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Abstract

Previous efforts to target the mouse genome for the addition, subtraction, or substitution of
biologically informative sequences required complex vector design and a series of arduous steps
only a handful of labs could master. The facile and inexpensive clustered regularly interspaced
short palindromic repeats (CRISPR) method has now superseded traditional means of genome
modification such that virtually any lab can quickly assemble reagents for developing new mouse
models for cardiovascular research. Here we briefly review the history of CRISPR in prokaryotes,
highlighting major discoveries leading to its formulation for genome modification in the animal
kingdom. Core components of CRISPR technology are reviewed and updated. Practical pointers
for two-component and three-component CRISPR editing are summarized with a number of
applications in mice including frameshift mutations, deletion of enhancers and non-coding genes,
nucleotide substitution of protein-coding and gene regulatory sequences, incorporation of /oxP
sites for conditional gene inactivation, and epitope tag integration. Genotyping strategies are
presented and topics of genetic mosaicism and inadvertent targeting discussed. Finally, clinical
applications and ethical considerations are addressed as the biomedical community eagerly
embraces this astonishing innovation in genome editing to tackle previously intractable questions.

The 2007 Nobel Prize in Physiology or Medicine was awarded for pioneering work in
embryonic stem cells (ESC), which developed techniques to modify the mouse genome
leading to the creation of thousands of knockout mouse strains, including hundreds that
exhibit cardiovascular phenotypes (ftp://ftp.informatics.jax.org/pub/reports/
MGI_Knockout_Full.html). Traditionally, the generation of knockin or knockout mouse
models for cardiovascular study required intricate design and construction of a targeting
vector; electroporation of the vector into a limited number of ESC lines; selection and
enrichment of targeted ESC clones; screening of clones with validated probes by Southern
blotting; and expansion of correctly targeted clones for injection into the blastocyst of a
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mouse embryo. If ensuing chimeric mice were able to pass the targeted allele through the
germline, and if phenotypic haploinsufficiency leading to premature debilitating disease
and/or death did not occur, heterozygous offspring could be intercrossed to create mice
homozygous for the targeted allele. The time and effort involved in creating a mouse in this
manner is considerable (typically more than one year) with no guarantee of success. The
advent of nuclease-directed genome editing (NDGE) in animals with zinc finger nucleases 2
and transcription activator-like effector nucleases 3 simplified the labor-intensive task of
generating genetically-modified mice while reducing the time to completion. These
technologies also augmented the range of animals that could successfully undergo genome
modifications.* However, the more recent CRISPR system has rapidly ascended as the
méthode de choix for genome editing (Figure 1A) because of its incredible simplicity and
high efficiency. Indeed, more than half of the entire literature pertaining to CRISPR through
2015 was reported in that year (Figure 1B).

Although many reviews have been published on the subject of CRISPR (see for example >-7)
the field has moved at such a ferocious pace, with many pearls of knowledge only recently
shared and debated through a discussion group started in early 2013 (https://
groups.google.com/forum/!forum/crispr), that an update is timely, particularly in
cardiovascular biology where only a few papers have been published using CRISPR genome
editing in mice. Here, we briefly summarize the historical roots of CRISPR and the key
elements of the technology as they apply to the generation of new mouse models. We
provide an overview of two-component and three-component CRISPR, highlighting the
strengths and weaknesses of each with specific applications. We address important issues
related to the design and testing of crucial components of CRISPR as well as genetic
mosaicism, robust genotyping, and inadvertent (off) targeting, all of which must be carefully
considered for unambiguous evaluation of CRISPR-derived mice. Finally, we provide some
clinical perspective for future applications and challenges that must be overcome for
CRISPR to have tangible impact in the treatment of cardiovascular disease.

Origins of CRISPR and its Transition to the Animal Kingdom

In 1987, a peculiar arrangement of homologous direct repeats having dyad symmetry and
unknown function was discovered in Escherichia coli Similarly arrayed sequences were
subsequently found in archaea and other species of bacteria.® These repeat sequences were
named Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR).19 No
CRISPR sequences were identified in eukaryotes or viruses, suggesting a unique function of
CRISPR to species of prokaryotes.10 The first clue as to the function of CRISPR sequences
emerged with the discovery of similarly-sized CRISPR spacers between CRISPRs as well as
flanking CRISPR-associated (Cas) protein-coding genes, implying inter-related functional
gene loci.10 An important breakthrough occurred in 2005 when the CRISPR spacers were
found to be of bacteriophage and plasmid origin.11- 12 These findings sparked the prescient
hypothesis that CRISPRs endow bacteria with genetic immunity against foreign DNA.12
Then, in 2007, studies proved CRISPR and adjacent Cas operons confer acquired resistance
in bacteria to invading viruses.1® The mechanism underlying such adaptive immunity occurs
via endonuclease-mediated cleavage of pre-CRISPR transcripts by Cas proteins and
subsequent processing into smaller CRISPR RNA (crRNA) that are complementary to viral
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DNA leading to silencing of the alien invasion.14 Extended CRISPR sequences, reflecting
sequential infections of bacteria, imparted greater resistance to bacteriophage assault.12: 13
Thus, many prokaryotes acquire immunity that is hard-wired into the host genome.
Importantly, in the type Il CRISPR-Cas system, the procurement of CRISPR spacers (or
proto-spacers) from the initial invasion of a bacteriophage or plasmid requires a proto-spacer
adjacent motif (PAM) immediately 3’ of the CRISPR spacer sequence in invading DNA.1°
This orientation with respect to CRISPR spacer and PAM is also critical for CRISPR-
mediated NDGE in the mouse genome. Although the CRISPR acronym is more aptly
applied to prokaryotic immunity, it has become engrained in the lexicon of eukaryotic
biologists and the public as a powerful means of altering genomes. For a more in depth
study of CRISPR in prokaryatic biology, the reader is referred to a number of outstanding
reviews from pioneers in the field.16-18

Two key breakthroughs precipitated the ‘CRISPR Craze.’19 First, a transactivating crRNA
(tracrRNA) was established as essential for crRNA processing in Streptococcus pyogenes. 20
The second important discovery occurred one year later when crRNA, tracrRNA, and Cas9
were combined in vitro and shown to cleave the complementary and non-complementary
strands of target plasmid DNA three base pairs upstream of a PAM.21. 22 Importantly, the
crRNA and tracrRNA could be combined into one hybrid transcript (so called single guide
RNA; sgRNA) and still direct Cas9 cutting of target DNA.2L Over the ensuing months, an
avalanche of papers demonstrated NDGE in human and mouse cell lines 2325 as well as
various animal models 26-34 using the main components comprising CRISPR genome
editing, each of which is considered next.

