCGCCGG
UGCUCCUUAUUUUUAAGGGCGC
CGGCUUUU

Supplementary Table 2. Targets used for PAM validation in in vitro lysate reaction
Cas9

Consensus

in vitro lysate targets (Dyrk1a)

PAM

Gene

P. lavamentivorans

NNNCATN

TAATCACTATGGATCTTCTA

TACCATT

DYRK1A

P. lavamentivorans

NNNCATN

TCTTGTAGGAGGAGAGACTT

CAGCATG

DYRK1A

C. diphtheriae

NGGNNNN

GGTGCAAGCCGAACAGATGA

TGGACAG

DYRK1A

C. diphtheriae

NGGNNNN

TATCCTAAAGTTCTTATTTA

AGGTTTG

DYRK1A

S. pasteurianus

NNGTGAN

TTAATTTATGAAAATCTCGT

AGGTGAA

DYRK1A

S. pasteurianus

NNGTGAN

ATGCCCCATTCACATCAGTA

CAGTGAC

DYRK1A

N. cinerea

NNNNGAT

GTGTTGAGTAACATATACCT

GTTTGTA

DYRK1A

N. cinerea

NNNNGAT

TAACTAACCAGGTAAGTTCA

TGGAGTA

DYRK1A

S. aureus

NNGRRNN

AATGATACAAACATTAGGAT

ATGAATA

DYRK1A

S. aureus

NNGRRNN

ATGTCAAATGATACAAACAT

TAGGATA

DYRK1A

C. lari

NNGGGNN

GGTCACTGTACTGATGTGAA

TGGGGCA

DYRK1A

C. lari

NNGGGNN

CGGTCACTGTACTGATGTGA

ATGGGGC

DYRK1A

S. pyogenes

NGGNNNN

TGTCAAATGATACAAACATT

AGGATAT

DYRK1A

S. pyogenes

NGGNNNN

AACCTCACTTATCTTCTTGT

AGGAGGA

DYRK1A

S. thermophilus

NNAGAAW

CCAGGTAAGTTCATGGAGTA

TCAGAAA

DYRK1A

S. thermophilus

NNAGAAW

TAACATATACCTGTTTGTAG

TTAGAAA

DYRK1A
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Supplementary Table 3. Targets used for ortholog activity test in cells and in vivo
Consensus

Targets

PAM

C. diphtheriae
C. diphtheriae

NGGNNNN
NGGNNNN

GGGCAAC
TGGACAG

EMX1
DYRK1A

293FT
293FT

C. diphtheriae
C. diphtheriae
N. cinerea

NGGNNNN
NGGNNNN
NNNNGAT

GGGAGTC
GGGCACC
AACAGAT

DYRK1A
DYRK1A
DYRK1A

293FT
293FT
293FT

N.D.
N.D.
N.D.

N. cinerea
C. lari
C. lari
C. lari
C. lari

NNNNGAT
NNGGGNN
NNGGGNN
NNGGGNN
NNGGGNN

TAGTGAT
GTGGGCA
TCGGGCA
GTGGGCA
TGGGGCA

DYRK1A
EMX1
DYRK1A
DYRK1A
DYRK1A

293FT
293FT
293FT
293FT
293FT

N.D.
N.D.
N.D.
N.D.
N.D.

P.
lavamentivorans
P.
lavamentivorans
P.
lavamentivorans
P.
lavamentivorans
S. pasteurianus

NNNCATN

TCACCTCCAATGACTAGGGT
TGACGGTGCAAGCCGAACAGAT
GA
ACCTGGTGGGCGACGTGCTG
ATGGAGCAGTCTCAGTCTTC
GAATGAAAATGACGGTGCAAGC
CG
TTAATGGTATAGAAGATCCA
TGTCACCTCCAATGACTAGG
CCATGGAGCAGTCTCAGTCT
GCACCAGCATCGGCACAGTG
CGACGGTCACTGTACTGATGTG
AA
CCGAGCAGAAGAAGAAGGGC

indel
(%)
N.D.
N.D.

TCCCATC

EMX1

293FT

N.D.

TACCATT

DYRK1A

293FT

N.D.

NNNCATN

ATTTTAATCACTATGGATCTTC
TA
CCAAAACTCGAATTCAACCT

GGTCATA

DYRK1A

293FT

N.D.

NNNCATN

TGCAGCACAGTTTCTTCAAG

GAGCATA

DYRK1A

293FT

N.D.

NNGTGAN

AGGTGAA

DYRK1A

293FT

N.D.

S. pyogenes
S. pyogenes

NGGNNNN
NGGNNNN

GGGCTCC
TGGACAG

EMX1
DYRK1A

293FT
293FT

33.3
3.0

S. thermophilus

NNAGAAW

TTAGAAA

DYRK1A

293FT

5.0

S. aureus
S. aureus
S. aureus

NNGRRNN
NNGRRNN
NNGRRNN

CAGAGTG
CGGGGTC
TGGAGTA

EMX1
EMX1
DYRK1A

293FT
293FT
293FT

15.9
13.0
6.7

S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus
S. aureus

NNGRRNN
NNGRRNN
NNGRRNN
NNGRRNN
NNGRRNN
NNGRRNN
NNGRRNN
NNGRRNN
NNGRRNN
NNGRRNN
NNGRRNN
NNGRRNN

GTTCTTAATTTATGAAAATCTC
GT
GAGTCCGAGCAGAAGAAGAA
TGACGGTGCAAGCCGAACAGAT
GA
TGAGTAACATATACCTGTTTGT
AG
CAACCACAAACCCACGAGGG
TAGGGTTAGGGGCCCCAGGC
CCTCTAACTAACCAGGTAAGTT
CA
TAAGAGAGTAGGCTGGTAGA
GAGTAGGCTGGTAGATGGAG
GTTGAAGATGAAGCCCAGAG
TGGATGCCCAGGATGGGGGT
AAAGAAAGAGCATGTTAAAA
TCAGACATGAGATCACAGAT
GATGCGGGTGATGATGCTCT
TCATGGCTACCAGTTCCACC
CCCGGGTGGAACTGGTAGCC
CTTCCGACGAGGTGGCCATC
CACCATCTCTCCGTGGTACC
CACCGCAGCCACGCAGAGCA

TGGAGTT
TTGGGTT
CGGAGTG
GAGAGTA
TAGGATA
GCGGGTG
TTGGGTC
CGGGGTA
ATGAATG
AAGGATT
CCGGGTG
GTGGGTG

293FT
293FT
293FT
293FT
293FT
293FT
293FT
293FT
293FT
293FT
293FT
Hepa1-6

24.2
31.7
13.4
18.7
N.D.
29.3
17.6
26.6
26.2
7.6
18.2
4.3

S. aureus

NNGRRNN

CACCGCAGCCACGCAGAGCA

GTGGGTG

N2a

36.4

S. aureus

NNGRRNN

CCGCTGACCACACCTGCCAG

GTGGGTG

GRIN2B
GRIN2B
GRIN2B
GRIN2B
GRIN2B
GRIN2B
GRIN2B
GRIN2B
GRIN2B
GRIN2B
GRIN2B
Pcsk9
(sg1)
Pcsk9
(sg1)
Pcsk9
(sg2)

Hepa1-6

8.3

Cas9

NNNCATN
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Gene

Cell type

S. aureus

NNGRRNN

CCGCTGACCACACCTGCCAG

GTGGGTG

S. aureus

NNGRRNN

GCCCATCGGGAGATTGAGGG

CAGGGTC

S. aureus
S. aureus

NNGRRNN
NNGRRNN

GCAACAACAAGATCTGTGGC
CTTTCGTGGGCCCATGGCGG

TGGAATT
ATGGATG

S. aureus

NNGRRNN

CAGGCTTTCGTGGGCCCATG

GCGGATG

S. aureus

NNGRRNN

CACCCCACCATCCATCCGCC

ATGGGCC

S. pasteurianus

NNGTGAN

ACGTGAT

S. pasteurianus

NNGTGAN

ATCTAGCCTCTTCTAAGACAGG
TT
GGTCAGACATGAGATCACAGAT
GC

Pcsk9
(sg2)
Pcsk9
(sg3)
HmgCR
ApoB
(sg1)
ApoB
(sg2)
ApoB
(sg3)
GRIN2B

GGGTGAT

GRIN2B

N.D.: Not determined.
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N2a

24.4

Hepa1-6

9.7

Hepa1-6
Mouse
liver
Mouse
liver
Mouse
liver
HEK
239FT
HEK
239FT

2.34
8.7
0
3.0
16
14

Supplementary Table 4. Targets used for SaCas9 PAM determination in 239FT cells
Targets
CCTGGACACCCCGTTCTCCT
ACAGCATGTTTGCTGCCTCC
GTGGTCCCAGCTCGGGGACA
CGGTTAATGTGGCTCTGGTT
TGTCCCTAGTGGCCCCACTG
TCCTTCCTAGTCTCCTGATA
CCTGAAGTGGACATAGGGGC
GAGAGATGGCTCCAGGAAAT
TTGCTTACGATGGAGCCAGA
GAGCCACATTAACCGGCCCT
CACAGTGGGGCCACTAGGGA
GACTAGGAAGGAGGAGGCCT
GAATCTGCCTAACAGGAGGT
TGGGGGTGTGTCACCAGATA
CCCTGCCAAGCTCTCCCTCC
CTGGGAGGGAGAGCTTGGCA
CAGGGGGTGGGAGGGAAGGG
GGTGGCTAAAGCCAGGGAGA
TAGGGTTAGGGGCCCCAGGC
ATGGGAAGACTGAGGCTACA
CATCAGGCTCTCAGCTCAGC
GTGGCTGCTCTGGGGGCCTC
GAAGCTGGAGGAGGAAGGGC
TCGATGTCACCTCCAATGAC
GCAAGCAGCACTCTGCCCTC
CAACCACAAACCCACGAGGG
AAGCCTGGCCAGGGAGTGGC
GCCTCCCCAAAGCCTGGCCA
GGCCAGGCTTTGGGGAGGCC
CAGGCTGAGCTGAGAGCCTG
CTCAACACTCAGGCTGAGCT
GCCTCAACACTCAGGCTGAG
CTGGGGCCTCAACACTCAGG
GAGGCCCCCAGAGCAGCCAC
GGAGGCCCCCAGAGCAGCCA
TGAGAAACTCAGGAGGCCCC
GGGGCACAGATGAGAAACTC
AGGGGCACAGATGAGAAACT
AGGGAGGGAGGGGCACAGAT
CCAGGGAGGGAGGGGCACAG
TTCACCTGGGCCAGGGAGGG
CTTCACCTGGGCCAGGGAGG
ACCTTCACCTGGGCCAGGGA
CACCTTCACCTGGGCCAGGG
ACCACACCTTCACCTGGGCC
ACACCTTCACCTGGGCCAGG
CCACACCTTCACCTGGGCCA
AACCACACCTTCACCTGGGC
TTCTGGAACCACACCTTCAC
TGTACTTTGTCCTCCGGTTC

PAM
GTGGAT
AGGGAT
CAGGAT
CTGGGT
TGGGGT
TTGGGT
CCGGGT
GGGGGT
GAGGAT
GGGAAT
CAGGAT
AAGGAT
GGGGGT
AGGAAT
CAGGAT
GGGGGT
GGGGAT
CGGGGT
CGGGGT
TAGGGT
CTGAGT
CTGAGT
CTGAGT
TAGGGT
GTGGGT
CAGAGT
CAGAGT
GGGAGT
TGGAGT
ATGGGA
GAGAGC
CTGAGA
CTGAGC
TGGGGC
CTGGGG
CAGAGC
AGGAGG
CAGGAG
GAGAAA
ATGAGA
AGGGGC
GAGGGG
GGGAGG
AGGGAG
AGGGAG
GAGGGA
GGGAGG
CAGGGA
CTGGGC
TGGAAC

100

Gene
AAVS1
AAVS1
AAVS1
AAVS1
AAVS1
AAVS1
AAVS1
AAVS1
AAVS1
AAVS1
AAVS1
AAVS1
AAVS1
AAVS1
AAVS1
AAVS1
AAVS1
AAVS1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1

indel (%)
5
13
30
35
31
34
N.D.
16
N.D.
32
27
23
26
15
18
N.D.
N.D.
N.D
N.D.
N.D.
N.D.
29
8
15
8
32
7
28
24
9
9
9
8
20
21
15
10
2
5
3
1
8
7
6
5
5
8
6
7
2

TTGTACTTTGTCCTCCGGTT
GGGAGCCCTTCTTCTTCTGC
GCGCCACCGGTTGATGTGAT
TGCGCCACCGGTTGATGTGA
ATGCGCCACCGGTTGATGTG
CTCTCAGCTCAGCCTGAGTG
TTGAGGCCCCAGTGGCTGCT
TGAGGCCCCAGTGGCTGCTC
GAGGCCCCAGTGGCTGCTCT
CCCCTCCCTCCCTGGCCCAG
CCCAGGTGAAGGTGTGGTTC
GTGAAGGTGTGGTTCCAGAA
TGAAGGTGTGGTTCCAGAAC
AAGGTGTGGTTCCAGAACCG
GGAGGACAAAGTACAAACGG
CAAAGTACAAACGGCAGAAG
AAAGTACAAACGGCAGAAGC
AGTACAAACGGCAGAAGCTG
GTACAAACGGCAGAAGCTGG
ACAAACGGCAGAAGCTGGAG
CAAACGGCAGAAGCTGGAGG
ACGGCAGAAGCTGGAGGAGG
GGAGGAGGAAGGGCCTGAGT
AGGAAGGGCCTGAGTCCGAG
AAGGGCCTGAGTCCGAGCAG
GGCCTGAGTCCGAGCAGAAG
CTGAGTCCGAGCAGAAGAAG
TCAACCGGTGGCGCATTGCC
GGCCACTCCCTGGCCAGGCT
GCCACTCCCTGGCCAGGCTT
CCACTCCCTGGCCAGGCTTT
CACTCCCTGGCCAGGCTTTG
TGGCCAGGCTTTGGGGAGGC
GGCCTCCCCAAAGCCTGGCC
AGGCCTCCCCAAAGCCTGGC
TGTCACCTCCAATGACTAGG
GTGGGCAACCACAAACCCAC
TGGTTGCCCACCCTAGTCAT
GTGGTTGCCCACCCTAGTCA
GGCCTGGAGTCATGGCCCCA
GAGTCATGGCCCCACAGGGC
GCCCCGGGCTTCAAGCCCTG
GGCCCCGGGCTTCAAGCCCT
CATTGCCACGAAGCAGGCCA
ATTGCCACGAAGCAGGCCAA
TTGCCACGAAGCAGGCCAAT
TGCCACGAAGCAGGCCAATG
CCACGAAGCAGGCCAATGGG
GGGTGGGCAACCACAAACCC
GCTGCTGGCCAGGCCCCTGC
GAGTCCAGCTTGGGCCCACG
N.D.: not determined.

