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Donor repair

Which repair pathway is most commonly used to repair CRISPR mediated double
stranded breaks, NHEJ or HDR?

In eukaryotic cells, in the absence of a repair template, the non-homologous end joining (NHEJ)
pathway generates insertions and deletions during double-stranded break (DSB) repair. However, in
the presence of a DNA template with homology to the sequences flanking the DSB location,
homology-directed repair (HDR) can seal the DSB in an error free manor [1]. In most cells both of
these repair pathways are active, however the HDR pathway is generally less efficient that the NHEJ.
The homologous template is naturally present as sister chromatin in late S phase and G2 phase [2],
but it may also be added artificially as donor DNA [3, 4].

The efficiency of HDR is determined by the concentration of donor DNA present at the time of
repair, the length of the homology arms of the donor DNA, the cell cycle, and the activity of the
endogenous repair systems [4]. These factors contribute to the high variability of HDR efficiency
observed across cell lines particularly in immortalized cells [5]. Therefore, it is important to determine
the optimal HDR conditions for each cell line.
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When designing donor DNA for use in HDR, what are the optimal lengths of the
left and right homology arms, and what is the maximum size of sequence that can
be efficiently inserted in mammalian cells?

DNA with homology to the sequences flanking a double-stranded break (DSB) can serve as template
for error-free homology directed-repair (HDR) of the DSB. The efficiency of HDR is determined by
the concentration of donor DNA present at the time of repair, the length of the homology arms, the
cell cycle, and the activity of the endogenous repair systems in the particular cell [1]. These factors
contribute to the high variability of HDR efficiency observed across different cell lines, especially in
immortalized cells [2]. Typically, in replicating mammalian cells, donor arms are at least 500 bp in
length [3]. However, it is important to determine the optimal HDR conditions for your cell line.

Inserts between the homology arms are frequently in the 1-2 kb range [4]. longer inserts are
possible, but the efficiency of recombination decreases as the insert size increases [5].



Single-stranded oligo DNA (ssODN) has also recently been identified as a substrate that is preferred
by the HDR mechanism, and often achieves good efficiency with homology arms as short as 40 bp
[6, 7]. The drawback to using ssODNs is that they are generally limited to a couple hundred bases in
length, so the insert size is limited.
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Can gBlocks® Gene Fragments be used for microinjection as sgRNAs?

A recent report compared the efficiency of microinjection of DNA versus RNA in mouse embryos [1].
While it was shown that DNA is effective for producing sgRNA, in vitro transcribed RNA was
observed to be more efficient. Typically, microinjections are performed using in vitro transcribed
Cas? and sgRNA rather than native dsDNA. gBlocks® Gene Fragments are ideal for use as template
for in vitro transcription and will work well in these applications [2, 3].
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Is the hairpin region of the gRNA always the same, and will the repetitiveness of the
hairpin be a problem when constructing a gBlocks® Gene Fragment with multiple
gRNAs?

The hairpin region of the gRNA is a conserved structure that binds to the Cas9 protein [1]. Creating
multiple gRNAs on single gBlocks® Gene Fragment will likely create repeats that prevent accurate
synthesis. It will probably be necessary to split the sequences into individual gRNA constructs and
order those constructs as gene fragments. If there are any issues with sgRNA design, please contact
the IDT synthetic biology group at genes@idtdna.com.
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PAM

What is a PAM sequence and where is it located?

CRISPR/Cas? mechanisms recognize DNA targets that are complementary to a short CRISPR sgRNA
sequence. The part of the sgRNA sequence that is complementary to the target sequence is known
as a protospacer. In order for Cas9 to function it also requires a specific protospacer adjacent motif
(PAM) that varies depending on the bacterial species of the Cas? gene. The most commonly used
Cas? nuclease, derived from S. pyogenes, recognizes a PAM sequence of NGG that is found directly
downstream of the target sequence in the genomic DNA, on the non-target strand.

XN

Recognition of the PAM by the Cas? nuclease is thought to destabilize the adjacent sequence,
allowing interrogation of the sequence by the sgRNA, and resulting in RNA-DNA pairing when a
matching sequence is present [1, 2]. Cas? nucleases with alternative PAMs have also been
characterized and successfully used for genome editing [3]. It is important to note that the PAM is
not present in the sgRNA sequence but needs to be immediately downstream of the target site in
the genomic DNA.
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If the target area does not contain PAM sequence, will the CRISPR/Cas?9
complex bind?

No, the CRISPR/Cas9 complexes that have been characterized recognize target sequences lacking
PAM sequences extremely poorly or not at all [1]. However, if the NGG sequence found in the

S. pyogenes CRISPR system is not present in your sequence, CRISPR systems from other bacterial
species that recognized alternative PAM sequences work. For example, the PAM sequence for
S. thermophiles is NNAGAA and NGGNG, and for N. meningiditis, it the PAM is NNNNGATT [2, 3].
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How often are the PAM sequences presented in the mammalian genome in average?