Components of CRISPR Genome Editing

Component 1: Cas9 Endonuclease

The most common endonuclease used in CRISPR genome editing is the Class |1 effector
protein, Cas9, from Streptococcus pyogenes (Spycas9).3® The Spycas9gene is transcribed as
a ~4.2 kilobase transcript encoding a 1,368 amino acid protein of ~160 kDa. The transcript
has been codon-optimized for efficient translation in mammals and engineered to carry
nuclear localization signals for proper targeting to the nucleus as well as epitope tags for
easy detection.23-25 The SpyCas9 cDNA is found in several plasmids, most notably pX330
from addgene (https://www.addgene.org/42230/).23 The pX330 plasmid serves as a template
for in vitro transcription of Spycas9. However, it is much easier to purchase ready-made
SpyCas9 protein (PNA Bio, http://pnabio.com) or, more frequently, Spycas9 mRNA
(TriLink BioTechnologies, http://www.trilinkbiotech.com) for immediate microinjection in
mouse zygotes. The longer 4.5 kb Spycas9 mRNA from TriLink includes a capped, 5’
synthetic untranslated region harboring a strong Kozak sequence for enhanced translation,
an alpha globin 3’ untranslated region, and a 120 bp polyadenylated tail to augment stability
(Tiffany Teng of TriLink BioTechnologies, personal communication).

It is possible to inject mouse zygotes directly with a plasmid containing both Spycas9and
sgRNA.36 However, this approach is complicated by the reduced chance of transmitting an
edited allele through the germline due to embryonic cell divisions preceding Cas9/sgRNA
transcription and Cas9 translation. Further, there are unpredictable effects of a randomly
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integrated plasmid in the mouse genome and unknown consequences of continuous
expression of Cas9 protein over the life of the mouse. Nevertheless, a recent study showed
that mice carrying a Cas9transgene under control of the cardiac-specific Myh6 promoter
exhibited no observable toxicity. These mice allow for rapid assessment of gene function in
the adult heart following a single injection of adeno-associated virus carrying a SgRNA of
interest, thus circumventing potential embryonic lethality that otherwise occurs with
conventional gene targeting strategies.3” Additional mouse models will likely emerge that
further limit expression of Cas9 to heart or blood vessels using drug-responsive, cell-specific
promoters driving Cas9 directly or indirectly via Cre recombinase in the context of the
Rosa26floxed stop Cas9transgenic mouse (https://www.jax.org/strain/024857).38

The SpyCas9 protein has a unique bilobed structure.3% 40 The a-helical target recognition
lobe makes important contacts with the sgRNA bound to its target genomic DNA. The
nuclease lobe contains the HNH and RuvC-like nuclease domains, each of which mediates
an individual nick in the complementary (via HNH) or non-complementary (via RuvC-like)
strand of the double helix, thus creating a blunt double-strand break (DSB). In addition, a
PAM-interacting domain within the nuclease lobe binds PAM sequences (NGG or NAG) that
are necessary for igniting SpyCas9 nuclease activity leading to target DNA cleavage 4! three
base pairs upstream of the PAM sequence.*2 The PAM-interacting domain may also function
to facilitate unwinding of the double helix in a 3’ to 5 direction from the PAM site to allow
for strand invasion of the sgRNA, Watson-Crick base pairing between the sgRNA and its
complementary target DNA sequence, and formation of a so-called R loop structure.49: 43
PAM sequences may be diversified through alterations in SpyCas9 44 or the utilization of
other RNA-guided endonucleases.*>~47 This increases the sequence space that may be
efficiently targeted such that virtually every nucleotide in the mouse genome may undergo
genome editing.

Additional derivations of SpyCas9 have been engineered that expand its functionality. For
example, either of the nuclease domains may be mutated (D10A or H840A) to create a
nickase (Cas9n), which increases the specificity of genome editing. 21 48 We do not
advocate the use of Cas9n for generating cardiovascular mouse models because of the
inherent complexity in experimental design as well as the lower efficiency of SpyCas9n
versus wild type SpyCas9 in mediating genome edits, 4° though editing genomes is highly
locus-dependent and there may be instances where Cas9n is desirable.%9 On the other hand,
newer generations of SpyCas9 carrying mutations that do not alter the two nuclease domains
have been developed that also reduce off-targeting events. These include “enhanced
specificity” SpyCas9 (https://www.addgene.org/71814/)°1 and a “high fidelity” SpyCas9
(https://www.addgene.org/72247/).52 It will be important to see whether these newer
versions of SpyCas9 are offered as ready-made mRNA or protein and how well they perform
in editing the mouse genome as compared to wild type SpyCas9.

Another modification of SpyCas9 involves mutation of both nuclease domains which
effectively yields a ‘dead’ or ‘deactivated’ version of the enzyme (dCas9). This alteration in
SpyCas9 preserves its sgRNA-directed binding to target DNA; however, dCas9 is unable to
cut DNA rendering the protein a suitable platform for a number of applications, most
notably activation or repression of genes through the conjugation of transcriptional activators
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or repressors.>3 This approach offers a potentially powerful means of rescuing mouse
phenotypes resulting from CRISPR-mediated NDGE of distal enhancer sequences by
directly activating the endogenous promoter. Another application of dCas9 involves joining
the protein with a fluorophore for purposes of tracking Cas9 binding across the genome.>* A
recent study utilizing such an approach revealed Cas9 targeting both euchromatic and
heterochromatic sequences through a diffusion-like mechanism suggesting most of the
mouse genome may be targeted for editing regardless of epigenetic state.>® This finding is
consistent with Cas9-mediated cleavage of methylated DNA.58 Recently, however, an in
vitro study showed that nucleosomes represent a barrier for Cas9 binding and cleavage
suggesting the state of chromatin around a gene of interest in the mouse zygote may be an
important determinant of CRISPR-mediated NDGE.>’ The latter point underscores the need
to test each sgRNA in advance of experimentation (below).