CTGGAA
TCGGAC
GGGAGC
TGGGAG
ATGGGA
TTGAGG
CTGGGG
TGGGGG
GGGGGC
GTGAAG
CAGAAC
CCGGAG
CGGAGG
GAGGAC
CAGAAG
CTGGAG
TGGAGG
GAGGAG
AGGAGG
GAGGAA
AGGAAG
AAGGGC
CCGAGC
CAGAAG
AAGAAG
AAGAAG
AAGGGC
ACGAAG
TTGGGG
TGGGGA
GGGGAG
GGGAGG
CTGGAG
AGGGAG
CAGGGA
GTGGGC
GAGGGC
TGGAGG
TTGGAG
CAGGGC
TTGAAG
TGGGGC
GTGGGG
ATGGGG
TGGGGA
GGGGAG
GGGAGG
GAGGAC
ACGAGG
GTGGGC
CAGGGG

101

EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1
EMX1

2
N.D.
2
7
N.D.
11
N.D.
N.D.
N.D.
4
4
N.D.
12
10
3
2
3
3
8
3
4
26
5
13
8
1
1
7
N.D.
N.D.
5
7
N.D.
5
9
1
5
1
1
5
7
N.D.
3
16
10
N.D.
15
30
6
3
6

Supplementary Table 5. Top genomic DSB peaks identified by BLESS in 293FT cells
Site

Fwd Priming Site

Rev Priming Site

Chromosome

EMX1-sg1-SaCas9
(on target)
EMX1-sg1SaCas9-BLESS-1
EMX1-sg1SaCas9-BLESS-2
EMX1-sg1SaCas9-BLESS-3

GAGGAGAAGGCC
AAGTGGT
GTTGTTGCGATT
GGTGGATT
CTGGAAGAAGCT
GGGGAAGA
ATTAGCATGGGG
ACGCTTTT

chr2:7316111273161204
chr11:4498637944986518
chr11:118533529118533597
chr15:5953726259537279

EMX1-sg1SaCas9-BLESS-4
EMX1-sg1SaCas9-BLESS-5
EMX1-sg1SaCas9-BLESS-6
EMX1-sg1SaCas9-BLESS-7
EMX1-sg1SaCas9-BLESS-8

AACCCACGAGGG
CAGAGT
GAAGCTTTGAGG
GGAATGTG
GATGCTGCCCTT
CTGACCTC
GGCCCTTGCTCT
TCAGATTT
TCCTCATTAGGA
AATTTAGGATAC
AA
AATGCATGATGC
TAATGTCAGG
AATTCAGTCTTG
CCCAAAATTC
TTAGGGTGTTGG
GAGAGAGTTG
CCCAGCAGTCTC
CAGTTATCTT

chr13:6693752866937545
chr10:9261263892612643
chr23:6386842463868483
chr17:6169967261699691
chr7:1034151110341552

EMX1-sg1SaCas9-BLESS-9
EMX1-sg1SaCas9-BLESS-10
EMX1-sg1SaCas9-BLESS-11

TCAAAAGATAAA
CCCCAAACTGA
ACGATTACTTTT
GCACCAACCT
TTGTTCATGATT
TTCACAACAGC

EMX1-sg1SaCas9-BLESS-12
EMX1-sg1SaCas9-BLESS-13
EMX1-sg1SaCas9-BLESS-14
EMX1-sg1SaCas9-BLESS-15
EMX1-sg1SaCas9-BLESS-16
EMX1-sg1SaCas9-BLESS-17
EMX1-sg1SaCas9-BLESS-18
EMX1-sg1SaCas9-BLESS-19
EMX1-sg1SaCas9-BLESS-20
EMX1-sg1SaCas9-BLESS-21

TCATGAACAATT
CCTTTATGCAA
AGCCTGGGTGAC
AGAGCAAG
CAAAACAAACTT
TAAAGCAACAGC
CATCAGCCAGAG
ATTGTAACCA
TTCCTCCTCCCT
CTTTTCTGC
TGAGAAAAGCAG
CATGAAATGT
TCCATTGGTGTA
CTGGAAATGA
ATGACCTGTCCA
GTGCTGTCA
CAGCCTGACAAA
GATGCATATAA
CCATCTTGTGGA
GTAAAGTTTGG
TCAAACAGAAAA
GTCATAAGAATA
AAAA

TCAAATCATTTC
CAGCTAATGC
AGCTTGATGAAT
TTCCACATCC
GCATGATATTTC
CAACTTCGTTT
CCCCTGTCTGTC
ACTCACG
GCTGCTCTTCCA
TTAGAAAGGT
TCATATTTTGCC
AATTTTTCTATG
A
GGCTGTTTCTTC
TTCTGTGGAC
ACAGGACTGAAA
CACAGGATGA
TATAGTGGATCC
CAATGATTTTAT
G
TTCTCCCTGAGA
TCAAGACAAGAA
TTTGGGAGCTCT
AGTGTTAGGTG
CACTGCCAGAGG
AGAGTGTCTA
GCATAAAAGCAA
GCTTGTCCAAC
ATCTGTAAATGG
CAGAGCTGGT
ATCCACCATAAC
CGATTTGAAG
AGGGCTTGTTCA
ACAGGAAAA
AGGACTAAAATT
GCTGGGTCAG
AAAGATAGGCTC
ATCCTGTGGA
ATACATTACTCT
CATACAGTTCAG
GAAT

EMX1-sg1SaCas9-BLESS-22
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chr15:9890614898906184
chr8:100942881100942887
chr1:7335397973353988
chr13:6337789463377894
chr13:6644461366444619
chr5:6786342067863424
chr7:5336003253360051
chr12:6998559769985651
chr12:2699576826995780
chr14:3046571030465757
chr7:9145189391451918
chr13:6296404562964093
chr23:4217842042178425
chr23:119901238119901264

DSBs
frequency

indel %

1.345E-04

19.806

7.840E-05

15.139

1.170E-05

5.695

2.820E-06

1.991

2.400E-06

0.015

2.400E-06

0.012

2.340E-06

0.007

2.280E-06

0.029

2.280E-06

0.078

2.220E-06

0.056

2.220E-06

0.036

2.100E-06

0.014

2.100E-06

0.052

2.100E-06

N.D.

2.100E-06

0.389

2.100E-06

0.011

2.100E-06

0.003

2.040E-06

0.005

2.040E-06

0.012

2.040E-06

0.014

1.980E-06

0.023

1.980E-06

0.045

1.980E-06

0.018

EMX1-sg1SaCas9-BLESS-23
EMX1-sg1SaCas9-BLESS-24
EMX1-sg1SaCas9-BLESS-25
EMX1-sg1SaCas9-BLESS-26
EMX1-sg1SaCas9-BLESS-27
EMX1-sg1SaCas9-BLESS-28
EMX1-sg1SaCas9-BLESS-29
EMX1-sg1SpCas9 (on target)
EMX1-sg1SpCas9-BLESS-1
EMX1-sg1SpCas9-BLESS-2
EMX1-sg1SpCas9-BLESS-3
EMX1-sg1SpCas9-BLESS-4
EMX1-sg1SpCas9-BLESS-5
EMX1-sg1SpCas9-BLESS-6
EMX1-sg1SpCas9-BLESS-7
EMX1-sg1SpCas9-BLESS-8
EMX1-sg1SpCas9-BLESS-9
EMX1-sg1SpCas9-BLESS-10
EMX1-sg1SpCas9-BLESS-11
EMX1-sg1SpCas9-BLESS-12
EMX1-sg1SpCas9-BLESS-13
EMX1-sg1SpCas9-BLESS-14
EMX1-sg1SpCas9-BLESS-15
EMX1-sg1SpCas9-BLESS-16
EMX1-sg1SpCas9-BLESS-17
EMX1-sg1SpCas9-BLESS-18

GCAGTGTGAGGC
CTTTCG
TCTTAGGACATA
GCTCCAGTTGC
CACTGTCTTCGA
CCTCCAATC
TTCCTCCTATCA
TACTCTTGCTCA
CTAAGAAGGCCA
TCATCAGGAC
GAGCCGGGAATA
AAAACAATTT
TCCTCCTAATTT
TTACCCCAAA
AACCCACGAGGG
CAGAGT
AATGTGGGAGGG
GGAGAG
AATCAGCAGTGA
TTTGACTAGGG
ATGGGGTCTGTT
TGATCAGC
AGGCCATGGTCC
TTAGGATG
TCCTCATTAGGA
AATTTAGGATAC
AA
TCTTGTGAGGAC
TGTGAGTTCC
CAGATGCGCATT
GACTTTCT
AAAAAGTGAAAA
ATGGGGATGA
CACCTTGAATTT
TGTTGGTCCT
CTGTCCTGGAAA
GCTCCTCA
AAGCCAGTCATT
GCTCTCTGT
TGTTTGACAGTA
TGTACTGAAGTT
GAA
TGGTCATAGTTT
GCATTTTCCT
TTTACATGGTCT
CACCCAGATG
ATGAAAAGCTGA
AGGAAAAGCA
TGCACATTTAAG
GGTTTTTACCA
AACCAGAGACAA
ATTCGTGAGC
GGTTTAGGAGAA
GCCCTCAGA

GTGCACGCCATG
CTTTCT
TTTGGAAACTTT
GATGTTCACG
CCCTCTGATTGA
TCGCTGTT
CCTTGGCATCTT
CTAACACTTTG
AAGTATAGCCCA
TGGTGAGCTG
CCTACAGTCAGG
AGGAAACCTG
CTTTGGCCATGG
ATGTATTTTT
GAGGAGAAGGCC
AAGTGGT
TGCGATTGGTGG
ATTCTGT
AATTCCAGCAGG
GAAGAACC
GACTGCCTTGCT
CTCACCA
CAGGACAGCCCT
AACCTGAA

chr10:31483153148317
chr10:114021252114021278
chr8:4201033742010447
chr13:8393414283934184
chr23:115497088115497106
chr1:196377000196377015
chr12:6346368863463692
chr2:7316114073161200
chr11:4498640544986503
chr9:8933734089337467
chr22:4631560146315691
chr2:135317592135317674

TCAAATCATTTC
CAGCTAATGC
AAGATGTAGTGC
TCTGGGAAGG
CTGCTTTTCCAA
GGATTTGA
GCCAAGAATATG
TTTTTAGCATC
CCTTCATCCAAA
AAGTATCATGG
GCTTCCTTTTTC
CAGGTGCT
TTGAGGAGGATA
ACTGTGCCTA

chr1:222769727222769752
chr1:2458082324580840
chr3:139977190139977250
chr1:196230679196230698
chr10:1195366211953664
chr2:173222794173222833
chr3:2483829424838296

GCTTCCAGTTTT
GGGACAAT
AATGGGCAGAGG
ACATGAATAG
GCAAAAAGAAAA
ATGCAGTGAA
TTTGATGAAGTG
TTCTGTCTGGA
AGCATCAGGTAT
TTTCGTGGAT
AATGCTTCCAGC
TGCAGTTTAT
TTCTGAGGTGGC
ATAAAATTGA

chr12:4986733849867341
chr23:8221922482219226
chr23:147401787147401798
chr1:233770599233770612
chr2:5241196952411986
chr4:2948195029481970
chr1:236441905236441922
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1.980E-06

0.006

1.980E-06

0.011

1.980E-06

0.068

1.980E-06

0.012

1.980E-06

0.012

1.920E-06

0.012

1.920E-06

0.030

1.231E-04

19.274

1.215E-04

19.001

9.060E-05

11.564

4.670E-05

6.971

2.700E-05

4.074

2.580E-05

N.D.

2.560E-05

0.006

2.490E-05

1.304

2.380E-05

0.011

2.380E-05

0.012

2.280E-05

N.D.

2.150E-05

0.016

2.130E-05

0.003

1.920E-05

0.207

1.910E-05

0.015

1.860E-05

0.017

1.850E-05

0.118

1.850E-05

0.008

1.830E-05

0.020

EMX1-sg1SpCas9-BLESS-19
EMX1-sg1SpCas9-BLESS-20
EMX1-sg2-SaCas9
(on target)
EMX1-sg2SaCas9-BLESS-1
EMX1-sg2SaCas9-BLESS-2
EMX1-sg2SaCas9-BLESS-3
EMX1-sg2SaCas9-BLESS-4
EMX1-sg2SaCas9-BLESS-5
EMX1-sg2SaCas9-BLESS-6
EMX1-sg2SaCas9-BLESS-7
EMX1-sg2SaCas9-BLESS-8
EMX1-sg2SaCas9-BLESS-9
EMX1-sg2SaCas9-BLESS-10
EMX1-sg2SaCas9-BLESS-11
EMX1-sg2SaCas9-BLESS-12
EMX1-sg2SaCas9-BLESS-13
EMX1-sg2SaCas9-BLESS-14
EMX1-sg2SaCas9-BLESS-15
EMX1-sg2SaCas9-BLESS-16
EMX1-sg2SaCas9-BLESS-17
EMX1-sg2SaCas9-BLESS-18
EMX1-sg2SaCas9-BLESS-19
EMX1-sg2SaCas9-BLESS-20
EMX1-sg2SaCas9-BLESS-21
EMX1-sg2SaCas9-BLESS-22
EMX1-sg2SaCas9-BLESS-23

CACATTGTTATG
AACCCATTCAA
CCCTCAATTAGC
TGTGTTTCCT
AACCCACGAGGG
CAGAGT
AAGACAGCCCTG
ACGGAAAA
AATCTGTGGGCA
GCAGAAGA
GGAGAGACCCAG
GTGTGAAT
CCACCTATGCCC
TCTACTGC
CCAAAAGTTGAT
ATCATGCTTAGT
GAT
AGCCCGCTTGAT
ATCACTTC
ATGAAAAGGGTC
GATTCATCAG
GAGATGTTCTAC
TCCAAAGGGACT
CCCCAGAAGCAA
TTATTTTCAA
TCCTACCTGTGG
TCTCCAAA
TCATTGGCTGCC
GGAGT
TGCATTTTCTTT
CACTTTTGGA
GCTGGCTGAATC
CAGTTTGT
CATGGCATTTGG
ACTCCTCA
GGGACATTAAGT
GGTAATGGACA
TTCAGGTATCCC
ACCTCTGAGT
CAGGCTTCTGAG
GATGGCTA
GGCCAAGGAAGT
AGACTCCA
ACTCCAGCCTGG
GTGACAGA
ATGGGTGAATTT
TAATCGCAGT
TCTTTCACTAAA
GGTAAGGAAATG
AA
CTGCTGCCACGT
CTTCACT
CAGAGTACATGT
CTAACGCCTCTT

CTAACCCCATTG
CGACAAATAC
ACCAGGCGTACA
CATTTGAAG
GAGGAGAAGGCC
AAGTGGT
CCTTGCTTTCAG
CTGCTCTG
TGGAAGCTGAGC
TAGGACCA
ACTTCTCCCCTT
TGGCTACC
CCATATCGGGAC
AGGCATT
ATGATGATAATT
TTGTCTTCTTCA
TTC
CACAGAAAATGA
CAAACCCAGA
GGGAGTATTAAA
CCCTCCAACC
AGCAAATTGTCA
CTCCTGCTTT
GGAATTAAATCA
TTTGTATAGTAG
GAAGTC
GCTGTTCCCCAA
AGACAAGA
CCTTTCTCCTCC
CAGTCTCC
AAAACCTGAGCA
TTTCTTCCAC
GTGCAATTGGGA
ACGTCAT
TGACCCCTCCCC
TCATTATT
TTCATCACTCAG
ACTTCCTTGG
GCCAACAAGATT
TGGTCTTTGT
CACCAGCTCCCA
TCCTAGTT
TGCGCTAGTGTC
CTTCATTTT
GGATGTTTTCTC
CCTGAGATCAA
GCTGGTAGTGCT
AATCCCAATC

chr12:9352880393528825
chr4:188092874188092901
chr2:7316116573161252
chr9:9785329597853347
chr5:153672156153672181
chr11:4498645844986473
chr11:869038869055

ACTTCCATCTTG
CCTGCTGT
TGAAATTCCCAA
GCAGCTAAA
TTTTGCCTAGCA
AACTTCACAA

chr2:218400210218400211
chr4:171182176171182188
chr5:3691173936911742
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chr9:114789234114789291
chr9:128168612128168629
chr23:7838043478380467
chr5:112797561112797576
chr1:225712809225712830
chr1:182944884182944888
chr3:6655162366551687
chr3:6817416068174181
chr3:138080529138080557
chr4:101440760101440765
chr6:6572683865726850
chr8:136640477136640503
chr1:165717581165717582
chr13:2385459523854595
chr13:9861841098618422
chr2:214716358214716369

1.820E-05

0.009

1.790E-05

0.008

2.364E-04

16.004

1.116E-05

2.052

9.009E-06

0.592

3.967E-06

0.175

3.885E-06

1.547

2.397E-06

N.D.

2.314E-06

0.106

2.232E-06

0.033

2.232E-06

0.013

2.149E-06

0.134

2.066E-06

0.016

1.984E-06

0.019

1.984E-06

0.015

1.984E-06

0.268

1.984E-06

N.D.

1.984E-06

0.055

1.984E-06

0.022

1.901E-06

0.014

1.901E-06

0.031

1.901E-06

N.D.