Using the frequency of ‘GG’ = 5.21% in the reference human genome [1] there would be an
expected 161,284,793 NGG PAM sites in the human genome, or roughly one ‘GG’ dinucleotide
every 42 bases.
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Is a PAM sequence present in every gene?

This is hard to say. Because the frequency of the dinucleotide ‘GG’ is 5.21% in the human genome
[1], it is reasonable to expect that most genes will contain the NGG sequence of the S. pyogenes
PAM.
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Is the PAM sequence part of the sgRNA sequence construct?

The PAM sequence is located on the non-complementary strand. In other words, it is on the strand
of DNA that contains the same DNA sequence as the target sgRNA [1]. The PAM sequence should
not be included in the design of the sgRNA.

A

PAM site

XN
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Cas?

If Cas9 is stably integrated into the genome, is it continually acting on the genome
and causing mutations, even without the gRNA?

In cells stably expressing Cas?, it is likely that there is some nonspecific activity of the Cas9 nuclease
based on observed toxicity [1, 2]. Therefore, controlling the expression of Cas? through transient
mechanisms is an important consideration [3, 4]. However, Platt et. al. (2014) also managed to
produce mice that constitutively express Cas9 with no obvious abnormalities, suggesting that in at
least some systems there may be little to no off target activity [5]. Cas? activity requires a guide
RNA that includes both the CRISPR gRNA and trans-activating crRNA components, to mediate its
cleavage specificity. Without formation of this ternary complex, Cas? is not thought to mediate
non-specific DSB [6]. Therefore, the extent of off target activity is likely dependent on the expression
level of Cas9 and the presence of RNA sequences that can act as a gRNA substrate.
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How do | transfect the Cas9/gRNA?

There are a large number of methods currently used to transfer the Cas? gene and the gRNAs into
cells. Transfection methods vary depending on cell type and materials used. A recent protocol, from
the lab of Dr George Church at Harvard University, includes methods for delivering CRISPR
constructs into human-induced pluripotent stem cells and HEK293 cells, and is a good place to start
[1]. The protocol also contains methods for assessing the success of the genome modification and
isolating cells with the targeted changes.
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How do | target multiple sites within a genome at the same time using the
CRIPSR/Cas system?

There are various ways to multiplex genome editing using CRISPR/Cas?. An application in

S. cerevisiae used a single plasmid containing the natural polycistronic CRISPR arrays containing
multiple target sequences [1]. The transcribed pre-crRNA is then processed into crRNAs by
mechanisms endogenous to the host cell, resulting in creation of gRNAs for multiple targets from a
single construct. Multiplex genome editing in mouse ES cells was also performed by transfecting
cells with 3 separate plasmids each expressing one target sgRNA or 5 PCR products that codes for
one sgRNA [2].
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How can | check the off-target effects while using CRISPRs?

Three methods are commonly used to detect off target effects when using CRISPR: nuclease
detection, such as the Surveyor® PLUS Mutation Detection Kit; Sanger sequencing of target and off
target regions; and whole-genome or enriched-genome next generation sequencing.

Off-target activity occurs because the CRISPR/Cas? complex lacks perfect specificity [1-3]. Because
most off target effects are thought to occur at sites that share similarity to the target sequence, the
genome can be screened for such sites. However, predicting and screening off target sites is
complicated because the degree of similarity that will produce an off target cleavage event is not
precisely known. CRISPR design tools such as the one developed by the Zhang lab and the CRISPR
Design Tool from the Broad Institute both identify likely off target sites during the design process,
giving researchers useful predication information.

Following CRISPR genome editing, both the target site and predicted off-target sites can be
screened for sequence changes by Sanger sequencing or with the Surveyor PLUS Mutation
Detection Kit. The latter detects mutations at within a PCR amplified fragment of the desired site by
recognizing and cleaving mismatches to the wild type DNA. The results of the assay can be assessed
by simply running the processed fragments on an agarose gel and looking for a cleavage product.
However, a final verification by whole genome sequencing should be done prior to publishing or
using the modified organism.
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Are there any design strategies you can use to reduce off-target effects?

Utilizing the online design tool may be the best resource to date, however we are just beginning to
understand the complexities of specificity in the CRISPR system. The Zhang lab published a paper
studying the off target effects of the CRISPR target sequences in 293T and 293FT cells [1]. These
data are used for the algorithm that assesses off target effects and on target efficiencies for the
design tool developed by the Zhang lab. The CRISPR Design Tool from the Broad Institute uses the
same data as well as additional data from their in house experiments. There are several other online

tools online as well [2-4]. IDTs in house research has tested the tool from the Broad Institute and
found it to be good at identifying targets that have very poor on target efficiencies but it has mixed
results with the prediction of targets with moderate to high efficiencies.
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