Endonuclease activity of SpyCas9 requires a conformational change in its structure, which is
mediated by the sgRNA/target DNA sequence.*? We know little, however, about
endonuclease-/ndependent activity of this protein in the mouse. Preliminary physiological
data suggest no overt phenotypes arising from constitutive expression of Cas9 in mice 37: 38,
and RNA-seq studies have been done in cultured cells transiently %8 or stably 5° expressing
targeted Cas9 with little changes in gene expression beyond those expected. It must be
stressed, however, that no studies have yet to interrogate the transcriptome or proteome of
tissues in mice with chronic expression of Cas9. It is possible that Cas9 binds other proteins
in the cytosol or nucleus effecting subtle perturbations in cell physiology. Further, as a
bacterial protein Cas9 may elicit an immune response. Thus, until more thorough studies are
carried out it is premature to conclude that constitutive expression of Cas9 is not without
side effects. Efforts should therefore be made to minimize the window of time in which Cas9
is expressed in mice. This is best achieved by microinjecting Cas9 mRNA or protein into the
mouse zygote in combination with the next component of CRISPR technology.

Component 2: Single Guide RNA

The Cas9 endonuclease is inactive until it is bound and ushered to a specific genomic
address by the sgRNA. The sgRNA serves a dual function of both chaperone and activator of
Cas9 endonuclease activity through the union of two separable sequences transcribed as a
chimeric RNA.2! The chaperone (or guiding) function of the sgRNA is achieved by a user-
defined 20 nucleotide CRISPR RNA (crRNA or proto-spacer sequence in recognition of
similarly functioning sequences in bacteria and archaea) while the activator function is
served by the invariant 80-nucleotide tracrRNA (Figure 2A). The tracrRNA, derived from
the Streptococcus pyogenes genome, comprises a number of structural modules that serve
critical roles for Cas9 binding and activation.t% The crRNA sequence is complementary to
the target sequence to be edited in the mouse genome and although sequences longer than 20
nucleotides might intuitively confer greater specificity, they are cleaved to ~20 nucleotides
during processing.#8

The 20 nucleotide crRNA sequence must precede a PAM recognition site (NGG or NAG for
SpyCas9) located immediately 3’ of the last nucleotide of the crRNA sequence (Figure 2A).
Binding and cleavage of DNA by Cas9 requires the PAM sequence.?!: 22 Importantly, the
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PAM sequence must not be included in the design of the 20 nucleotide crRNA sequence as it
would compete for Cas9 binding or perturb normal structural changes that must occur for
Cas9 to be activated (Rodolphe Barrangou, personal communication).59 The crRNA
sequence encompasses a PAM proximal seed sequence of ~10-12 nucleotides that is
relatively intolerant to mutations; 81 that is, nucleotide substitutions in the seed sequence
tend to mitigate Cas9 binding and cleavage of the target DNA sequence. On the other hand,
a PAM distal sequence of approximate equal length is more tolerant to mutations and thus
changes here tend to have less impact on Cas9 binding and activity (Figure 2A). These
sequence characteristics of the crRNA have been incorporated in many programs that predict
potential off target sites in the mouse genome (below). As a final point, chemical
modifications to the crRNA sequence that enhance stability have been shown to exhibit
superior activity over un-modified crRNA sequences,®2 providing a means of targeting Cas9
to potentially intractable genomic sites, though this has yet to be formally demonstrated in
the mouse.

Numerous online tools are available for the identification of optimal crRNA sequences
(reviewed in 63). The most commonly used algorithm is the CRISPR Design Tool from the
Feng Zhang Lab (http://crispr.mit.edu,%®). The algorithm is built upon a number of important
sequence characteristics such as a PAM (NGG or NAG) following the crRNA sequence,
absence of polyU at the 3’ end of the crRNA sequence, and as little sequence identity to
other potential off target sites in genome as possible, especially in the seed region of the
crRNA. The output display is a rank-ordered list of optimal crRNA sequences for a user to
select based on the number of theoretical off target sites (higher scored crRNAS are best).

Essentially all of the front-end work of CRISPR-mediated NDGE involves preparation of the
SgRNA. Once a crRNA sequence is selected, a pair of complementary oligonucleotides
should be ordered for cloning into the pX330 vector. Following verification of the cloned
crRNA sequence, the plasmid is tested for sgRNA activity and then processed for in vitro
transcription, purification, and visual analysis for integrity with a BioAnalyzer. A distilled
version of a detailed protocol for cloning the crRNA into the pX330 vector and in vitro
transcription/purification of the sRNA 64 is available online (Supplemental Method 1).
Some commercial companies now offer custom synthesis of crRNA and tracrRNA
sequences, which minimizes the hands-on workload; however, companies do not typically
test synthetic crRNAs for Cas9-dependent cleavage activity.

Most (>80% in our experience) sgRNAs will direct a Cas9-induced double-strand break
(DSB). However, a recent report indicated that nucleosomes may obstruct Cas9 binding and
cleavage.®” Given the cost in time and money to engineer a genetically modified mouse, we
advise careful attention to SgRNA design and activity testing before its synthesis and
purification for microinjection. We typically design and test at least two sgRNAs for activity
before injecting into a mouse zygote. There are at least two ways of testing the activity of a
SgRNA. One method measures DSB cleavage directly at the intended genomic site using a
nuclease such as Surveyor, which digests heteroduplex DNA following the annealing of wild
type sequence with related sequence containing insertions or deletions (indels) that result
during the repair of a DSB.%> Another approach assesses DSB cleavage indirectly through
the reconstitution of a split EGXxFP reporter plasmid (http://www.addgene.org/50716/).3
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Both methods involve transfecting cells with a plasmid carrying Cas9 and a sgRNA (e.g.,
pX330) or individual store-bought components. The Surveyor assay is slightly less labor
intensive but more temperamental than the split reporter assay, which we routinely use in
testing sgRNAs. An advantage of the split reporter is that the same highly transfectable cell
line (e.9., HEK-293) may be used, regardless of the species’ genome to be edited. Typical
results using the split reporter assay are presented online (Supplemental Figure I). In
addition, we provide some key tips for testing sgRNAs using the split reporter assay
(Supplemental Method 1).