1.901E-06

0.013

1.901E-06

0.019

1.901E-06

0.022

1.901E-06

0.014

EMX1-sg2SaCas9-BLESS-24
EMX1-sg2SpCas9 (on target)
EMX1-sg2SpCas9-BLESS-1
EMX1-sg2SpCas9-BLESS-2
EMX1-sg2SpCas9-BLESS-3
EMX1-sg2SpCas9-BLESS-4
EMX1-sg2SpCas9-BLESS-5
EMX1-sg2SpCas9-BLESS-6
EMX1-sg2SpCas9-BLESS-7
EMX1-sg2SpCas9-BLESS-8
EMX1-sg2SpCas9-BLESS-9
EMX1-sg2SpCas9-BLESS-10
EMX1-sg2SpCas9-BLESS-11
EMX1-sg2SpCas9-BLESS-12
EMX1-sg2SpCas9-BLESS-13

GTCAGCTCCTGT
GTCCCTTT
AACCCACGAGGG
CAGAGT
GCAACGCTAGGA
GACTGGAA
ACTGTGGGGAGC
ACAGACAG
TGCCAGTTGTGG
TAGAGACC
AGACAAACGGAG
CTCAGAGG
GTCTTTTGTGGG
GCGAGTC
CAAGGTCCCTTT
GGTCAGTG
CGGAATCCGCAT
ATCACCTA
TGGAGAGAGGCA
ATGAGAGG
CCACAGATGCCT
TGAACTTG
GTCAACCTCCCT
TCCTCCAT
TTGATAACAGAG
CTTCTATGGACA
CGTCCCTGATTG
GATAATGTTT
CTTTTTCTGTTG
CCACAACG

EMX1-sg2SpCas9-BLESS-14
EMX1-sg2SpCas9-BLESS-15
EMX1-sg2SpCas9-BLESS-16
EMX1-sg2SpCas9-BLESS-17
EMX1-sg2SpCas9-BLESS-18
EMX1-sg2SpCas9-BLESS-19
EMX1-sg2SpCas9-BLESS-20
EMX1-sg2SpCas9-BLESS-21
EMX1-sg2SpCas9-BLESS-22

GCCCCTGTCCTA
ATAAATGC
CCCACAGTCCTT
ATGATTACTGAA
CCCCAACCTGCA
ATACTCATTA
TGTGATGACTGA
TGTCTTGCTG
GCTTCTCTTTCC
TTCCCTACCT
CTCCCCGGTTCA
GGAAATC
ATACTGTGCGGG
ATGAGACTTT
AATCAAAATTCT
CTGGCAGTGG
TAAGCAAAAAGC
ACCCACAGTA

EMX1-sg2SpCas9-BLESS-23
EMX1-sg2SpCas9-BLESS-24

AAATAGGCATTT
TCAGGGAAGG
CAACCTGAGGTG
TGTTTATTTTT

GGACTTTGCAGG
AAACATACG
GAGGAGAAGGCC
AAGTGGT
AACCATCACCCC
AAACACAG
CTTGCCTCCGCT
CAGTGTT
GTCTTCAGGGGC
TTGGTGT
GAGGGCATGTGT
GAGCTGT
ACTGAAGGAGCT
TCACGAAC
GTTTGGTTTTTG
GGTCCTCA
CGTCCTTGCATT
CTCCACTC
CTGCCTCTGGGA
ATGATTTG
TCGTGTGCTTCC
TACACATCA
ACCTCCCCAACC
TCAGTCTT
CATGTGTTACGG
TCTAGCATTTC
GCAGCTTGGATT
TCACTCTTTC
TCTGTTATGTGC
GTGGTTCC
TGTGTGTGTGTA
TAGGTATGGAAG
G
AAAGAGGATAGG
GAAAGGGAAA
TCTGTCAGACCA
AGCCAAATTA
AAGGAAGGACTT
TTGGTAAGTGC
ATCACAGCCAAG
TGAAAATGTG
CCCTGGAGTTCC
AGACCAAC
TTCTTCTTGAAC
ACCCATAGCA
CATCAAGTGCAC
AAAAAGCTTAC
AACAGCATTGTG
ATACGGGTTT
CCAAAAACTATC
CTATGAGCTACC
A
TCAAGGCTATTG
GAGTGGAGA
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chr6:2389452423894553
chr2:7316114673161225
chr5:3402634334026377
chr6:168705429168705482
chr10:4427765344277701
chr17:7699245576992533
chr5:174178968174179012
chr1:2244634122446395
chr16:5671574156715800
chr2:121153585121153651
chr16:7347088573470941
chr11:6741007367410091
chr8:115470881115470913
chr7:6402355264023569
chr3:2391993223919933
chr2:221448894221448898
chr2:188791974188791979
chr15:8984391089843932
chr6:164141026164141065
chr9:115570151115570181
chr11:1725161317251629
chr17:5723373257233777
chr2:9994067099940683
chr6:136475185136475200
chr13:5858942458589450
chr13:7191518271915184

1.901E-06

0.033

2.997E-04

11.981

8.099E-05

4.919

7.038E-05

4.877

5.639E-05

7.813

3.531E-05

6.055

2.619E-05

1.608

1.895E-05

1.518

1.661E-05

0.760

1.230E-05

1.516

3.819E-06

0.125

3.075E-06

0.182

2.976E-06

0.002

2.926E-06

0.028

2.877E-06

0.068

2.728E-06

0.034

2.678E-06

0.050

2.579E-06

0.011

2.579E-06

0.046

2.529E-06

0.003

2.430E-06

0.057

2.430E-06

2.181

2.430E-06

0.003

2.430E-06

0.003

2.331E-06

0.003

2.331E-06

0.007

EMX1-sg2SpCas9-BLESS-25
EMX1-sg2SpCas9-BLESS-26
EMX1-sg2SpCas9-BLESS-27
EMX1-sg2SpCas9-BLESS-28
EMX1-sg2SpCas9-BLESS-29
EMX1-sg2SpCas9-BLESS-30
EMX1-sg2SpCas9-BLESS-31
EMX1-sg2SpCas9-BLESS-32
EMX1-sg2SpCas9-BLESS-33
EMX1-sg2SpCas9-BLESS-34
EMX1-sg2SpCas9-BLESS-35
EMX1-sg2SpCas9-BLESS-36
EMX1-sg2SpCas9-BLESS-37
EMX1-sg2SpCas9-BLESS-38
EMX1-sg2SpCas9-BLESS-39
EMX1-sg2SpCas9-BLESS-40
N.D.: Not determined.

CGCATTTGGGTT
TGACTGAT
CAGGGAATTCGA
GCTTAGACA
TCCTAGCATGCC
CATTATCC
CAAAGGGAAACA
ATACAAACAAA
CCCAAATCACTT
CTTTCTCTCG
CGGCGACAAGAG
CAAGACT
GAAGGATCCTGC
AAGAGAACAT
TTCCATCAAGTG
GTGAGGTCTA
TTTGGAAGTTTC
AGATGAAGGAA
CTGCAACATCAA
CCCAGAAATA
TGGAATTCTTCC
ATCACATGAC
TGATGTTCAGGT
GATAGAGTCTTG
A
AATGTTTACAGT
TTCCTGCCTGA
CCTCCCAAGGTT
TGAGTATTGT
TCTCTGAACCTC
AGTCTCCTCA
CTCCCTTCAAGA
CTGAACCACT

AGCAAAGGGCAC
ACTGACAT
AAGGCTGCCCCT
CTCTATTC
TGTGAAGGGATT
CTCTGAGG
CAGCATTTCCAA
ATGTTATCCA
TTAGCTGCTTTC
ACCATCACC
AGATGGGGTTTC
GCCATGTT
TACAACAAATGT
GTGTGCGTGT
CAACAGGGTACA
AACCAAAACC
GTTGAATCAATT
TGGGGATCTG
ACTTAGCCATGT
GGCTGTGTTC
ATATTTCACTGG
GGTGGAGTTG

chr7:7351778973517793
chr18:7531178075311797
chr3:94292109429213
chr6:122022169122022208
chr1:226521173226521200
chr15:9048880890488838
chr7:6940598769406009
chr3:479351479365
chr4:165374754165374774
chr5:122768218122768269
chr9:3081588630815893

TTCCAAGAACAC
ACAGGAAATG
TGCCACAGACTG
ACAAATTACC
TTTTGTGGCATG
CAGTAAACTT
CTCCCCATTCCA
CAGTAATGAT
GAGCACAGCTTG
AACCAGATAA

chr13:7483981774839846
chr7:135932093135932107
chr1:8225708082257095
chr1:180540263180540277
chr11:100072559100072561
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2.331E-06

0.004

2.281E-06

0.281

2.281E-06

0.015

2.281E-06

0.024

2.232E-06

0.002

2.232E-06

N.D.

2.232E-06

0.003

2.182E-06

0.003

2.182E-06

0.003

2.182E-06

0.003

2.182E-06

0.004

2.133E-06

0.003

2.133E-06

0.043

2.083E-06

0.032

2.083E-06

0.025

2.083E-06

0.006

Supplementary Table 6. Top genomic peaks identified by ChIP in 293FT cells
Site

Target

Sa_EMX
1_target1
Sa_ChIP
_OT1.1
Sa_ChIP
_OT1.2
Sa_ChIP
_OT1.3
Sa_ChIP
_OT1.4
Sa_ChIP
_OT1.5
Sa_ChIP
_OT1.6
Sa_ChIP
_OT1.7
Sa_ChIP
_OT1.8
Sa_ChIP
_OT1.9
Sa_ChIP
_OT1.10
Sa_ChIP
_OT1.11
Sa_ChIP
_OT1.12
Sa_ChIP
_OT1.13
Sa_ChIP
_OT1.14
Sa_ChIP
_OT1.15
Sa_ChIP
_OT1.16
Sa_ChIP
_OT1.17
Sa_ChIP
_OT1.18
Sa_ChIP
_OT1.19
Sa_ChIP
_OT1.20
Sa_EMX
1_target2
Sa_ChIP
_OT2.1
Sa_ChIP
_OT2.2
Sa_ChIP
_OT2.3

GCCTCCCCAA
AGCCTGGCCA
ACCTCCCCAT
AGCCTGGCCA
TCCTCCCCAC
AGCCTGGCCA
TTCTCTCCAA
AGCCTGGCCA
TCCTCACCAC
AGCCTGGCCA
GGCTCCCAAA
AGCTTGGCCA
GCCTCTGCAC
AGCCTGGCCA
GTCCTCTGAA
AGCCTGGCCA
CACTCCCCAC
ACCCTGGCCA
AACACCCCCA
AGCCTGGCCA
TGACCCCCGA
AGCCTGGCCA
GCCTGCACAA
TGCCTGGCCA
GACCCCTCAA
AGCCTGGCCA
TCCTCATCAC
AGCCTGGCCA
AAATGCCAAA
AGCCTGGCCA
ACCTGACCCA
AGCCTGGCCA
ACCTCACCCA
TGCCTGGCCA
AGAGCCTGGA
AGCCTGGCCA
CCTGCCTCTG
AGCCTGGCCA
ATTGGCCCCA
AGCCTGGCCA
TGCAACACAC
AGCCTGGCCA
GGCCAGGCTT
TGGGGAGGCC
TGCCAGGCTC
TGGGGAGGCC
GTCCAGGCTC
TGGGGAGGCC
TCCCAGGCTT
GGGGGAGGCC

Fwd Priming
Site
AACCCACGAGGG
CAGAGT
GAAGCTTTGAGG
GGAATGTG
GGGGAAATAAAG
CCTGTGGT
TGGCTACAACTT
CGGCAAAT
CACAGCAGAGCT
TCATTTGC
TGCCAGAGCCTG
AGGATAAT
AGGAGAGGCACC
TGCAGTC
GAAGGGACTGGA
TGTTCACATAA
GGTTGTAGGAGT
GGGACAGG
TATGCTGGGATT
CTGGGAAG
ATATCACACCGG
CCTCCATA
TAAAGTGCATGC
AAACCACCT
CTGGTGGTTCTG
GTTGTCCT
CGCATCCTGACC
TCAATACA
GAGTCGGCCAAG
GAATGTT
TGGGTGATGGAG
GAGTAAGG
CACTTGCTGAGG
ACCCAGAT
TCTGGGTCCCTT
TGTGACTC
GGTGTGCGCCAG
AATAGTTT
GGAAGGAAGGAA
AGAAAGAGAGA
GCCTGCTCTAGA
TCCAGCACT
AACCCACGAGGG
CAGAGT
GCTGGCTGAATC
CAGTTTGT
CCACCTATGCCC
TCTACTGC
CCCCACCTGGAA
TCAAGTC

Rev Priming
Site
GAGGAGAAGG
CCAAGTGGT
GTTGTTGCGA
TTGGTGGATT
GAAGAACCCC
TGAGGCATCT
CAGGCCTTTC
AGGTTCAGG
CACTCCTCTG
GGAAGGTGAG
AGGGTTGCCC
TGTGGAAT
CTCCCCTACT
TTTGCTGTGC
CCTCAATCCT
GCTCCCTCTA
AATCAGGAGC
TGGGAATGTG
GGAGGTAAGA
GGGGGACAGT
CTGCAGTTAG
GTGCCATTCA
ATGAGTCCTG
CCATCAAACC
TTGCTGCTCT
GAAAAAGCTG
TTGGGAGTCA
GTGGGAGTGT
CCACGTCTCC
AGCATACAAA
CTCCAGCTCT
CTTCCCCTTC
TCTCACACGC
TGCTCACAG
GGAGGTGGGG
ATAAGGTCAG
ATTTGTGGGG
TTGTTGGAAA
CGTGAGAGCA
GAGCAGTGTC
TGGGATCTTC
CAGAGGACAG
GAGGAGAAGG
CCAAGTGGT
TGCAGCCTTC
CATAGGAATC
CCATATCGGG
ACAGGCATT
CAATAGGGAG
CCAAAGCAAG
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Locus
chr2:73161121
-73161222
chr11:4498641
2-44986513
chr9:89337324
-89337425
chr20:5614052
1-56140622
chr10:1259660
91-125966192
chr3:13206742
6-132067527
chr9:13909758
6-139097687
chr9:13133079
2-131330893
chr9:12942054
4-129420645
chr22:2001705
4-20017155
chr16:1308253
-1308354
chr15:8875181
2-88751913
chr13:2482223
4-24822335
chr10:1038764
43-103876544
chrX:7334803
2-73348133
chrX:7043653
2-70436633
chrX:1325673
0-13256831
chr6:31839680
-31839781
chr7:14868571
8-148685819
chr22:3879892
5-38799026
chr8:12665533
4-126655435
chr2:73161138
-73161239
chr3:13808051
4-138080615
chr11:868990869091
chr5:17767974
5-177679846

MACS
Score

Motif
Score

Indel
(%)

1666

26

19.806

982

18

15.139

83

17

0.045

259

16

0.008

80

16

0.002

68

15

0.002

64

14

0.025

116

14

0.027

114

14

0.007

288

14

0.017

264

14

0.015

1232

14

0.002

233

14

0.002

479

14

0.022

79

13

0.053

729

13

0.006

265

13

0.011

1877

11

0.002

813

10

0.027

1636

13

0.003

1016

11

0.026

1815

25

16.004

92

17

0.268

73

17

0.856

306

16

0.031

Sa_ChIP
_OT2.4
Sa_ChIP
_OT2.5
Sa_ChIP
_OT2.6
Sa_ChIP
_OT2.7
Sa_ChIP
_OT2.8
Sa_ChIP
_OT2.9
Sa_ChIP
_OT2.10
Sa_ChIP
_OT2.11
Sa_ChIP
_OT2.12
Sa_ChIP
_OT2.13
Sa_ChIP
_OT2.14

CGCCAGGCTT
TGTGGAGTCC
TGCCAGGCCC
TGGGGAGGCC
AGGTGGGCTT
TGGGGAGGCC
TGCCAGGGTT
GGGGGAGGCC
TGCCCAGCTC
TGGGGAGGCC
TGCCAGGGCT
TGGGGAGGCC
CCCCAGGCTC
TAGGGAGGCC
GGCCTGGCTC
CTGGGAGGCC
GGCCAGTCTC
AGGGGAGGCC
GGGCAGACCT
TGGGGAGTCC
TTAGAGGCTA
TGGGGAGGCC

GGCAGAAGTGCC
AGGAGTTA
AGCCTCAGGACA
AGACATGC
CACACATAGGCC
CCGTCTC
TGACGCAGCTTC
TTTGTCAG
ATACACTTGGGC
AGCAATGA
ATCACCGTTGAA
CTCAGAGC
TCTCTCTCTGCA
GCTGTGGT
CTGGGCAATCAT
ACCCACTT
TCAGGGAAGGTG
TTTTGGAG
CCTCACACTCCA
ACCCTCTC
ATGAATGGGCTC
AGACACCT

Sa_ChIP
_OT2.15

TACCAGGTGT
TGGGGAGGCC

AAGTCCTCCAGC
TGTGCATT

Sa_ChIP
_OT2.16

CTGATACTTC
TGGGGAGGCC

GCCCACAAAAAG
CCTTACAC

Sa_ChIP
_OT2.17
Sp_EMX
1_target1
Sp_ChIP
_OT1.1
Sp_ChIP
_OT1.2
Sp_ChIP
_OT1.3
Sp_ChIP
_OT1.4
Sp_ChIP
_OT1.5
Sp_ChIP
_OT1.6
Sp_ChIP
_OT1.7
Sp_ChIP
_OT1.8

GTGGGGAGGA
AGAGGAGGCC
GCCTCCCCAA
AGCCTGGCCA
ACCTCCCCAT
AGCCTGGCCA
TCCTCCCCAG
AGCCTGGCCA
AGTGATCCAA
AGCCTGGCCA
GTACAGCAAA
AGCCTGGCCA
AAAACACAAA
AGCCTGGCCA
TTGTGGTCAC
AGCCTGGCCA
AGCCTCCCCA
AACCTGGCCA
AGAGCCTGGA
AGCCTGGCCA

AACGGATACAGG
GAGGAAGG
GGAAGGAAGGAA
AGAAAGAGAGA
GAAGCTTTGAGG
GGAATGTG
ATGGGGTCTGTT
TGATCAGC
AACGGATTTGAG
GGGAGAAT
ATCTGGCTCAGC
AAAGAAGG
AAAGTTGATCTG
GCCGTGAG
AATTGCTGAGCA
GGCATAAT
ACCTTCTGAAAC
AGCCTCCA
TCTGGGTCCCTT
TGTGACTC

Sp_ChIP
_OT1.9
Sp_ChIP
_OT1.10

CATCTACGGA
AGCCTGGCCA
CTTGCCTGGA
AGCCTGGCCA

ATGCACCCTCCA
TACTCCAC
TTCTCCATCACT
GGCTCTCC

GACCATGAGC
TTGGATGTTG
GGCCAGCCAC
ACTGAGTAG
GACACAAGAG
GGGACAGGAG
AAAGCATGAG
CTTGGTCACA
CCTGCTCAGG
AAATCCACAT
GGAAGCTGAG
GAGGAGACG
ATACCCACAG
GGCTCACTCA
CCTGGAGACT
GGGTCCCTA
AGGTAGGACC
TGCTGCTTCA
GCATATGTGT
CTCCCACACG
TCCACAGGCT
TCAAAAGGAC
TCATTTGCAA
CAACATAGAT
GG
GGCACAGG
GAAAGCTG
TACT
GCTCTGGA
GGGAGAAG
TGG
GAGGAGAAGG
CCAAGTGGT
GTTGTTGCGA
TTGGTGGATT
GACTGCCTTG
CTCTCACCA
GTCTCCCACG
TCTTTCTGGA
CGGGAGGGGA
ATTAGAACAT
CAGAAAGCAG
CATGAAACCA
GGCAGTTTGT
CATTCCAGGT
TTTTCCTGAG
GGTTCACTGG
GGAGGTGGGG
ATAAGGTCAG
CTCCCACAAT
TTACCCATGA
A
GCCAGTCTCC
CTTCTGTTTG

108

chr9:92448781
-92448882
chr9:13177409
3-131774194
chr2:24260725
0-242607351
chr20:3487394
7-34874048
chr10:3451897
5-34519076
chr10:1121260
34-112126135
chrX:4704086
3-47040964
chr8:18770971
-18771072
chr8:14469369
7-144693798
chr6:39135451
-39135552
chr6:16412563
4-164125735

289

15

0.002

125

15

0.007

507

15

0.006

511

15

0.043

113

15

0.005

199

15

0.207

94

14

0.005

248

14

0.003

190

14

0.016

162

14

0.002

253

14

0.006

chr5:77609557761056

265

14

0.024

chr18:3604248
9-36042590

1246

10

0.049

844

7

0.002

385

26

19.274

855

18

19.001

370

17

6.971

104

14

0.002

110

12

0.018

55

12

0.042

66

11

0.002

135

11

0.024

79

11

0.023

78

11

0.002

158

11

0.003

chr22:2410521
3-24105314
chr2:73161120
-73161221
chr11:4498641
3-44986514
chr22:4631559
2-46315693
chr6:85481642
-85481743
chr22:2524141
9-25241520
chr11:2549865
-2549966
chr9:94668357
-94668458
chr7:10199955
9-101999660
chr6:31839698
-31839799
chr4:55480130
-55480231
chr17:7693029
6-76930397

Sp_ChIP
_OT1.11
Sp_ChIP
_OT1.12
Sp_ChIP
_OT1.13
Sp_EMX
1_target2
Sp_ChIP
_OT2.1
Sp_ChIP
_OT2.2
Sp_ChIP
_OT2.3
Sp_ChIP
_OT2.4

TGAGTGCACA
AGCCTGGCCA
AATTGTCTGA
AGCCTGGCCA
TTCCCAGTGG
AGCCTGGCCA
GGCCAGGCTT
TGGGGAGGCC
GGCCAGGCTC
TGAGGAGGCC
AGACAGGCTC
TGGGGAGGCC
AGGTGGGCTT
TGGGGAGGCC
GACCAGACTT
CCGTGAGGCC

CTCCTCTCAGCC
TCAACCTG
CGGGAGAAATTC
ACAGATGA
GAAGCTCAAGCC
TGAAGCAG
AACCCACGAGGG
CAGAGT
GCAACGCTAGGA
GACTGGAA
TTTCTTCCCTCC
ACAGATGC
CACACATAGGCC
CCGTCTC
GGCAGGGAGATA
AGGGTCTC

Sp_ChIP
_OT2.5
Sp_ChIP
_OT2.6
Sp_ChIP
_OT2.7
Sp_ChIP
_OT2.8
Sp_ChIP
_OT2.9
Sp_ChIP
_OT2.10
Sp_ChIP
_OT2.11
Sp_ChIP
_OT2.12
Sp_ChIP
_OT2.13
Sp_ChIP
_OT2.14
Sp_ChIP
_OT2.15
Sp_ChIP
_OT2.16
Sp_ChIP
_OT2.17

TACCAGGTGT
TGGGGAGGCC
TGGGGAGCTT
TGGGGAGGCC
GTTGAGGTTT
TGGGGAGGCC
GGACAGACTG
TGGGGAGGCC
CCTGAGGCTG
TGGGGAGGCC
TGTAGTGCTT
TGGGGAGGCC
AGCTAGGCGT
AGGGGAGGCC
TGCCAGGAAG
TGGGGAGGCC
GGCAGTGGTT
TGGGGAGGCC
GGAGAGGCGG
TGGGGAGGCC
GAGCCAGGGC
TGGGGAGGCC
AAATGAGGAG
TGGGGAGGCC
GTGTGCCTCT
TGGGGAGGCC

AAGTCCTCCAGC
TGTGCATT
GGTGACACAGCA
CCACAGTT
CTAGGACTCCGC
CTGAGATG
TGATCAAACAGC
CAGACACC
GCACCTTAGTGT
GGTGTGGA
CAGTGGGCTTGA
CCAGAAAC
CCCCAGTAGGCT
TTCACTTTT
ATGGGTCATCCT
GTGGCTAA
TGAAGGTGTTTG
AAAGAAACCA
GGCACTTTGGAA
ACAAGGAA
CCACGTGCATGT
TTTCTCAT
TAGCCTGGGAGA
TGGAACAG
CGAGTGCTCTGC
TGGAGAAT

TGACCACAGA
GCAATTGGAG
CACAGCCACC
CTTTCTCTTC
TGACTGCCCC
TTCTGTTCTC
GAGGAGAAGG
CCAAGTGGT
AACCATCACC
CCAAACACAG
CGGTTTTTGC
CTTTGAAAAT
GACACAAGAG
GGGACAGGAG
CTTTTTCCCT
CCAAGGCAGT
TCATTTGCAA
CAACATAGAT
GG
CAAGCCACTT
GCCTAAGCTC
TGAGAGGGGA
GTGTGTAGGG
ACATGCCATA
CAAGCACCAG
ACACCCGGCC
TAAAGTTTGT
ACGAGTACGA
GGAAGCAAGC
TGGAACAAAA
GCCTCACTC
GTTTGCCCCG
GTCATAGACT
CGGCTGAATG
AAACCAGAAT
TGAGTCACTG
TGCTTGTCCA
AAAGAGTTTG
CCGGTTTGG
CCGTGTCCAT
GTTGTCTTGT
AACGTGTTCC
CTGTCAGCTT
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chr17:5601356
8-56013669
chr1:22031827
-22031928
chr8:49730969
-49731070
chr2:73161130
-73161231
chr5:34026317
-34026418
chr16:7347084
9-73470950
chr2:24260726
1-242607362
chr9:13587983
6-135879937
chr5:77609937761094
chr5:17230058
3-172300684
chr22:3806919
4-38069295
chr20:3768122
4-37681325
chr16:8881841
0-88818511
chr10:1205769
88-120577089
chr8:81806113
-81806214
chr7:40778654077966
chr5:105618105719
chr3:72204651
-72204752
chr3:12587076
-12587177
chr15:9060591
4-90606015
chr19:6092559
-6092660

91

11

0.026

75

11

0.002

95

10

0.005

224

25

11.981

56

16

4.919

66

16

0.061

113

15

0.003

162

14

0.020

66

14

0.002

72

14

0.010

170

14

0.014

128

14

0.031

156

14

0.002

51

14

0.036

217

13

0.006

216

13

0.041

101

13

0.024

138

13

0.037

473

10

0.023

395

10

0.002

310

11

0.073

Supplementary Table 7. Top off-targets predicted by motif-mismatch
Site

Target

PAM

EMX1
target1
OT1.1

GCCTCCCCAA
AGCCTGGCCA
ACCTCCCCAT
AGCCTGGCCA
TCCTCCCCAC
AGCCTGGCCA
TCCTTCCCAA
AGCCTGGCCA
TTCTCCCCAA
AGCCTGGCCA
GCGTGCCCAG
AGCCTGGCCA
GACCCCTCAA
AGCCTGGCCA
TTCTCTCCAA
AGCCTGGCCA
TCCTCACCAC
AGCCTGGCCA
GCCTGCCGAA
GGCCTGGCCA
CCCTCCCCAC
CGCCTGGCCA
ACCAACCCAG
AGCCTGGCCA
GGCCGCCCAG
AGCCTGGCCA
GCTGCCCGAG
AGCCTGGCCA
ACCTCCCCAC
AGCCTGCCCA
GCCTCCCTAG
AGCCTGACCA
GCTGTCGCAA
AGCCTGGCCA
AACACCCCCA
AGCCTGGCCA
GAGGCCCCGA
AGCCTGGCCA

GGGAGT

OT1.2
OT1.3
OT1.4
OT1.5
OT1.6
OT1.7
OT1.8
OT1.9
OT1.1
0
OT1.1
1
OT1.1
2
OT1.1
3
OT1.1
4
OT1.1
5
OT1.1
6
OT1.1
7
OT1.1
8

GGGAGT
GGGAGG
GGGGAA
CAGAAA
CAGGAA
GAGAAC
GAGAGG
GTGAGA
GGGGAG
CCGAAG
GGGAGC
GAGAGG
TGGGAG
CCGGGA
GTGGAT
AAGGAA
GAGGAT
CTGGGA

Forward priming
site
AACCCACGAGGGCA
GAGT
AATGTGGGAGGGGG
AGAG
AATCAGCAGTGATT
TGACTAGGG
GTCGTGGAAGGGAT
CCTGTA
ACAACTTCGGGCAC
TACCTG
TGAGCACGTTCTTC
CTTCCT
CCTGACTGACAGCC
CTTTTT
TGGCTACAACTTCG
GCAAAT
CATCTCAAAGTCCC
ACAGCA
AACAGTTAGGGGCA
CAGAGG
TGACTTCCCTATCT
GGCTGAA
AACACACCGGGAAA
CCAAC
TCTGTGGGTGAAGA
AAAGCA
GCCTGAGCTCAAAG
GAGAGA
TGTAGGGGGTCTCA
GTTTGG
GGGACACATCTGGA
TCTCTTG
TATGCAGATGCGGT
AAGCAG
TATGCTGGGATTCT
GGGAAG
GCAGTGTGAGGCCT
TTCG
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Reverse priming
site
GAGGAGAAGGCCA
AGTGGT
TGCGATTGGTGGA
TTCTGT
AATTCCAGCAGGG
AAGAACC
CACACACAGGGCA
GACTGG
GATCCAAGGCTCC
TTCCTTT
TGGAGCATTTTTC
CCTACAG
GCAGGAGTTCTTT
GCTGCTC
ATCCTCCTTGGGG
ATGTAGC
GGCTGAAGGGAAT
GAATGAC
AGGCCCTGATACC
ATTAGCC
GACAACCTTGGGT
CTTTCCA
TGCCAGGCACAGA
GGTAAAT
CTCCCTCTGAGCC
AGTGAGT
CAAAAGCGCCTCA
TTAAAGG
AAAAGTCCCTCCC
CGAATAA
AGGTTTCTCCCAC
ACTCACAG
ACCCGAGCTTCTT
TTCTTCC
AGCTCACCATGTG
ACTGCAA
GTGCACGCCATGC
TTTCT

Sp indel
(%)
19.27

Sa indel
(%)
19.81

17.14

13.88

11.56

0.02

0.06

0.01

0.10

0.02

0.01

0.04

0.04

0.07

0.08

N.D.

N.D.

0.04

0.00

0.01

N.D.

0.00

0.02

0.00

0.03

0.00

0.00

0.02

N.D.

0.06

N.D.

0.01

N.D.

0.15

N.D.

0.04

N.D.

0.02

GCCGCCCACG
AGCCTGGCCA
TGCTCCCCAG
TGCCTGGCCA
CACTCCCCAC
ACCCTGGCCA
GGCCAGGCTT
TGGGGAGGCC
TGCCAGGCTC
TGGGGAGGCC
GTCCAGGCTC
OT2.2
TGGGGAGGCC
GGCTGGGGTT
OT2.3
TGGGGAGGCC
AGACAGGCTC
OT2.4
TGGGGAGGCC
GGCCTGGCTT
OT2.5
TGGGCAGGCC
CGCCAGACTG
OT2.6
TGGGGAGGCC
TGCCAGGGCT
OT2.7
TGGGGAGGCC
TGCCAGGGTT
OT2.8
GGGGGAGGCC
TGCCAGGCCC
OT2.9
TGGGGAGGCC
GGTCTGGCTT
OT2.1
AGGGGAGGCC
0
CGCCAGGCTC
OT2.1
AGGGGAGGCC
1
GTTGAGGTTT
OT2.1
TGGGGAGGCC
2
AGGTGGGCTT
OT2.1
TGGGGAGGCC
3
GTGAGGGCTT
OT2.1
TGGGGAGGCC
4
GACTAGGGTC
OT2.1
TGGGGAGGCC
5
GGTCAGGCTC
OT2.1
CGGGGAGGCC
6
GCACAGGCTT
OT2.1
TGGGGAAGCC
7
GGTCAGGATT
OT2.1
TGGGGAGGGC
8
AGCCTGGGGT
OT2.1
TGGGGAGGCC
9
N.D.: could not be determined
OT1.1
9
OT1.2
0
OT1.2
1
EMX1
target2
OT2.1

GAGGAG
TAGGAG
AAGGGA
TGGAGT
AAGGGC
CTGGGG
CAGAGC
TGGAGC
CAGAAA
TTGGGA
TTGGAT
CTGGAT
CTGAGG
CTGGGA
CGGGAG
CGGAGG
GGGAGT
CTGGGA
AGGAAG
GAGAGC
CTGGAG
GAGGGG
AGGAAA

GCCCAGGAAGGGTC
CTCT
TTCTTTTGAGGGAG
GACAGG
GTGGGGGCTGGGTT
GTAG
AACCCACGAGGGCA
GAGT
GCTGGCTGAATCCA
GTTTGT
GTGGGACCCAGTGG
TGAG
CCGAGGTGGCTGGA
GATG
CAAGACCCTCCAGT
GACACA
GGGCTGTGTGTGAC
AGATTG
GTGACAACTTGGGG
GTCCTA
TGAACTCAGAGCCT
GAAGGAA
GTTTCCCCATCTTC
CCTGAC
GCCTTAAGCACAGC
CTCAG
GTGGTTCTGGGTCT
CAGAGG
GAGAAACGTGGCTC
TGGTTC
CTAGGACTCCGCCT
GAGATG
CACACATAGGCCCC
GTCT
GGAAGTTGGGATGA
GGCTCT
GCCATAAGCCTCAA
ATGCTG
TTCTGGACACCGCT
CACC
CTCTGGGGTAAGGT
GCACAG
TTGATTTAGTTGCA
CTCCCATC
CTGGATCCTGGGGC
TGTAG
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CGCTCAGTGAACA
TTTACAGC
GTGACACCCAGCC
TAGCTCT
GAATTTGAGGCTG
GCTTGCT
GAGGAGAAGGCCA
AGTGGT
GTGCAATTGGGAA
CGTCAT
CCATATCGGGACA
GGCATT
AGGGCTCACCTGG
CTTCT
TGTAAGAAGTCGT
GTGCTTCCT
CCTAAACGAAGCA
AGCTACCC
ACCCCTCCAGAAC
ACAAGAG
AGGAGACGGAGGT
GTGAGAA
GGCGAGATCTAAA
TCAGGGTCT
GGCCAGCCACACT
GAGTAG
AAGCTGCAGGTGG
ACTGG
GCAGCTGCTCCTG
CTAACTC
GGACCCAGAGAGG
GGATG
GGGACATGGTACC
AAAGAGC
ACCCTTATTCCCC
TCCCATC
AATCCAGGCATCA
GGAGGTA
ACCTCAGGGTGCC
CACTAC
CCTGCAGACCACT
CTGACAA
TTGCTCACTGACC
ATCTTGC
GCATCCCAGACCT
GCACTA

N.D.