Component 3: Homology Directed Repair Templates

A third component of CRISPR is essential for precision-guided genome editing and involves
introduction of a donor DNA template that is incorporated into the host genome during
homology directed repair (HDR). The donor DNA template may either be a single-strand
oligonucleotide (SSO) or a double-strand DNA (DSD) molecule, both of which contain a
centrally positioned sequence substitution or addition flanked by homology arms that
overlap the Cas9-sgRNA targeted region of the genome, including the PAM sequence
(Figure 2B). The centrally located sequence may represent nucleotide substitutions, short
sequence inserts (e.g., restriction site, /oxP site, small epitope tag), or longer sequence
inserts (e.g., Cre recombinase, reporter gene). The function of the SSO or DSD template is
to incorporate a subtle (e.g., single nucleotide substitution) or more substantial (e.g.,
transgene) edit to the targeted genomic site during repair of a DSB thereby generating a
predictable and inheritable modification of the mouse genome.

The decision to use a SSO or DSD repair template is dependent upon the size of the
sequence change to be merged into the mouse genome. Commercial synthesis of SSO is
limited to a length of 200 nucleotides, though recent studies in mice have utilized longer
SSO of nearly 1 kilobase.®® We suggest the use of SSO HDR templates for integrating single
or multiple nucleotide substitutions, restriction sites, /oxP sites, or small epitope tags such as
3XFLAG. It is recommended that SSO be purified, generally by polyacrylamide gel
electrophoresis (e.g., PAGE Ultramers from Integrated DNA technologies, https://
www.idtdna.com). The length of a SSO is dictated by the size of the centrally located
sequence change. For example, if a disease-associated single nucleotide polymorphism
(SNP) is to be integrated into the mouse genome, the SSO could be as short as 100
nucleotides, but more generally is 120-140 nucleotides in length with the SNP situated near
the middle of the SSO and close to the PAM sequence. Sequence inserts such as /oxP (34
nucleotides) or 3XFLAG (63 nucleotides) necessitate longer SSO, typically in the range of
165-185 nucleotides. We do not recommend using SSO of length greater than 185
nucleotides due to poor coupling efficiencies and the increased risk of sequence errors
during synthesis (search /oxP under the MIT CRISPR Discussion Forum for further details,
https://groups.google.com/forum/!forum/crispr). Recently, improved integration of inserts up
to 100 nucleotides was reported with the use of phosphorothioate-modified SSO with shorter
homology arms.%7

In addition to the length and central sequence to be recombined into the mouse genome,
there are additional points to consider in the design of a SSO. First, we recommend the SSO
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be of the same strand as the SgRNA so as to avoid competitive hybridization with sgRNA
and its complementary genomic sequence. Further consideration should be taken when using
multiple SSO templates to avoid template hybridization such as using two SSO templates for
loxp insertion. In the latter instance, the palindromic sequence of /oxp, when represented by
SSO templates on opposite strands, may lead to unintended SSO complementary binding
thus compromising HDR efficiency and accuracy. Second, the HDR repair mechanism
following a DSB competes with another repair mechanism known as non-homologous end
joining (NHEJ) that can occur following incorporation of the SSO into the mouse genome.
To avoid the latter undesirable circumstance, many investigators mutate the PAM sequence
(e.9.,, NGG>NXX) within the SSO (Figure 2B). If the PAM is within a protein-coding
region, then the change must preserve the amino acid sequence. Alternatively, silent
mutations could be introduced in the SSO at wobble positions of codons along the PAM
proximal seed region of the corresponding crRNA sequence. Mutations in the seed region of
the SSO HDR template can also reduce secondary NHEJ by rendering the sgRNA
ineffective in creating a DSB due to poor binding of the sgRNA to the newly modified
genome. Irrespective of the SSO alteration, the goal is to minimize secondary genome
editing via NHEJ and subsequent loss of the desired sequence edit.

Another important consideration in the design of a SSO (or DSD) is the position of the
sequence substitution or insert relative to the DSB three base pairs upstream of the PAM.
The most successful HDR templates will have the position of the substitution or inserted
sequence no more than 10-15 nucleotides from the DSB (Figure 2B) as the efficiency of
incorporating a sequence change or insert falls dramatically as the distance of the edit
increases from the DSB.58: 69 We have noted recombination of a PAM mutation without the
flanking desired edit, suggesting a short sequence length is sufficient for homologous
recombination. Given the close association of Cas9 with the PAM sequence, we routinely
place the sequence edits 5’ of the DSB. Newer endonucleases such as Cpfl with broader
PAM sequence recognition and unique cutting attributes, 4 increase targeted sequence space
for genome editing thus potentially allowing more flexibility in getting desired edits as close
to the DSB as possible.

A primary limitation of CRISPR genome editing is the unfavorable recombination of larger
insertions requiring double-strand DNA (DSD) templates than those that can be incorporated
with single-strand oligonucleotide (SSO) templates. Nevertheless, there are reports of DSD
templates injected into the mouse zygote for the integration of reporter transgenes 7% 71 or a
conditional allele.”? These studies utilized conventional homology arms of variable lengths
(3-9 kb) in a circular DSD template; linearization of the DSD donor is not done so as to
reduce random integration in the mouse genome. Recently, DSD templates with shorter
homology arms (0.3 kb) were used in mouse ESC to generate a reporter mouse line.”3 This
finding is noteworthy because of the emergence of gBlocks and GeneAurt strings technology
where a DSD template (up to 3kb) can be synthesized and sequence confirmed for direct
zygote injections without the need for labor-intensive PCR cloning of homology arms
around the sequence of interest. These synthetic DSD donor templates have yet to be used
on a large scale as of this date, 7* although we have noted some success when using gBlocks
DNA in the mouse. While there has been reported success with DSD templates in vivo, use
of SSO is more prevalent and efficient, and we therefore recommend SSO for most CRISPR
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editing applications in the mouse. Now that each component of CRISPR editing has been
discussed, we turn to their combined use for versatile genome editing in mice.