0.04

N.D.

0.03

N.D.

0.02

11.98

16.00

0.006

0.21

N.D.

1.09

0.012

0.04

0.004

0.02

0.005

0.01

N.D.

0.05

N.D.

0.11

N.D.

0.26

N.D.

0.05

N.D.

0.09

0.005

0.01

0.006

0.01

0.098

0.02

N.D.

0.07

N.D.

0.14

0.006

0.11

N.D.

0.01

N.D.

0.07

N.D.

0.01

Supplementary Table 8. Top DSB peaks identified by BLESS in N2a cells
Site
Pcsk9-sg1 (on
target)
Pcsk9-sg1BLESS-1
Pcsk9-sg1BLESS-2
Pcsk9-sg1BLESS-3
Pcsk9-sg1BLESS-4
Pcsk9-sg1BLESS-5
Pcsk9-sg1BLESS-6
Pcsk9-sg1BLESS-7
Pcsk9-sg1BLESS-8
Pcsk9-sg1BLESS-9
Pcsk9-sg1BLESS-10
Pcsk9-sg1BLESS-11
Pcsk9-sg1BLESS-12
Pcsk9-sg1BLESS-13
Pcsk9-sg1BLESS-14
Pcsk9-sg1BLESS-15
Pcsk9-sg1BLESS-16
Pcsk9-sg1BLESS-17

DSBs
frequency
(N2A)

Fwd Priming
Site

Rev Priming
Site

CAGGCGTCCA
TGTCCTTC
CGTAAAATGG
TCGCTATGAC
AA
TTCACCACAG
AGGCTTAGAA
TG
ATCTATGCAA
TGTGCTGTCG
TT
CAGGAGAGGC
CTGTGAAATA
AT
GCATGTCTGT
GAACCGTGTA
GT
GACAGTGACG
TGGATGTGCT
GACAGCGAGT
GAGCAGTGT
TCAGCACTTT
AGTGTCAGAA
ATAATTG
CCCTCAGGAG
CTATTAACAC
CA
ATTTAGTGGA
CAAGGCCAGA
GA
TCAGAGCTAC
AGAAAGCCCA
GT
ACCCTCTCCT
CAGTAGGGAA
AC
TTTAACAGAA
ATGGAGGGGA
AA
GACTATACGT
GCTTGTGCAT
GG
TAGATTGATG
GGCTTTTCTC
CT
CTTCAGGGTG
AGTAGAGGGA
GA
AATCCACACT
TTGCAGGGTA
AG

GCGAGCATCA
GCTCTTCATA
ATGAGTGGAG
GGCTATCGTT
T
CTAGGAAGGA
AGAAAGCTGC
AA
CCCTCCCTCA
CTCTCTCTTT
CT
AATCCCACGT
CACATTGTTA
AA
GGTATGGGCT
TTGAGAAACA
AT
CTGCTTGGGT
GCTGGAG
TCGCTGTCTT
CTCACACACA

chr4:106136424
-106136576

3.340E-05

34.4111

36.1298

chr11:29147310
-29147353

1.450E-06

0.0170

0.0427

chr6:5013806750138068

1.450E-06

0.0420

0.0939

chr6:110500737
-110500752

1.450E-06

0.0603

0.0729

chr8:130023648
-130023687

1.450E-06

0.1210

0.0675

1.370E-06

0.0927

0.0533

1.370E-06

0.0135

0.0266

1.290E-06

0.0285

0.0396

TGTAGGGTTC
CTGCCCATTT

chr8:1980040019800550

1.290E-06

N.D.

N.D.

GGTCTCACAA
CACGGTCCTC
TTCTGACTAA
TGTCACCCGA
GA
CAGGCAGATC
TCTGAGTTGG
AG
GAAGTGAAGA
CCGCTTAAAG
GA
GTGGGGTTTG
TTTTTATTTT
GC
GCTTCAAAGA
AATGGGAAGA
GA
CACAGTTAGG
AGGCTGGTTA
TC
GGGGTTTCTT
GTCTGGTTTT
AG
ATCACAGCTG
CCATTGTTAC
AG

chr10:77950398
-77950454

1.210E-06

0.0705

0.0418

chr11:69044356
-69044444

1.210E-06

0.1200

0.0687

chr16:50527704
-50527732

1.210E-06

0.1136

0.1222

chr16:77090401
-77090424

1.210E-06

0.0487

0.0567

chr1:47956004795635

1.210E-06

N.D.

N.D.

chr1:164227264
-164227271

1.210E-06

0.0845

0.2051

chr3:1411639114116424

1.210E-06

0.0400

0.0568

chr5:1511379915113890

1.210E-06

0.0829

0.2481

chr6:30097803009786

1.210E-06

N.D.

N.D.

Chromosome

chr17:35979985
-35980029
chr6:8272451182724632
chr11:10160145
0-101601538
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indel %
(N2A)

indel %
(liver)

Pcsk9-sg1BLESS-18
Pcsk9-sg1BLESS-19
Pcsk9-sg1BLESS-20
Pcsk9-sg1BLESS-21
Pcsk9-sg1BLESS-22
Pcsk9-sg1BLESS-23
Pcsk9-sg1BLESS-24
Pcsk9-sg1BLESS-25
Pcsk9-sg2 (on
target)
Pcsk9-sg2BLESS-1
Pcsk9-sg2BLESS-2
Pcsk9-sg2BLESS-3
Pcsk9-sg2BLESS-4
Pcsk9-sg2BLESS-5
Pcsk9-sg2BLESS-6
Pcsk9-sg2BLESS-7
Pcsk9-sg2BLESS-8
Pcsk9-sg2BLESS-9

AGACGCATCT
GAAAGAATCC
AC
GGTGGTTTGG
CTGTAGACAC
TT
GCAGTCTGCA
TCAGCATCAG
ACTGAAGCAT
CCACTCTTTG
GT
TGTGGTTACT
TTCCCCTACC
TG
TTTTCTATTT
TGCCAAGCCA
CT
TTTCCTGAAA
TGGATCCAAC
AT
TGTGTTGCTG
AGTTCCATTT
TT
GATTGATCAG
GCGAGCAAGT
AGACAAGGCA
GACCTCAAAC
TC
AAAAACCCCA
AAGGACTTGC
GCATTTTGGA
CCTAAACAGT
CC
TCTTATTCCC
TGCTGTTTGT
CC
ATCTTTATCT
CCCCTCCTGT
CG
TAGATTTCTA
GGCCGTGTGT
CA
TAGCTACATG
GGGAGGGAAG
TA
ACTGGGTGTA
TCTTGAGCAC
TG
TAGAAGCAGG
AACATGGAGT
GA

ATTTCAAAAT
CCAATCCATG
CT
TCATTGTTCC
ATCTCTGAGT
GC
CAGGAAAGCT
TGGGTCTCTT
T
TACCTTCTCC
CAAATTGACC
AT
AGATGAGTGG
GATCTCAAGT
GG
CTAATTGAGG
CAGGATGACA
AA
TCATCTTCCA
CTTTCTGCAT
TC
CACCACGTGA
GTCTGTCTTA
GC
TGGGTAGAAC
CCAGAGAGTC
A
ATGCAGTCAA
AACACCAATG
AG
GTGCTCCCTT
CGTAAAGTGA
AG
AAACCAAAAC
CAAAACCAAA
AA
GGGAGAGGGA
AGCTAGAACA
TT
GCCACTCAGC
ATCATTACAC
AT
CTCAGAATGC
TATGGTCTGG
TG
GGATCCGTAA
AAGTGTCTCT
CC
TCAGGAAAAC
AAACTGGAAT
GA
CAAGGCAACA
CTTTTCTGAT
TG

chr8:1500897115009007

1.210E-06

0.0819

0.0627

chr8:1995224919952298

1.210E-06

0.0731

0.0434

chr2:6006776860067817

1.130E-06

0.0190

0.0348

chr11:27713705
-27713726

1.130E-06

0.0871

0.1182

chr11:92229536
-92229574

1.130E-06

0.1466

0.1089

chr16:26910810
-26910841

1.130E-06

0.1237

0.0602

chr17:41354776
-41354804

1.130E-06

0.1253

0.0786

chr18:10599312
-10599324

1.130E-06

0.0715

0.1658

chr4:106126838
-106127032

2.560E-05

24.4127

48.2720

chr11:30588183058885

1.900E-06

0.0778

0.1019

chr8:2001141620011519

1.720E-06

0.0999

0.0512

chr8:1916173119161795

1.630E-06

0.0778

0.0612

chr6:8911330189113327

1.450E-06

0.0499

0.0321

chr10:33895821
-33895833

1.360E-06

0.1318

0.0770

chr10:67135151
-67135239

1.360E-06

0.0436

0.0273

chr10:85780322
-85780348

1.360E-06

0.1441

0.0430

chr15:10972737
-10972754

1.360E-06

0.0565

0.0289

chr19:41910319
-41910330

1.360E-06

0.0976

0.0523
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CTGGGGCCTA
AAGTCTCTCA
AT
ACATGGGAGG
Pcsk9-sg2TAGACGTTGA
BLESS-11
GT
GAGGAAGAGA
Pcsk9-sg2ACCAGCATTT
BLESS-12
TG
TCAATCAAGA
Pcsk9-sg2AAATGCTCCG
BLESS-13
TA
GCAGGACATG
Pcsk9-sg2GTGAACCTTA
BLESS-14
TT
CAAAACAAAA
Pcsk9-sg2CAAAACAAAT
BLESS-15
TGAA
GATTTCCAGA
Pcsk9-sg2GAGGGCAAGA
BLESS-16
T
GTGGACAGTG
Pcsk9-sg2GCAATTCAAT
BLESS-17
AA
ATGCAAATCG
Pcsk9-sg2CAATTACATC
BLESS-18
CT
GTCGGGGAAG
Pcsk9-sg2CTGTAGAGAA
BLESS-19
AT
TATAAAAACA
Pcsk9-sg2TGGCGGACAG
BLESS-20
TG
AGTTGAGGTG
Pcsk9-sg2AGGTAGGGTG
BLESS-21
AC
CTTAAGGCAA
Pcsk9-sg2AGAACCCAAA
BLESS-22
TG
TCTTATTGTT
Pcsk9-sg2GCTTGGTTCT
BLESS-23
GG
CTTACGGTCT
Pcsk9-sg2TGAGGGGTCT
BLESS-24
CT
GATTTCCTTT
Pcsk9-sg2ATCCCCTCGT
BLESS-25
CT
N.D.: Not determined.
Pcsk9-sg2BLESS-10

ATCTCTCAGA
CACTGAGCCA
CA
CGTGCCATAT
CTGTCTGTTT
GT
TGTAGTGATG
ATGCAGTGGA
GA
GACAGAAAAT
AGCTGGGCTT
TG
ACTCCAAGAA
TCCTGATAAC
ATTT
ATCTAATGCC
GATATGCAGA
CA
GCTTGCTGAT
CAGACCTTCA
C
GAGAATGCCA
GGACATCAAT
TA
AAGTCCAGTG
AGCTGGAGAG
AC
GCAGCTTAGC
ATCTTATGAG
CA
GCCTGAAATT
CCATACAACC
AC
ATCCAAATCC
TACAGAGCCT
GA
TAAGAACAGG
CCATAAGGAA
GC
TTTGGAAATG
AAATTATAGG
GATGA
GACGACAGAC
AGGCTCTGC
GGCTTGTTTG
CTATACATGT
GG

chr1:4570784945707893

1.360E-06

0.0000

0.0000

chr4:140700963
-140701050

1.360E-06

0.0979

0.1175

chr6:44928214492826

1.360E-06

0.0469

0.0768

chr6:5858152758581544

1.360E-06

0.1178

0.1101

chr6:7917211679172155

1.360E-06

0.2116

0.1669

chr8:5381626353816300

1.360E-06

0.1761

0.1272

chr2:7321515773215162

1.360E-06

0.0151

0.0092

chr10:64706424
-64706426

1.260E-06

0.0829

0.0753

chr10:10975938
7-109759435

1.260E-06

0.1821

0.0409

chr13:90927029092759

1.260E-06

0.0323

0.0073

chr15:84196279
-84196349

1.260E-06

0.0678

0.0358

chr15:97783672
-97783735

1.260E-06

0.0806

0.0301

chr16:67968637
-67968661

1.260E-06

0.0784

0.0706

chr16:77485308
-77485324

1.260E-06

0.0000

0.4695

chr17:39980913
-39980976

1.260E-06

0.0849

0.0117

chr18:20718137
-20718170

1.260E-06

10.0000

0.0459
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Supplementary Table 9. Top off-targets for Pcsk9 identified by motif-mismatch
prediction
Site

Target

Fwd Priming Site

Rev Priming Site

Pcsk9.sg1
(on target)
Pcsk9.OT
1.1
Pcsk9.OT
1.2
Pcsk9.OT
1.4
Pcsk9.OT
1.5
Pcsk9.OT
1.6
Pcsk9.OT
1.7
Pcsk9.OT
1.8
Pcsk9.OT
1.9
Pcsk9.OT
1.10
Pcsk9.OT
1.11
Pcsk9.OT
1.12
Pcsk9.OT
1.13
Pcsk9.OT
1.14
Pcsk9.OT
1.15
Pcsk9.sg2
(on target)
Pcsk9.OT
2.1
Pcsk9.OT
2.2
Pcsk9.OT
2.3
Pcsk9.OT
2.4
Pcsk9.OT
2.5
Pcsk9.OT
2.6

CACCGCAGCCA
CGCAGAGCA
CCCATCAGCAA
CGCAGAGCA
GAAAGCAGCAA
CGCAGAGCA
GGCCACTGCCA
CGCAGAGCA
TGCCTCAGCCA
AGCAGAGCA
AGCTGCAGCCA
CGCAGAGCC
CAGCTCAGCAA
GGCAGAGCA
CATGTCAGCCA
CCCAGAGCA
CACAGCAGCCA
GCCAGAGCA
CCTCGCAGGCT
CGCAGAGCA
CTCCTAAGCCC
CGCAGAGCA
AACAGCAGGCA
GGCAGAGCA
CGCAGTAGCCA
GGCAGAGCA
CCTCGGAGCCA
AGCAGAGCA
CACAGCACTCA
GGCAGAGCA
CCGCTGACCAC
ACCTGCCAG
CACCTGAGCAC
ACCTGCCAG
CCGCTGCCCAC
AGCTGCCAG
CCCATGACCAC
ACCTGCCAT
ACTCTGTCCCC
ACCTGCCAG
CCACAGCCCCC
ACCTGCCAG
CCCCGGCCCGC
ACCTGCCAG

GCGAGCATCAGCTCT
TCATA
ACACTGAAGTTGGTG
TAGCTAGTGTAGCG
AGCTGTGTATGTGGG
CAGTGGA
GTGCTCCTGAGGACT
GAGTGAAA
GCCGTCTTCATGGCC
AAAGTTACA
AAGAATGCCTAACTG
CGGGCTC
AAGACAGGACGGATC
TGGCTCC
CAACAGAGGCCTTGT
GACTGGC
GCCTGGGATAGGAAG
CTCACGT
GGCCAGATGCTGAAA
TAGGTGGC
GAGCCTGCAAGCGAG
TCCTTC
CCCAGGCAGAGCAAC
AGTGAGA
AATGTTCCCCTCCAC
TGGAGCC
AGCATGGGGCCTTGA
AGCTCTA
GCAGGTGTGAATGTA
CCCACCA
TGGGTAGAACCCAGA
GAGTCA
CCAGCATCTTGGCTT
CCAGCAA
GCTGCGTGCTTTCAT
AGGGTGA
GGGTAGGTCTCACAC
AAGGGCC
GATGTGAGGCGAGGC
TAGGGAG
AACAGCATCCTTCGC
TGGAAGC
GCTGTGGGAGACTGA
AGGGCCA

Pcsk9.OT
2.7
Pcsk9.OT
2.8

CAGCTGATGTC
ACCTGCCAG
ACTCTAACCTC
ACCTGCCAG

CAGGCGTCCATGTC
CTTC
ACGGAGGCTCATTT
GCACGTGT
TGCTGTGGGAAATG
TCGCTTCA
TGATGACTCTCTCA
TTGTAGGAGGTGA
AGGCTTGTTTCTCT
GCATGAGGC
ACGGAGCCCCATAA
GACCTTCA
AGGAGGGGTGTCTT
CTAGACCGT
AGAGAGGCCTTAGT
GTGCTGCA
CTCACAGCCCTCGA
GAGTCTGG
GATTCCCCAGACTC
CCTTCCGG
TCCAGACTCACGGC
AATCTTGGA
TCCGGCAACAGCTA
AGATAGGCT
ACGTGAGGAGGCTT
CCTTGAGA
ACCTGTCAAGATCC
CAGCTGGAG
TGGCAGGCAGTTTT
CTTGGTCA
GATTGATCAGGCGA
GCAAGT
TACTCAGAGACCCA
GCCCCTCA
TGAGCGCAGACTGA
CATGGGAA
TCCACCCCATCTCT
GCCTTCTGA
CGCCAACGTCCATC
TGAAACCA
TTCCCTCCCTTGGG
TGTTCCAC
CACCGATACCCACA
ATGGCCGG
GACAGGTCTTTGCC
TTGCTTTAATATCT
GA
TCCCCTCTTACCAC
TTGCCAGT
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TGCTGCTATCCTCTA
ATTCAGCTGCT
GCAGGTTCAGTGCTG
AGCAGAG

Motif
Score

indel %
(N2a)

Indel%
(Liver)

100.00

34.411

36.130

1.40

0.002

0.033

1.41

0.100

0.027

1.00

0.012

0.018

0.82

0.002

0.442

0.00

0.010

0.116

0.72

0.043

0.023

0.00

0.002

0.093

0.57

0.031

0.029

0.54

0.002

0.074

0.52

0.009

0.006

0.51

0.002

0.055

0.48

0.026

0.102

0.48

0.037

0.212

0.46

0.029

0.014

100.00

24.413

47.348

2.63

0.014

0.028

1.77

0.002

0.012

1.75

0.009

0.031

0.99

0.017

0.322

0.92

0.002

0.056

0.92

0.043

0.061

0.85

0.002

0.018

0.87

0.005

0.586

Pcsk9.OT
2.9
Pcsk9.OT
2.10
Pcsk9.OT
2.11
Pcsk9.OT
2.12
Pcsk9.OT
2.13
Pcsk9.OT
2.14
Pcsk9.OT
2.15

CTGCTGGCCAC
ACCTGTCAG
CTGCTGCCCAC
AGCTGCCAG
CCGCGCACCAC
AACTGCCAG
GTGATGACCAC
ACCTGGCAG
ATGATGACCAC
ACCTGACAG
CAGGTGCCAAC
ACCTGCCAG
ATGATGACCAC
AGCTGCCAG

Pcsk9.OT
2.16

GCTATGACCAC
ATCTGCCAG

Pcsk9.OT
2.17
Pcsk9.OT
2.18

CAGCAGACCCC
AGCTGCCAG
CCGCTGCCGAC
TCCTGCCAG

CGAGGCAAGAAAGA
GGCTGATAGAG
GGGGGAAGAACCTG
GAAGGGAG
CCATCCGCCTAGTT
CAAGTGCC
TGAGCTCCTAGCCT
CCTCCCTT
AGGTTGACAGTCCT
GCTCAGGG
GGAAGAAGGATGGG
CGAGATGC
GGTTAAGGCAGTAT
GTGGTTTATCTCGG
TGAAGTGACAGTAA
GAAACTAAGTTGGC
ATTTTG
TCACTTGGTGGGTT
AGCAATTATATCTT
GGTT
GGGGGTCAGCAGGA
GTAGGT
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TGCAGCACTCTCGGA
TTCATGG
GGGTGAATTACACAG
TGTGGATCGT
GGCGCTCTGGTTCCT
GGTTTTA
GCAACACCTGGCATC
CACATCC
GGAAAGACTCCATCA
GCTGCTCC
TAACCACCAGCCAGG
GCCTG
CCAGCCCTTCTCCAT
TTGAGAGGA
TGCACCAATGTTAGA
CAAACATGATTATTG
ACTG
TGAATCTGTTTGGTC
CATGTCTGCCT
CCGAGGCTGAGCTGC
ACTAAC

1.01

0.026

0.026

0.85

0.031

0.010

0.67

0.007

0.023

0.74

0.020

0.017

0.74

0.015

0.025

0.63

0.002

0.018

0.66

0.079

0.195

0.64

0.002

0.047

0.61

0.015

0.042

0.53

0.030

0.056

Supplementary Table 10. Representative BLISS adapters used in Figure 4-3 to optimize
off-target detection. Displaying the “Classic” and “A-tailing, End protected” versions. *
indicates a phosphorothioate bond, /5phos/ is a 5’ phosphate, and N represents
random nucleotides.
“Classic” adapters
Adapter ID

Oligo

A1

Bottom
Top

A2

Bottom
Top

A3

Bottom
Top

A4

Bottom
Top

A5

Bottom
Top

A6

Bottom
Top

A7

Bottom
Top

A8

Bottom
Top

A9

Bottom
Top

A10

Bottom
Top

A11

Bottom
Top

Sequence (5'-3')
GCGTGATGNNNNNNNNGATCGTCGGACTGTAGAACTCTGAACCCCTATAGTGAGTCGTAT
TACCGGCCTCAATCGAA
CGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGATCN
NNNNNNNCATCACGC
GGAACGACNNNNNNNNGATCGTCGGACTGTAGAACTCTGAACCCCTATAGTGAGTCGTAT
TACCGGCCTCAATCGAA
CGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGATCN
NNNNNNNGTCGTTCC
GATCATCANNNNNNNNGATCGTCGGACTGTAGAACTCTGAACCCCTATAGTGAGTCGTAT
TACCGGCCTCAATCGAA
CGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGATCN
NNNNNNNTGATGATC
GCGCATCANNNNNNNNGATCGTCGGACTGTAGAACTCTGAACCCCTATAGTGAGTCGTAT
TACCGGCCTCAATCGAA
CGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGATCN
NNNNNNNTGATGCGC
GATACGACNNNNNNNNGATCGTCGGACTGTAGAACTCTGAACCCCTATAGTGAGTCGTAT
TACCGGCCTCAATCGAA
CGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGATCN
NNNNNNNGTCGTATC
GATCATCANNNNNNNNGATCGTCGGACTGTAGAACTCTGAACCCCTATAGTGAGTCGTAT
TACCGGCCTCAATCGAA
CGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGATCN
NNNNNNNTGATGATC
GATGTCGTNNNNNNNNGATCGTCGGACTGTAGAACTCTGAACCCCTATAGTGAGTCGTAT
TACCGGCCTCAATCGAA
CGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGATCN
NNNNNNNACGACATC
GCGACGACNNNNNNNNGATCGTCGGACTGTAGAACTCTGAACCCCTATAGTGAGTCGTAT
TACCGGCCTCAATCGAA
CGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGATCN
NNNNNNNGTCGTCGC
GGATGATGNNNNNNNNGATCGTCGGACTGTAGAACTCTGAACCCCTATAGTGAGTCGTAT
TACCGGCCTCAATCGAA
CGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGATCN
NNNNNNNCATCATCC
GCGGTCGTNNNNNNNNGATCGTCGGACTGTAGAACTCTGAACCCCTATAGTGAGTCGTAT
TACCGGCCTCAATCGAA
CGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGATCN
NNNNNNNACGACCGC
GATTGATGNNNNNNNNGATCGTCGGACTGTAGAACTCTGAACCCCTATAGTGAGTCGTAT
TACCGGCCTCAATCGAA
CGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGATCN
NNNNNNNCATCAATC
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“A-tailing, End-protected” adapters
Adapter ID
A1

Bottom
Top

A2

Bottom
Top

A3

Bottom
Top

A4

Bottom
Top

A5

Bottom
Top

A6

Bottom
Top

A7

Bottom
Top

A8

Bottom
Top

A9

Bottom
Top

A10

Bottom
Top

Sequence (5'-3')
GGCGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGAT
CNNNNNNNNNNNNCGCCATCACGCC*T
/5phos/GGCGTGATGGCGNNNNNNNNNNNNGATCGTCGGACTGTAGAACTCTGAACCCC
TATAGTGAGTCGTATTACCGGCCTCAATCG
GGCGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGAT
CNNNNNNNNNNNNtCGCGTCGTCGCC*T
/5phos/GGCGACGACGCGANNNNNNNNNNNNGATCGTCGGACTGTAGAACTCTGAACCC
CTATAGTGAGTCGTATTACCGGCCTCAATCG
GGCGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGAT
CNNNNNNNNNNNNatCGCACGACCGCC*T
/5phos/GGCGGTCGTGCGATNNNNNNNNNNNNGATCGTCGGACTGTAGAACTCTGAACC
CCTATAGTGAGTCGTATTACCGGCCTCAATCG
GGCGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGAT
CNNNNNNNNNNNNgatCGCTGATGCGCC*T
/5phos/GGCGCATCAGCGATCNNNNNNNNNNNNGATCGTCGGACTGTAGAACTCTGAAC
CCCTATAGTGAGTCGTATTACCGGCCTCAATCG
GGCGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGAT
CNNNNNNNNNNNNcgatCGCCATCAATCC*T
/5phos/GGATTGATGGCGATCGNNNNNNNNNNNNGATCGTCGGACTGTAGAACTCTGAA
CCCCTATAGTGAGTCGTATTACCGGCCTCAATCG
GGCGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGAT
CNNNNNNNNNNNNCGCGTCGTATCC*T
/5phos/GGATACGACGCGNNNNNNNNNNNNGATCGTCGGACTGTAGAACTCTGAACCCC
TATAGTGAGTCGTATTACCGGCCTCAATCG
GGCGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGAT
CNNNNNNNNNNNNtCGCACGACATCC*T
/5phos/GGATGTCGTGCGANNNNNNNNNNNNGATCGTCGGACTGTAGAACTCTGAACCC
CTATAGTGAGTCGTATTACCGGCCTCAATCG
GGCGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGAT
CNNNNNNNNNNNNatCGCTGATGATCC*T
/5phos/GGATCATCAGCGATNNNNNNNNNNNNGATCGTCGGACTGTAGAACTCTGAACC
CCTATAGTGAGTCGTATTACCGGCCTCAATCG
GGCGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGAT
CNNNNNNNNNNNNgatCGCCATCATCCC*T
/5phos/GGGATGATGGCGATCNNNNNNNNNNNNGATCGTCGGACTGTAGAACTCTGAAC
CCCTATAGTGAGTCGTATTACCGGCCTCAATCG
GGCGATTGAGGCCGGTAATACGACTCACTATAGGGGTTCAGAGTTCTACAGTCCGACGAT
CNNNNNNNNNNNNcgatCGCGTCGTTCCC*T
/5phos/GGGAACGACGCGATCGNNNNNNNNNNNNGATCGTCGGACTGTAGAACTCTGAA
CCCCTATAGTGAGTCGTATTACCGGCCTCAATCG
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Materials & Methods
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In vitro transcription and cleavage assay
Cas9 orthologs were human codon-optimized and synthesized by GenScript, and
transfected into 293FT cells as described below. Whole cell lysates from 293FT cells
were prepared with lysis buffer (20 mM HEPES, 100 mM KCl, 5 mM MgCl2, 1 mM DTT,
5% glycerol, 0.1% Triton X-100) supplemented with Protease Inhibitor Cocktail
(Roche). T7-driven sgRNA was transcribed in vitro using custom oligos (Supplementary
Information) and HiScribe T7 In vitro Transcription Kit (NEB), following the
manufacturer's recommended protocol. The in vitro cleavage assay was carried out as
follows: for a 20 μl cleavage reaction, 10 μl of cell lysate was incubated with 2 μl
cleavage buffer (100 mM HEPES, 500 mM KCl, 25 mM MgCl2, 5 mM DTT, 25%
glycerol), 1 μg in vitro transcribed RNA and 200 ng EcoRI-linearized pUC19 plasmid
DNA or 200 ng purified PCR amplicons from mammalian genomic DNA containing
target sequence. After 30 min incubation, cleavage reactions were purified using
QiaQuick Spin Columns and treated with RNase A at final concentration of 80 ng/μl for
30 min and analyzed on a 1% Agarose E-Gel (Life Technologies).

In vitro PAM screen

Rho-independent transcriptional termination was predicted using the ARNold
terminator search tool(124, 125). For the PAM library, a degenerate 7-bp sequence was
cloned into a pUC19 vector. For each ortholog, the in vitro cleavage assay was carried
out as above with 1 μg T7-transcribed sgRNA and 400 ng pUC19 with degenerate
PAM. Cleaved plasmids were linearized by NheI, gel extracted, and ligated with
Illumina sequencing adaptors. Barcoded and purified DNA libraries were quantified by
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Quant-iT PicoGreen dsDNA Assay Kit or Qubit 2.0 Fluorometer (Life Technologies) and
pooled in an equimolar ratio for sequencing using the Illumina MiSeq Personal
Sequencer (Life Technologies). MiSeq reads were filtered by requiring an average
Phred quality (Q score) of at least 23, as well as perfect sequence matches to
barcodes. For reads corresponding to each ortholog, the degenerate region was
extracted. All extracted regions were then grouped and analyzed with Weblogo(72).

Cell culture and transfection
Human embryonic kidney 293FT (Life Technologies), Neuro-2a (N2a), and Hepa1-6
(ATCC) cell lines were maintained in Dulbecco's modified Eagle's Medium (DMEM)
supplemented with 10% FBS (HyClone), 2 mM GlutaMAX (Life Technologies), 100 U/ml
penicillin, and 100 μg/ml streptomycin at 37 °C with 5% CO2 incubation.

Cells were seeded into 24-well plates (Corning) one day prior to transfection at a
density of 240,000 cells per well, and transfected at 70-80% confluency using
Lipofectamine 2000 (Life Technologies) following the manufacturer’s recommended
protocol. For each well of a 24-well plate, a total of 500 ng DNA was used. For ChIP
and BLESS, a total of 4.5 million cells are seeded the day before transfection into a
100mm plate, and a total of 20 ug DNA was used.

DNA isolation from cells and tissue
Genomic DNA was extracted using the QuickExtract DNA Extraction Solution
(Epicentre). Briefly, pelleted cells were resuspended in QuickExtract solution and
121

incubated at 65 °C for 15 min, 68 °C for 15 min, and 98 °C for 10 min(33). Genomic
liver DNA was extracted from bulk tissue fragments using a microtube bead mill
homogenizer (Beadbug, Denville Scientific) by homogenizing approximately 30-50 mg
of tissue in 600 μL of DPBS (Gibco). The homogenate was then centrifuged at 2000 to
3000xg for 5 minutes at 4°C and the pellet was resuspended in 300-600 μL
QuickExtract DNA Extraction Solution (Epicentre) and incubated as above.

Indel analysis and guide:target basepairing mismatch search
Indel analyses by SURVEYOR assay and targeted deep sequencing were carried out
and analyzed as previously described(33, 70). The methods for identification of
potential off-target sites for SpCas9 based on Watson-Crick base-pairing mismatch
between guide RNA and target DNA has been previously described(70), and adapted
for SaCas9 by considering NNGRR for possible off-target PAMs.