Two-Component CRISPR

The most basic form of CRISPR-mediated NDGE in mice utilizes two components, Cas9
and sgRNA. In two-component CRISPR (2c CRISPR), a DSB is repaired through the error-
prone NHEJ mechanism (Figure 3A). During NHEJ repair, host DNA sequences are most
frequently deleted; however, inserted sequences and substitutions may also occur.’®: 76
NHEJ is the dominant mode of DSB repair in the mouse zygote with upwards of 80% of
pups showing some form of nucleotide change in targeted sequences.28 Importantly, the
multiplex nature of 2c CRISPR 23 allows for multiple genes to be targeted simultaneously in
the mouse.28 Further, unlike ESC-based knockouts, where only one allele generally
recombines the mutation following electroporation, 2c CRISPR often results in bi-allelic
targeting in the mouse zygote.2® Thus, multiplex 2c CRISPR affords the unprecedented
opportunity to study multiple inactivated alleles in founder mice.28 Of course, upon breeding
founders to the Filial 1 generation targeted alleles will segregate out and the same complex
breeding scheme required in traditional compound knockouts will apply.

Targeting Protein-Coding Genes

Several outcomes are possible following NHEJ repair of a DSB within a protein-coding
sequence. The most desirable result would be disruption of the reading frame and
introduction of a premature termination codon (PTC) leading to nonsense mediated mRNA
decay and loss of protein expression. This would most likely yield a true knockout,
especially if the first coding exon is targeted with sgRNA and no internal promoters driving
expression of an alternative isoform are present. Such an approach was used to target exon 1
of the Pcskd gene in mice using adenovirus delivery to the liver with results showing a
decrease in plasma levels of both PCSK9 protein and cholesterol.”” A second consequence
of NHEJ repair of a coding exon 1 is deletion of promoter elements leading to complete
silencing of gene expression. A third scenario is indels near splice donor or acceptor sites
leading to aberrant splicing with loss of critical amino acids or the generation of a frameshift
mutant. A fourth effect of NHEJ repair is an in-frame mutation with loss or gain of one or
more contiguous amino acid or, in the case of single nucleotide substitutions, introduction of
a missense mutation. The latter genetic modifications are less likely to result in a true null
phenotype, but could inform the role of key amino acids in the biology of a protein (e.g.,
stability, trafficking, activity). Finally, a single nucleotide substitution may also result in the
introduction of a nonsense codon with loss of normal protein expression. These examples
highlight the major limitation of 2c CRISPR, namely the unpredictability in how NHEJ
repair will occur. Some labs, including our own, utilize more than one sgRNA to exon 1 of a
protein-coding gene to increase the likelihood of a null allele.” It should be noted, however,
that with every additional sgRNA used in 2c CRISPR, there is an increased risk of
unintended edits and an expanded number of different alleles, which can complicate
analysis. Given the unpredictability in 2c CRISPR of coding exons, extensive sequence
analysis around the targeted site and breeding of mice to homozygosity are essential to
determine whether a null or partial null allele is generated.
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A limitation of targeting coding genes with 2c CRISPR relates to pervasive transcription and
the disproportionate number of 5" antisense long non-coding RNA (IncRNA) genes that are
adjacent to or overlap the first exon of many protein-coding genes (Supplemental Figure I1).
It may be necessary in such instances to target an alternate downstream exon coding for a
critical functional domain so as to avoid confounding interpretation of data with the
simultaneous inactivation of both coding and non-coding genes. Of course, targeting
downstream exons with sgRNA requires that disruption of the exon will lead to loss in
protein expression. As with any approach that removes or disrupts an internal exon, there is
the chance for hypomorphic alleles (i.e., incomplete knockout of the gene). Thus, the choice
of downstream exon to be targeted with 2c CRISPR must be weighed carefully.

In some instances, it may be prudent to use a pair of sgRNASs flanking a faulty coding exon
to remove the exon and restore expression of the defective protein. A classic example is the
aystrophin gene in the madx mouse model of muscular dystrophy, where a honsense codon in
exon 23 results in a truncated dystrophin protein.”® Recently, 2c CRISPR was applied via
adeno-associated virus to adult max mice with encouraging results: a significant number of
skeletal, cardiac, and smooth muscle cells showed restored expression of dystrophin upon
deletion of exon 23 and restoration of the reading frame.8%: 81 Further, skeletal myopathy
was partially rescued with this therapeutic intervention.8%: 81 This highlights the power of 2¢
CRISPR-mediated NDGE in potentially curing a disease of the heart and blood vessels. On
the other hand, 2c CRISPR may be used to model human diseases where truncation of a
protein exists. For example, premature termination codons (PTC) in the ALPK3 gene were
recently found in neonates who succumbed to precocious cardiomyopathy.82 It may prove
informative to generate similar alleles of A/pk3in mice to understand the nature of this new
genetic form of human cardiomyopathy.