Chromatin immunoprecipitation and analysis
Cells are passaged at 24 hours post-transfection into a 150mm dish, and fixed for ChIP
processing at 48 hours post-transfection. For each condition, 10 million cells are used
for ChIP input, following experimental protocols and analyses as previously
described(90) with the following modifications: instead of pairwise peak-calling, ChIP
peaks were only required to be enriched over both ‘empty’ controls (dSpCas9 only,
dSaCas9 only) as well as the other Cas9/other sgRNA sample (e.g., SpCas9/EMX-sg2
peaks must be enriched over SaCas9/EMX-sg1 peaks in addition to the empty
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controls). This was done to avoid filtering out of real peaks present in two related
samples as much as possible.

To identify off-targets ranked by motif or sequence similarity to guide, motif scores for
ChIP peaks were calculated as follows: For a given ChIP peak, the 100-nt interval
around the peak summit, the target sequence, and a given sgRNA guide region L, the
query, an alignment score is calculated for every subsequence of length L in the target.
The subsequence with the highest score is reported as the best match to the query.
For each subsequence alignment, the score calculation begins at the 5’ end of the
query. For each position in the alignment, 1 is added or subtracted for match or
mismatch between the query and target, respectively. If the score becomes negative, it
is set to 0 and the calculation continued for the remainder of the alignment. The score
at the 3’ end of the query is reported as the final score for the alignment. MACS scores
= -10log(p-value relative to the empty control) are determined as previously
described(126). For unbiased determination of PAM from ChIP peaks, the peaks were
analyzed for the best match by motif score to the guide region only within 50-nt of the
peak summit; the alignment was extended for 10-nt at the 3’ end and visualized using
Weblogo(72).

To calculate the motif score threshold at which FDR < 0.1 for each sample, 100-nt
sequences centered around peak summits were shuffled while preserving dinucleotide
frequency. The best match by motif score to the guide+PAM (NGG for SpCas9,
NNGRRT for SaCas9) in these shuffled sequences was then found. The score
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threshold for FDR < 0.1 was defined as the score such that less than 10% of shuffled
peaks had a motif score above that score threshold.

BLESS for DSB detection
Cells are harvested at 24 hours post-transfection, then processed as previously
described(51) with the following alterations: a total of 10 million cells are fixed for nuclei
isolation and permeabilization, and treated with Proteinase K for 4 min at 37°C before
inactivation with PMSF. All deproteinized nuclei are used for DSB labeling with 100 mM
of annealed proximal linkers overnight. After Proteinase K digestion of labeled nuclei,
chromatin are mechanically sheared with a 26G needle before sonication (BioRuptor,
20 min on High, 50% duty cycle). 20 ug of sheared chromatin are captured on
streptavidin beads, washed, and ligated to 200 mM of distal linker. Linker hairpins are
then cleaved off with I-SceI digestion for 1 hour at 37°C, and products PCR-enriched
for 18 cycles before proceeding to library preparation with TruSeq Nano LT Kit
(Illumina). For the negative control, cells mock transfected with Lipofectamine 2000 and
pUC19 DNA were parallel processed through the assay.

BLESS Analysis
As described in Chapter 3. Briefly, fastq files were demultiplexed, and 30-bp genomic
sequences were separated from the BLESS ligation handles for alignment. Bowtie was
used to map the genomic sequences to hg19 or mm9, allowing for a maximum of 2
mismatches. Following alignment, reads from all bio-replicates for an individual sample
were first pooled, and then nearest neighbor clustering was performed with a 30-bp
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moving window to identify regions of enrichment across the genome. Within each
cluster, the pairwise distance was calculated between all forward and reverse read
strand mappings. Pairwise distance distributions were used to filter out wide and
poorly-defined DSB clusters from the well-defined DSB clusters characteristically
found at Cas9-induced cleavage sites. Finally, we adjusted the count of predicted
Cas9-induced DSBs at a given locus by using a binomial model to calculate the
maximum-likelihood estimate (MLE) of peak enrichment in the Cas9-sgRNA treated
sgRNAs given BLESS measurements from an untreated negative control. After the
MLE calculation, a list of loci ranked by their DSB scores could be obtained and
plotted.

The top-ranking ~30 sites from the list of Cas9 induced DSB clusters were sequenced
for indel formation. Within these loci, PAMs and regions of target homology were
identified by first searching all PAM sites within a ±50 bp window around the DSB
cluster, then selecting the adjacent sequence with fewest mismatches to the target
sequence.

Code Availability
BLESS/BLISS analysis code is available upon request. Please email
winstonxyan@gmail.com.
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Virus Production and Titration
For in-house viral production, 293FT cells (Life Technologies) were maintained as
described above in 150mm plates. For each transfection, 8 ug of pAAV8 serotype
packaging plasmid, 10 ug of pDF6 helper plasmid, and 6 ug of AAV2 plasmid carrying
the construct of interest were added to 1mL of serum-free DMEM. 125 μL of PEI “Max”
solution (1mg/mL, pH = 7.1) was then added to the mixture and incubated at room
temperature for 5 to 10 seconds. After incubation, the mixture was added to 20 mL of
warm maintenance media and applied to each dish to replace the old growth media.
Cells were harvested between 48h and 72h post transfection by scraping and pelleting
by centrifugation. The AAV2/8 (AAV2 ITR vectors pseudo-typed with AAV8 capsid) viral
particles were then purified from the pellet according to a previously published
protocol(127).

High titer and purity viruses were also produced by vector core facilities at Children's
Hospital Boston and Massachusetts Eye and Ear Infirmary (MEEI). These AAV vectors
were then titered by real-time qPCR using a customized TaqMan probe against the
transgene, and all viral preparations were titer-matched across different batches and
production facilities prior to experiments. The purity of AAV vector was further verified
by SDS-PAGE.

Animal Injection and Processing
All mice cohorts were maintained at animal facility with standard diet and housing
following IRB-approved protocols. AAV vector was delivered to 5-6 week old male
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C57/BL6 mice intravenously via lateral tail vein injection. All dosages of AAV were
adjusted to 100 μL or 200 μL with sterile phosphate buffered saline (PBS), pH 7.4
(Gibco) before the injection. Animals were not immunosuppressed or otherwise
handled differently prior to injection or during the course of the experiment except the
pre-bleed fasting as noted below. The animals were randomized to the different
experimental conditions, with the investigator not blinded to the assignments.

To track the serum levels of Pcsk9 and total cholesterol, animals were fasted overnight
for 12 hours prior to blood collection by saphenous vein bleeds (no more than 100 μL
or 10% of total blood volume per week). Multiple bleeds were made prior to tail vein
delivery of AAV vector or control to collect pre-injection samples and to habituate the
animals to handling during the procedure. After the blood was allowed to clot at room
temperature, the serum was separated by centrifugation and stored at -20°C for
subsequent analysis. For terminal procedures to collect liver tissue and larger serum
volumes for chemistry panels, mice were euthanized by carbon dioxide inhalation.
Subsequently, blood was collected via cardiac puncture. Transcardial perfusion with
30 mL PBS removed the remaining blood, after which liver samples were collected.
The median lobe of liver was removed and fixed in 10% neutral buffered formalin for
histological analysis, while the remaining lobes were sliced in small blocks of size less
than 1x1x3mm3 and frozen for subsequent DNA or protein extraction.
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Histology and serum analysis
Following tissue harvesting as described above, flash-frozen mouse liver samples were
embedded in O.C.T. compound (Tissue Tek, Cat # 4583), snap-frozen, and stored at 80°C prior to processing. Frozen tissues were cryosectioned at 4-micron in thickness
and stained with Oil Red O following manufacturer’s recommended protocol. Liver
histology was assessed by H&E staining sections of 10% neutral buffer formalin fixed
liver sections.

Serum levels of Pcsk9 were determined by ELISA using the Mouse Proprotein
Convertase 9/PCSK9 Quantikine ELISA Kit (MPC-900, R&D Systems), following the
manufacturer’s instructions. Total cholesterol levels were measured using the Infinity
Cholesterol Reagent (Thermo Fisher) per the manufacturer’s instructions. Serum ALT,
AST, albumin and total bilirubin were measured by an Olympus AU5400 (IDEXX
Memphis, TN).

Cas9/Cpf1 expression constructs and transfections for BLISS
The selected targets for Cas9-BLISS are located within the EMX1 locus
(GAGTCCGAGCAGAAGAAGAA gGG) and the VEGFA gene locus
(GGTGAGTGAGTGTGTGCGTG tGG). The plasmids used containing the SpCas9 and
the sgRNA cassette were identical to the ones used for Cas9-BLESS(98), where the
targets were labeled as EMX1(1) and VEGFA(1). The same targets have also been
studied using GUIDEseq(48), where they were labeled as EMX1 and VEGFA_site3.
AsCpf1 and LbCpf1 along with their cognate crRNAs were cloned into the same
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expression vector as Cas9 to enable a direct comparison. Cells were plated before
transfection in 24-well plates pre-coated with poly-D-lysine (Merck Millipore, cat. no.
A003E) at a density of ~125,000/well, and were let grow for 16-18h until 60–70%
confluence. For transfections, we used 2µl of Lipofectamine 2000 (Life Technologies,
cat. no. 11668019) and 500ng of Cas9 plasmid in 100µl total of OptiMEM (Gibco, cat.
no. 31985062) per each well of a 24-well plate as described previously(47).

BLISS adapters
All BLISS adapters were prepared by annealing two complementary oligonucleotides
as described in Supplementary Table 10. All oligos were purchased from Integrated
DNA Technologies as standard desalted oligos. UMIs were generated by random
incorporation of the four standard dNTPs using the “Machine mixing” option. Before
annealing, sense oligos diluted at 10µM in nuclease-free water were phosphorylated
for 1h at 37°C with 0.2U/µl of T4 Polynucleotide Kinase (NEB, cat. no. M0201).
Phosphorylated sense oligos were annealed with the corresponding antisense oligos
pre-diluted at 10µM in nuclease-free water, by incubating them for 5min at 95°C,
followed by gradual cooling down to 25°C over a period of 45min (1.55°C/min) in a
PCR thermo-cycler.

BLISS, Step-by-step Protocol
Note:
-

CRISPR-BLISS is transient transfection on 24w plates

-

BLISS in cells can be done for cells spotted onto microscope slides or cover slips
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-

tissue-BLISS can be done on frozen sections or paraffin embedded and sectioned
slices.

REAGENTS
-Poly-D-Lysine (PDL) (Merck Millipore, cat. no. A003E) (for CRISPR-BLISS)
-Poly-L-Lysine (PLL) solution (Sigma, cat. no. P8920-100ML) (for BLISS in cells)
-Lipofectamine 2000 (Life Technologies, cat. no. 11668019) (for CRISPR-BLISS)
-OptiMEM (Gibco, cat. no. 31985062) (for CRISPR-BLISS)
-Methanol-free paraformaldehyde (PFA) 16% (EMS, cat. no. 15710)
-Nuclease-free Phosphate-Buffered Saline (10×) pH 7.4 (Thermo, cat. no. AM9625)
-Nuclease-free water (Thermo, cat. no. 4387936) (for in situ reactions and library preparation)
-Lysis buffer 1 (LB1): Tris-HCl 10mM, NaCl 10mM, EDTA 1mM, Triton X-100 0.2%, pH 8 at 4°C
-Lysis buffer 2 (LB2): Tris-HCl 10mM, NaCl 150mM, EDTA 1mM, SDS 0.3%, pH 8 at 25°C
-Nucleus Isolation Buffer (NIB): NaCl 146mM, Tris-HCl 10mM, CaCl2 1mM, MgCl2 21mM, Bovine
Serum Albumin 0.05%, Nonidet P-40 0.2%, pH 7.8 (for tissue-BLISS)
-Sucrose for molecular biology (Sigma, cat. no. 57-50-1) (for tissue-BLISS)
-Tissue-Tek® O.C.T. Compound, Sakura® Finetek (VWR, cat. no. 25608-930) (for tissue-BLISS)
-CutSmart® buffer (NEB, cat. no. B7204S)
-Quick Blunting™ Kit (NEB, cat. no. E1201L)
-T4 DNA Ligase (NEB, cat. no. M0202M)
-UltraPure™ BSA (50mg/ml) (Thermo, cat. no. AM2616)
-High-salt wash buffer (HSW): Tris-HCl 10mM, NaCl 2M, EDTA 2mM, Triton X-100 0.5%, pH 8
at 25°C
-DNA extraction buffer: SDS 1%, NaCl 100mM, EDTA 50mM, Tris-HCl 10mM, pH 8
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-Proteinase K, Molecular Biology Grade (NEB, cat. no. P8107S)
-Nuclease-free TE buffer (Thermo, cat. no. AM9849
-MEGAscript® T7 Transcription Kit (Thermo, cat. no. AM1334)
-RiboSafe RNase Inhibitor (Bioline, cat. no. 65027)
-DNase I, RNase-free (Thermo, cat. no. AM2222)
-RA3 adaptor and RTP, RP1 and RPI primers (custom-synthesized by Integrated DNA
Technologies Inc. based on the sequences in TruSeq Small RNA Library Preparation kit, Illumina)
-RNaseOUT™ Recombinant Ribonuclease Inhibitor (Invitrogen, cat. no. 10777-019)
-T4 RNA ligase 2, truncated (NEB, cat. no. M0242L)
-Deoxynucleotide (dNTP) Solution Set (NEB, cat. no. N0446S)
-SuperScript® III Reverse Transcriptase (Thermo, cat. no. 18080044)
-NEBNext® High-Fidelity 2X PCR Master Mix (NEB, cat. no. M0541L)

CONSUMABLES
-13mm Coverslips (VWR, cat. no. 631-0148) (for BLISS in cells)
-Standard Cryomold® (VWR, cat. no. 25608-916) (for tissue-BLISS)
-Superfrost™ Ultra Plus Adhesion Slides (Thermo, cat. no. 1014356190) (for tissue-BLISS)
-Secure-Seal™ Hybridization Chambers (EMS, cat. no 70333-10) (for tissue-BLISS)
-Eppendorf® RNA/DNA LoBind microcentrifuge tubes 0.5 ml (Sigma, cat. no. Z666521)
-Eppendorf® RNA/DNA LoBind microcentrifuge tubes 1.5 ml (Sigma, cat. no. Z666548)
-Sapphire Filter tips, low retention (Greiner Bio-One, cat. no. 771265, 773265, 738265, 750265)
-Cell scrapers (Sigma, cat. no. C6106)
-Pinpoint Slide DNA Isolation System™ (Zymo Research, cat.no. D3001)
-Agencourt AMPure XP (Beckman Coulter, cat. no. A63880)
-Agencourt RNAClean XP (Beckman Coulter, cat. no. A63987)
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-Qubit® dsDNA HS Assay Kit (Thermo, cat. no. Q32851)
-RNA 6000 Pico Kit (Agilent, cat. no. 5067-1513)
-High Sensitivity DNA Kit (Agilent, cat. no. 5067-4626)

EQUIPMENT
-Cell counter (for example, Countess II FL Automated Cell Counter, Thermo)
-Cryostat (for example, Leica Biosystems CM3050 S Research Cryostat) (for tissue-BLISS)
-Incubator (for example, Binder incubator, Model KB 53)
-Tabletop centrifuge (for example, Eppendorf® Microcentrifuge 5424)
-Thermoshaker (for example, Eppendorf® Thermomixer Compact)
-PCR cycler (for example, T3 Thermocycler, Biometra)
-Sonication device (for example, Bioruptor® Plus, Diagenode, cat. no. B01020001)
-DynaMag™-2 Magnet (Thermo, cat. no. 12321D)
-Qubit® 2.0 Fluorometer (Thermo, cat. no. Q32866)
-Bioanalyzer 2100 (Agilent, cat. no. G2943CA)

PROCEDURE
Coating of coverslips (for BLISS in cells)
-Place the coverslips in a 10cm dish, cover them with 5ml PLL solution, and then gently shake
the dishes for 15min
Note: make sure that coverslips stay covered by liquid
-Aspirate the solution and transfer it into a 15ml tube
Note: the solution can be then used up to three times
-Wash the coverslips three times with 1× PBS at room temperature (rt) and once with ethanol
(EtOH) 70%
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-Air-dry the coverslips and proceed with cell spotting and fixation
Breakpoint: if not used immediately, coverslips can be stored in EtOH 70% at 4°C and air-dried
just before use.