As with any gene inactivation study, it is important to know about the protein-coding gene of
interest before designing sgRNA(s) for genome modifications. This can best be discerned
with the UCSC Genome Browser (https://genome.ucsc.edu/; 83) and inspecting gene
structure for the first coding exon as well as the presence of any downstream isoforms that
may not be inactivated by a frameshift mutation. For example, some genes harbor multiple
transcript variants arising from independent promoters thus requiring judicious design of a
sgRNA to ensure all isoforms are targeted with 2c CRISPR.84 It is also advisable to evaluate
multiple gene prediction tracks for less well-annotated transcripts as well as ENCODE-
derived chromatin remodeling tracks (e.g., H3K4Ac27), DNase | hypersensitivity tracks, and
ChIP-seq tracks on the UCSC Genome Browser to determine the presence of any functional
regulatory regions that could be lost with 2c CRISPR deletion of protein-coding sequence.
The latter is of importance given the presence of regulatory elements within protein-coding
exons.8°

Targeting Non-Coding Genes

In addition to targeting protein-coding genes, 2c CRISPR may be used for knocking out
non-coding genes. For example, a 23-kb segment of the Rian IncRNA was deleted from the
mouse using two pairs of sgRNAs flanking the region of interest.88 In addition to loss in
expression of Rian, the deletion also resulted in reduced expression of adjacent genes
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suggesting R/an, a nuclear IncRNA, functions in cisto regulate gene expression. A
limitation of the latter approach is the use of so many sgRNAs, which heightens the risk of
unintended editing. Inasmuch as IncRNAs exhibit diverse functions in maintaining cellular
homeostasis, 2¢c CRISPR will find increasing utility in deciphering the function of this class
of non-coding RNA in the vascular system.87 In addition to INcRNA genes, microRNAs are
also amenable to 2c CRISPR deletion, though none have yet to be edited in the mouse.
Interestingly, microRNAs may be found within a host IncRNA so it will be important to try
and distinguish the biological significance of each using carefully designed 2c CRISPR
editing.

Targeting Non-Coding Regulatory Regions

Most sequence variants occur in noncoding sequence space and some are associated with
human diseases.8 Further, increasing evidence indicates some non-coding sequence variants
overlap with binding sites for transcription factors or microRNAS that regulate gene
expression.8%-91 Many gene regulatory sites are found in larger sequence blocks known as
enhancers. Thus, genome editing of enhancers in mice will be a critical approach towards
defining the functionality of sequence variants implicated in human disease. Historically,
elucidating the function of regulatory sequences or enhancers via genetic inactivation in
mice lagged far behind that of protein-coding genes. This stems from the large ratio of
enhancers (> 1 million) to protein-coding genes (~20,000) and the inherent difficulty in
pinpointing dominant-acting enhancers in vivo. On the other hand, many papers have shown
the functional activity of cardiovascular-restricted enhancers in mice with reporter genes
such as lacZ.92 Such studies have yielded insight into target gene regulation and the
development of cell-specific Cre driver mice for gene inactivation studies, but they can be
limited by copy number variations, random integration events in the genome, and the “out-
of-genomic” context in which they are evaluated.%

Now, with 2c CRISPR, the deletion of enhancers in their native genomic milieu is as easy as
inactivating a protein-coding sequence. Indeed, in the last year, several enhancers have been
deleted in mice using 2c CRISPR including those associated with expression of Bc/11a,%
Blimp1,% Mef2c,% Stat5°%7 Pcah® Mmp132° Gata31% and Cebpa.l%l In each case,
deletion of the enhancer compromised expression of the associated target gene. In addition
to enhancers, boundary elements such as locus control regions or insulators may be
interrogated with 2c CRISPR. In this context, an insulator located within repeat sequences,
and hence intractable for removal through conventional gene targeting, was deleted with 2¢
CRISPR; mice lacking the regulatory region exhibited reduced expression of the 7yr
gene. 102

The deletion of regulatory regions is best achieved with paired SgRNAS that flank the
enhancer or boundary element (Supplemental Figure I11). It should be emphasized that
deleting regulatory regions in this manner has some limitations. For example, there is the
risk of segmental inversion or (less likely) duplication.103 Further, deletions result in a
‘genomic cavity’ with excision of hundreds or, in the case of super-enhancers, 104 thousands
of nucleotides. This presents a challenge when attempting to attribute differences in target
gene expression to a dominant transcription factor binding site (TFBS). Further, deleting

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miano et al.

Page 12

large segments of DNA may directly perturb expression of genes outside the immediate
target gene of interest. However, when combined with chromosome conformation capture
and RNA-seq data, the deletion of enhancers or boundary elements will often provide very
strong evidence for a regulatory region enhancing or reducing the expression of a specific
gene locus. The approach of deleting regulatory regions also provides a foundation for finer
resolution studies in mice that carry more precise edits of key TFBS as well as specific SNPs
associated with human disease.105

The trove of ENCODE data (e.g., histone modifications of chromatin, gene expression) on
the UCSC Genome Browser could inform the potential function of an enhancer and seems a
reasonable starting point for testing the in vivo function of a putative regulatory region
(Supplemental Figure I11). However, recent transgenic mouse work found that enhancer
activity was more a function of transcription factor occupancy over an enhancer region than
specific chromatin marks.1%6 Moreover, changes in gene expression following 2c CRISPR
deletion of a putative distal regulatory domain in the human genome could not easily be
predicted by the presence of a chromatin mark.197 These studies underscore our primitive
knowledge of functional TFBS within enhancers and their activity in an in vivo setting. The
multiplexed editing regulatory assay (MERA) was recently reported as a large scale in vitro
2¢ CRISPR screen for functional regulatory elements in the mouse genome.108 This assay
also uncovered “unmarked regulatory elements” indicating the full complement of
functional DNA sequences in the human and mouse genomes is larger than previously
thought. Accordingly, there will be an increasing need for elucidating functional regulatory
elements across the genome. One approach to prioritizing putative functional elements is
through 2¢ CRISPR-mediated deletion of enhancer regions carrying variants linked to
disease followed by the use of precision-guided CRISPR editing of the specific variant
(below).

To summarize, 2¢c CRISPR is an easy and widely applied method of CRISPR-mediated
NDGE in the mouse. All an investigator needs is a validated sgRNA (or pair when deleting
an exon, microRNA, long noncoding RNA, or enhancer) and store-bought Cas9 mRNA or
Cas9 protein for submission to an academic transgenic mouse core (a list of many such cores
within the continental United States is available upon request). 2c CRISPR is highly efficient
given that NHEJ occurs throughout much of the cell cycle, making it especially attractive for
in vivo editing of post-mitotic cells such as cardiomyocytes. 2c CRISPR may be multiplexed
allowing an investigator to target multiple gene loci, particularly gene paralogs in which
inactivation of one may be compensated for by another. The primary weaknesses with 2c
CRISPR are the unpredictable nature of editing and the elevated risk of off targeting when
using multiple sgRNAs.