Attachment and fixation of suspension cells (for BLISS in cells)
-Place the desired number of PLL-coated coverslips into a 24-well cell culture plate
-In each well, dispense a cell suspension freshly prepared in 1× PBS
Note: we usually spot up to 3×105 cells onto a 13mm coverslip
-Let the cells sediment onto the coverslip for 10min at rt
-Slowly add one volume of PFA 8% in 1× PBS equal to the volume of cell suspension added
before onto the coverslip
-Incubate for 10min at rt
-Rinse the coverslips twice with 1× PBS at rt
-Store the samples in 1× PBS at 4°C or proceed to permeabilization
Breakpoint: fixed cells can be stored at 4°C for several days up to a month. To avoid bacterial
contamination, cells should be stored in 1× PBS supplemented with NaN3 0.05%.

Transfection and fixation of HEK cells in multi-well plates (for CRISPR-BLISS)
-Coat a 24-well cell culture plate with PDL following the same procedure used for coating
coverslips with PLL
-Seed ~125,000 HEK 293T cells per well
-Grow cells for 16-18h until they reach 60–70% confluence
-Transfect cells according to your favorite protocol
Note: for Cas9-BLISS, we typically use 2μl of Lipofectamine 2000 and 500ng of Cas9 plasmid
in 100μl total of OptiMEM per well
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-After transfection, aspirate the medium and wash the cells in 1× PBS at rt
-To each well, add 0.5ml of PFA 4% in 1× PBS at rt
-Incubate for 10min at rt
-Rinse the plate twice with 1× PBS at rt
-Store the plate in 1× PBS at 4°C or proceed to permeabilization

Liver cryopreservation and sectioning (for tissue-BLISS)
-Cut the biopsy into small pieces and transfer them into a 15ml tube containing PFA 4% in 1×
PBS
-Incubate for 1h at rt while rotating
-Add a volume of glycine 2M to obtain a 125mM final concentration
-Mix well by pipetting up and down
-Wash the tissue fragments twice with 1× PBS at rt
-Immerse the tissue fragments in sucrose 15% on a rotator overnight at 4°C
-Immerse the tissue fragments in sucrose 30% on a rotator at 4°C until they sink at the bottom
of the tube
-Embed the tissue fragments in OCT and quickly freeze them at –20°C before cryosectioning
-Section the block into 30μm slices, mounting them onto microscope slides
-Air-dry the sections for 60min at rt
-Store the sections at 4°C or proceed to permeabilization

Preparation of nuclei suspension from liver biopsies (for tissue-BLISS)
-Cut the biopsy into small pieces and transfer them into a 2ml tube containing 1-1.5ml of NIB
buffer
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-Incubate for 15-40min at, pipetting the suspension up and down every 5min, until the tissue
fragments become transparent
-Centrifuge at 500g for 5min at rt
-Discard the supernatant
-Resuspend the nuclei in 200-500μl of 1× PBS at rt
-Dispense 100-200μl of the nuclei suspension onto a 13mm PLL-coated coverslip
-Incubate for 10min at rt
-Slowly add one volume of PFA 8% in 1× PBS equal to the volume of nuclei suspension added
before onto the coverslip
-Incubate for 10min at rt
-Rinse the coverslips twice with 1× PBS at rt
-Store the samples in 1× PBS at 4°C or proceed to permeabilization

DAY 1
Cells and tissue lysis
-Briefly rinse the sample in 1× PBS at rt
Note: for samples on 13mm coverslips, this is conveniently done in a 12- or 24-well plate. For
tissue-BLISS, the tissue section is covered with a Secure-Seal™ Hybridization Chamber. All the
steps until post-in situ ligation are done by pipetting 100μl volumes in and out of the chamber.
-Incubate the sample in LB1 for 1h at 4°C
-Briefly rinse the sample in 1× PBS at rt
-Exchange to LB2 and incubate for 1h at 37°C
-Wash the samples and proceed to in situ blunting
-Exchange to 1× PBS at rt
-Incubate for 1–2min at rt
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-Repeat wash in 1× PBS at rt

In situ DSBs blunting
-Exchange to 1× CutSmart® buffer at rt
-Incubate for 2min at rt
-Repeat twice the equilibration in CutSmart® buffer
-Dispense 50μl of the following blunting mix on piece of Parafilm M® placed in a Petri dish
containing a piece of tissue presoaked in distilled water wrapped all around its edge:
●

Nuclease-free water

37.5μl

●

Blunting buffer 10×*

5μl

●

BSA 10mg/ml*

0.5μl

●

dNTPs 1mM*

5μl

●

Blunting enzyme mix*

2μl

*Components included in Quick Blunting™ Kit
-Place the coverslip on top of the blunting mix solution with cells facing downwards
-Seal the dish with Parafilm M®
Note: the volumes and format are for a 13mm coverslip. For different sample types, the volumes
must be adjusted proportionally. For cells in 24-well plates or tissue sections covered by SecureSeal™ Hybridization Chamber the blunting mix is added directly into the well or pipetted into the
chamber.
-Incubate for 1h at rt

In situ DSBs ligation
-Remove the blunting mix and add 1× CutSmart® buffer at rt
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Note: for samples on coverslips, this is done by transferring the coverslips from Parafilm M®
into a 12- or 24-well plate
-Incubate for 2min at rt
-Repeat twice the wash in 1× CutSmart® buffer
-Exchange to 1× T4 Ligase buffer
-Incubate for 5min at rt
-Dispense 50μl of the following ligation mix on piece of Parafilm M® placed in a Petri dish
containing a piece of tissue presoaked in distilled water and wrapped all around its edge:
●

Nuclease-free water

37.5μl

●

T4 ligase buffer 10×

5μl

●

ATP 10 mM

4μl

●

BSA 50 mg/ml

1μl

●

BLISS adapter 10μM

2μl

●

T4 ligase

0.5μl

-Place the coverslips on top of the ligation mix solution with cells facing downwards
-Seal the dish with Parafilm M®
Note: the above volumes and format are intended for 13mm coverslips. For different sample
types, the volumes must be adjusted proportionally. For cells in 24-well plates or tissue sections
covered by Secure-Seal™ Hybridization Chamber the ligation mix is added directly into the well
or pipetted into the chamber
- Incubate for 16–18 h at 16°C

DAY 2
Removal of unligated adapters
-Remove the ligation mix and add HSW buffer at rt
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Note: for samples on coverslips, this is done by transferring the coverslips from Parafilm M®
into a 12- or 24-well plate
-Incubate 1h at 37°C, shaking
-Repeat the exchange to fresh HSW buffer and incubation at 37°C 3–5 times
-Exchange to 1× PBS at rt
-Incubate for 1–2min at rt
-Exchange to nuclease-free water
-Incubate for 1–2min at rt
Note: at this point, samples on coverslips can be air-dried onto a piece of Parafilm M®. For
tissue samples, the Secure-Seal™ chamber can be removed from the slide, and the tissue airdried. For samples in 24-well plates, it is not necessary to dry the cells, as the Proteinase K
digestion mix (see below) can be dispensed directly into the well

Extraction of genomic DNA
-Dispense 100μl of the following DNA extraction mix onto the sample:
●

DNA extraction buffer

95μl

●

Proteinase K 20 mg/ml

5μl

-Scrape the cells off the coverslips using a sterile cell scraper
Note: the above volumes and format are intended for 13mm coverslips. For tissue sections, the
same approach may be used by adjusting the volume depending on the size of the tissue section.
Alternatively, the Pinpoint Slide DNA Isolation System™ may be used to capture a portion of the
tissue. For cells in 24-well plates, the DNA extraction mix can be dispensed directly into the well
after adjusting the volume proportionally
-Transfer the solution into a 1.5ml Eppendorf® RNA/DNA LoBind
-Incubate 16–18 h in a thermo-shaker at 55°C, shaking at 800 rpm
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DAY 3
DNA cleanup
-Purify the extracted DNA either using silica-based columns or standard phenol-chloroform and
isopropanol precipitation protocols
-Elute DNA in nuclease-free TE buffer
-Measure DNA concentration and then dilute DNA in TE buffer to the concentration
recommended for the sonication instrument used (see table below)

DNA fragmentation by sonication
-Sonicate DNA aiming to achieve a mean fragment size of 300–500bp. Examples of instruments
and settings that we have successfully used are summarized in the table below
Instrument

Sample

Target size (bp)

Settings

Volume, buffer

Bioruptor®
Plus

Cells

350

30s on/90s off, high-mode, 20 cycles

100μl, TE

Tissue

350

30s on/90s off, high-mode, 40 cycles

100μl, TE

Cells

350

Duty 10%, intensity 4, time 52s,
cycle/burst 200, 3 cycles

50μl, TE

Covaris Sseries

DNA concentration
-Pre-warm AMPure XP beads for 30min at rt
-Add a 0.8× ratio of AMPure XP bead suspension to the extracted DNA
-Mix thoroughly by pipetting up-down 5-6 times
-Incubate for 5min at rt
-Place the sample on a magnetic stand
-Incubate for 5min until all the beads have attached to the magnet
-Aspirate and discard the supernatant
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-With the sample on the magnetic stand, add 200μl ice-cold EtOH 80%
-Aspirate the supernatant
-Repeat once the wash in ice-cold EtOH 80%
-Air-dry the beads for 5min at rt
-Remove the sample from the magnetic stand
-Resuspend the beads in 10μl of nuclease-free water
-Incubate for 5min at rt
-Place the sample on the magnetic stand
-Incubate for 5min until all the beads have attached to the magnet
-Transfer 8μl of the cleared solution into a 0.5 ml Eppendorf® RNA/DNA LoBind tube
-Measure DNA concentration using the Qubit® dsDNA HS Assay Kit
Breakpoint: at this point, samples can be stored at –20°C until in vitro transcription

In vitro transcription (IVT)
-In a 0.5ml Eppendorf® RNA/DNA LoBind tube prepare the following mix:
●

Sonicated genomic DNA

7.5μl

●

rNTPs mix*^

8μl

●

T7 polymerase buffer 10×*

2μl

●

T7 polymerase*

2μl

●

RiboSafe RNase Inhibitor

0.5μl

*Components included in the MEGAscript® kit
^Prepared by mixing equal volumes of each rNTP solution provided with MEGAscript® kit
-Incubate for 14h 37°C in a thermocycler with lid set at 70°C

DAY 4
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Removal of genomic DNA
-Add 1μl of DNase I, RNase-free to the IVT product
-Incubate 15min at 37°C

RNA cleanup
-Pre-warm Agencourt RNAClean XP beads for 30min at rt
-Transfer the IVT product into a 1.5 ml Eppendorf® RNA/DNA LoBind tube
-Bring the volume up to 30μl with nuclease-free water
-Add a 1.8× ratio of RNAClean XP beads suspension to the IVT product
-Incubate for 10min at rt
-Place the sample on a magnetic stand
-Incubate for 5min until all the beads have attached to the magnet
-Aspirate and discard the supernatant
-With the sample on the magnetic stand, add 200μl of freshly prepared EtOH 80%
-Incubate at least 1–2min at rt
-Aspirate the supernatant
-Repeat twice the wash with EtOH 80%
-Air-dry the beads for 10min at rt
-Remove the sample from the magnetic stand
-Resuspend the beads in 6μl of nuclease-free water
-Incubate for 5min at rt
-Place the sample on the magnetic stand
-Incubate for 5min until all the beads have attached to the magnet
-Transfer 6μl of the cleared solution into a 0.5ml Eppendorf® RNA/DNA LoBind tube
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Checkpoint: 1μl of purified IVT product can be checked on Bioanalyzer 2100 using a RNA 6000
Pico Kit

RA3 Illumina adapter ligation
Note: all the subsequent steps are done on ice, unless otherwise specified
-Dilute the RA3 adapter in nuclease-free water 1:5 vol./vol.
-Add 1μl of the diluted RA3 adapter to the sample
-In a thermo-cycler, incubate for 2min at 70°C with the lid set at 70°C
-Immediately place the sample on ice
-Add 4μl of the following mix:
●

T4 RNA Ligase buffer 10×

2μl

●

T4 RNA Ligase 2, truncated

1μl

●

RNaseOUT™

1μl

-Incubate the sample for 1h at 28°C in a thermo-cycler with the lid set at 30°C
-Transfer the sample on ice
-Add 3.5μl of nuclease-free water

Reverse transcription
Note: all the subsequent steps are done on ice, unless otherwise specified
-Prepare a dNTPs mix at 12.5mM in nuclease-free water
-Add 1μl of RTP primer to the sample
-Incubate the sample for 2min at 70°C in a thermo-cycler with the lid set at 70°C
-Immediately place the sample on ice
-Add 5.5μl of the following reverse transcription mix:
●

1st strand buffer*

2μl
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●

dNTPs mix 12.5mM

0.5μl

●

DTT 100 mM*

1μl

●

SuperScript® III*

1μl

●

RNaseOUT™

1μl

*Components included in the SuperScript® III Reverse Transcriptase kit
-Incubate the sample for 1h at 50°C in a thermo-cycler with the lid set at 70°C

Library indexing and amplification
-Transfer the sample into a 200μl PCR tube
-Add 2μl of the desired RPI primer to the sample
-Add 35.5μl of the following PCR mix:
●

Nuclease-free water

8.5μl

●

RP1 primer

2μl

●

NEBNext® 2X PCR Mix

25μl

-Perform the following cycles in a thermo-cycler with the lid set at 105°C:
1. 98°C, 30 sec
2. 98°C, 10 sec
3. 60°C, 30 sec
4. 72°C, 30 sec
5. Go to 2 and repeat for 10–16 cycles
6. 72°C, 10min
7. 4°C, hold
Note: the number of PCR cycles should be adjusted empirically based on the amount of genomic
DNA used in the IVT reaction. For example, for a 13mm coverslip fully covered with human
diploid cells, we typically use 12–14 cycles
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Library cleanup
-Pre-warm AMPure XP beads for 30min at rt
-Transfer the PCR product into a 1.5 ml Eppendorf® RNA/DNA LoBind tube
-Add a 0.8× ratio of AMPure XP bead suspension to the extracted DNA
-Mix thoroughly by pipetting up-down 5-6 times
-Incubate for 5min at rt
-Place the sample on a magnetic stand
-Incubate for 5min until all the beads have attached to the magnet
-Aspirate and discard the supernatant
-With the sample on the magnetic stand, add 200μl ice-cold EtOH 80%
-Aspirate the supernatant
-Repeat once the wash in ice-cold EtOH 80%
-Air-dry the beads for 5min at rt
-Remove the sample from the magnetic stand
-Resuspend the beads in 20μl of nuclease-free water
-Incubate for 5min at rt
-Place the sample on the magnetic stand
-Incubate for 5min until all the beads have attached to the magnet
-Transfer 17–18μl of the cleared solution into a 1.5 ml Eppendorf® RNA/DNA LoBind tube
-Measure DNA concentration using the Qubit® dsDNA HS Assay Kit
-Store the library at –20°C
Checkpoint: 1μl of library can be checked on Bioanalyzer 2100 using a High Sensitivity DNA Kit
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Model for position-dependent mismatch tolerance of Cas9 and Cpf1
Analysis of tolerance to mismatches at different positions along target/sgRNA duplex.
The cutting frequency of Cas9/Cpf1 at a target with a single mismatch is modeled as
"#$% &, ( = "*% ( ⋅ , &′ + 0 ( + 1 ,
where "#$% (&, () represents the cutting frequency with sgRNA ( at the target that has a
mismatch to the sgRNA at position &, "*% (() represents the cutting frequency with
sgRNA ( at its perfectly matching target, ,(&′) denotes the tolerance of mismatch at
position &′, 4(() represents the effect of sgRNA ( specific properties on the mismatch
tolerance (properties such as transfection efficiency, melting temperature, secondary
structure, etc.), 1 represents experimental variation. The position & on the sgRNA may,
in reality, shift to position &′ due to stretch or compression of sgRNA/target DNA
hetero-duplex. The amount of shift can be different for different sgRNA, mismatch
pairing, and positions. This effect is termed “wobbling”.

Given measured cutting frequency "#$% (&, () and "*% ((), we are interested in
recovering ,(&), which models the position-dependent mismatch tolerance, a property
of the cas9/cpf1 protein that is independent of sgRNA sequences, target, or
transfection batches. We solve the following problem,
, &; + 0 ( −

, & , 4 ( , &′ = argmin
=,>

"#$% &, (
+
"*% (

? &; − & .

A. ,. & ; − & < C
The ,(&) is modeled using a third order bspline, a continuously differentiable function
defined on interval (1,20) and 0 ( ∈ ℝI . The optimization is solved using gradient
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descent. The optimal solution ,(&) is normalized to get min , & = 0 and max ,(&) = 1.
The parameter ? controls the strength of lasso(128), which is set to 0.3. The parameter
C represents the range of wobbling, which is set to 0.5.
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