Three Component CRISPR

Three component CRISPR (3¢ CRISPR) combines a donor DNA template with Cas9 and
SgRNA to promote HDR over NHEJ following a DSB (Figure 3B). The primary strength of
3c CRISPR is precision editing of the genome through user-defined substitutions or
additions of sequences during synthesis or construction of the donor template. Given the
high frequency of SpyCas9 PAM sequences in the mouse genome (one in every ~12 base
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pairs), and attainable edits within the HDR template recombining when placed within 1-15
base pairs from the DSB, it is theoretically possible to perform precision-guided 3c CRISPR
editing at virtually every nucleotide in the mouse genome. Newer generation

endonucleases 4547 that recognize distinct PAM sequences from those of SpyCas9 further
strengthen this notion.

3c CRISPR facilitates very subtle edits to the genome such as single nucleotide
replacements. This approach has extraordinary power in modeling human disease as well as
elucidating the function of specific amino acids or regulatory sequences. Similar to 2c
CRISPR, 3¢ CRISPR may be multiplexed for the editing of more than one sequence.?8
Further, bi-allelic targeting is often observed allowing for immediate investigative work in
founder mice.”® The primary weakness of 3c CRISPR is its lower efficiency than NHEJ
repair in mice,199 probably because HDR is confined to the replication phase of the cell
cycle when sister chromatid pairs are made available for normal HDR to proceed. There is a
report of enhanced HDR in mice following co-injection of an inhibitor of NHEJ (e.g.,
Scr7):110 however, our own experience and that of others!1! is that use of such an inhibitor
has little apparent benefit in elevating HDR in the mouse zygote. Recently, the application of
a small molecule agonist of RAD51 (promotes homologous recombination) increased the
efficiency of HDR in rabbits.111 There has yet to be a consensus as to the utility of this
approach in the mouse. Other interventions to increase efficiency of 3¢ CRISPR in mice
include electroporation of zygotes 112 and phosphorothioate modification of the ends of
$S0.57 Since the injected mouse zygote undergoes rapid cell divisions, enhancement of 3c
CRISPR in this context is less critical than, for example, the targeting of post-mitotic
cardiomyocytes. Below, we summarize several applications of 3c CRISPR in mice.

Targeting Protein-Coding Sequences

A popular application of 3c CRISPR is the introduction of subtle edits into coding sequences
that fix or model an experimental human disease. In fact, one of the first applications of 3c
CRISPR in mice involved the correction of cataracts by repairing a disrupted reading frame
in the Crygc gene.113 A similar remedial intervention was achieved in the max mouse model
of muscular dystrophy where a PTC yielding a truncated Dmd gene was corrected with base
pair changes engineered within the SSO repair template.114 With thousands of Mendelian
traits now catalogued (http://www.omim.org/), including many associated with
cardiovascular disease,115 3c CRISPR will have profound utility in the biological study of
point mutations in protein-coding genes strongly linked to human diseases. In addition,
exome sequencing will continue to disclose rare mutations associated with defects in the
cardiovascular system that will be amenable for study in the mouse.82 Since the desired edit
will generally involve only one nucleotide substitution, single-strand oligonucleotide donors
of 120-140 nucleotides length will be sufficient as HDR templates. A challenge in
correcting or modeling a human variant in protein-coding sequence is the constrained
sequence space for designing an optimal sgRNA,; if the desired edit is too far removed from
the DSB, integration of the edit may not occur or will do so inefficiently. New generation
sgRNAs and SSO repair templates with chemical or spatial modifications16 as well as
alternative endonucleases with different PAM requirements (above) could circumvent these
challenges.
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There are many protein-coding genes in the mouse genome whose function is completely
unknown. Rather than use 2c CRISPR to inactivate such a gene in an unpredictable manner,
one could use 3c CRISPR with a SSO targeting the first coding exon and carrying a
nucleotide substitution that would generate a PTC and nonsense mediated decay. One
important consideration is the position of the precision-guided PTC relative to a downstream
exon-exon junction. In general, nonsense mediated decay will occur if the PTC is at least
50-55 nucleotides upstream of an exon-exon junction.}” 3c CRISPR has distinct
advantages in this regard because not all PTC generated through 2c CRISPR will fulfill this
important criterion. Moreover, it is much easier to genotype a precision-guided mutation
than variable indels and substitutions stemming from 2c CRISPR (see Genotyping section).

In addition to modeling human diseases or exploring the function of uncharacterized
protein-coding genes, 3¢ CRISPR will be increasingly used to interrogate the functional
significance of individual amino acids. For example, definitive function of such post-
translational modifications as phosphorylation, ubiquitinylation, sumoylation, and
acetylation will necessitate the introduction of missense mutations to show loss in
modification has biological consequences in the mouse. Critical amino acids involved in
nucleocytoplasmic shuttling, secretion, and interactions with other proteins, DNA, or RNA
will also be subject to 3c CRISPR in mice. Studies conducted in this manner may reveal
what was true in cultured cells is untrue in a living animal.

In this context, CRISPR-mediated edits in cell culture models may be undermined by
frequent contamination with other cell types or species of mycoplasma as well as genomic
instability.118 Of course, some cell types such as ESC or human inducible pluripotent stem
cells will be essential for experimental therapeutic gene editing. In addition, if a human
protein-coding gene is not represented in the mouse genome, CRISPR editing would need to
be carried out in a suitable human cell line. In general, however, we suggest CRISPR editing
be done in the mouse over cultured cells. Not only will results be obtained in a more
physiological setting, CRISPR editing of a diploid genome (mouse) is easier than a
polyploid genome (many cell lines). Further, unintended edits in mice are less problematic
than those in cell culture where off targeting is permanent. Published protocols are available
in those instances where CRISPR editing of cultured cells is necessary,19: 120 though we
advise using one of the newer generation Cas9 endonucleases exhibiting very low off target
activity.51: 52

Targeting Non-Coding Sequences

3¢ CRISPR genome editing of IncRNA genes in mice is somewhat problematic. One
challenge relates to the relatively low sequence conservation of INcRNAs as compared to
protein-coding genes. For example, a human-specific INcRNA involved in smooth muscle
cell 121 and endothelial 122 cell differentiation cannot be modeled in a mouse and thus would
require 3c CRISPR editing in a human vascular cell line. On the other hand, Braveheart, a
mouse-specific INcRNA involved in cardiomyocyte differentiation,123 represents an
attractive IncRNA for CRISPR editing in the mouse. Given our primitive understanding of
the functionality of transcribed non-coding sequences, the approach to 3¢ CRISPR may not
be as intuitive as with protein-coding genes. One idea would be injecting an HDR template
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carrying a subtle edit at a splice donor/acceptor site to disrupt normal splicing. Alternatively,
one could introduce a polyadenylation signal cassette in the first exon of the INCRNA thereby
generating a truncated transcript due to premature termination of transcription. The latter
would require a double-strand DNA HDR template.

Historically, evaluating loss of a regulatory region (e.g., enhancer) on target gene expression
in mice utilized Crel JoxPtechnology leaving a ‘genomic cavity.” More subtle approaches
that generated mice in which the phasing of the DNA sequence was preserved through base
pair substitutions showed the importance of regulatory elements in target gene expression;
however, these studies are few in number and still had the issue of removing a selectable
marker with a retained /oxPsite.124-126 On the surface, the confounding effects of Cre-
mediated deletions or retention of a 34 bp /oxP site may seem of trivial consequence.
However, given the pervasive transcription of the mouse genome with many thousands of
IncRNASs and the known effects of even small sequence additions to the genome following
genetic modifications, 127 it is best to make as subtle a nucleotide change as possible for
optimal interpretations. Interestingly, out of a survey of 646 mutant mice in which subtle
mutations were introduced, only 16 involved regulatory regions 128 and only one of these
mutant mice carried the desired mutation without added or subtracted sequences.1?® The
latter was achieved with the labor intensive “hit and run” approach to genetic modification
of the mouse genome, a technology that is rarely used today.128

Engineering mice with subtle edits to regulatory elements such as TFBS or microRNA
binding sites requires advanced knowledge as to the functionality of the relevant sequence.
At a minimum, traditional methods of analyzing regulatory sequences (¢e.g., mutagenesis in
luciferase reporter, gel shift) should be performed before the generation of a CRISPR
mouse. It may be wise to delete a larger segment of DNA (e.g., enhancer) first in the mouse
with 2¢ CRISPR and then perform secondary experiments with 3¢ CRISPR that disrupt
individual TFBS within the DNA segment. An obvious challenge exists with enhancers that
have multiple TFBS; 190 ENCODE and SNP data will be a useful guide for prioritizing those
elements of most interest. In addition, it is possible to engineer more than one edit in closely
juxtaposed TFBS in the mouse. For example, we have recently generated a mouse derived
from a SSO repair template in which two separable regulatory elements were mutated
(unpublished). As of this writing, only one published study has reported the effects of subtle
nucleotide substitutions in a TFBS using 3¢ CRISPR in mice. A serum response factor-
binding CArG box located in the first intron of the Cnni gene was altered at three positions
(CCT>GAC) and shown to nearly abolish expression of the mRNA and protein as well as in
vivo serum response factor binding to the mutated element.139 This result is somewhat
surprising given the large number of regulatory sequences over target gene loci in the mouse
genome. 3¢ CRISPR studies that assess the role of single regulatory elements in the mouse
offer definitive proof of function and will inform the nature of regulatory SNPs associated
with human disease.

Generating Conditional Alleles in Mice

A limitation of CRISPR editing in mice is that all cells will carry the sequence change. On
the one hand, if the edit is a heritable SNP associated with human disease, the mouse would
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more closely model the human condition. On the other hand, from an experimental
perspective, elucidating the underlying cause of a phenotype will be challenging.
Fortunately, it is possible to generate conditional alleles with /oxP sites using 3¢ CRISPR
and subsequently excise the intervening DNA with a suitable Cre mouse line.”0 As with
ESC-based gene targeting, it is crucial to carefully deliberate over where exactly the 34 base
pair JoxP sequences should be inserted using ENCODE and other experimental data.® If
possible, we find it best to ‘flox’ the promoter region and first coding exon to generate a true
null allele following Cre-mediated excision. However, if an adjacent or overlapping
antisense INCRNA is present near the first coding exon or an internal promoter exists,
alternative plans will be necessary. We also recommend a floxed interval of DNA in the
range of 1-2 kilobases in order to minimize the size of the Cre-mediated deletion and for
ease in sequence validation of the edited mouse.

Several approaches exist for making a conditional mouse using 3¢ CRISPR. One method
combines a sgRNA with Cas9n and a double-strand DNA donor template carrying both /oxP
sites.”2 A second method involves the synthesis of two SSO of length no more than 180
nucleotides with the 34 base pair /oxP sequence placed at the center of the SSO within 10
base pairs of the DSB (Supplemental Figure 1V). This approach is essentially identical to
one previously published.”® Because two /oxP sequences must integrate on the same strand,
the efficiency of generating a conditional allele with 3c CRISPR is low (see MIT Discussion
Forum). The key to success is screening many pups (at least 40-50) with primers flanking
each /oxPsite (Supplemental Figure 1V). Both of the aforementioned methods have low
success rates. A third approach, one we are currently evaluating, involves a two-step process
wherein a mouse zygote is injected with sgRNA, Cas9, and one SSO containing one of the
loxP sites. Pups are then PCR screened for proper integration of the /oxPsite (Supplemental
Figure IV) and Sanger sequenced for /oxP nucleotide integrity followed by breeding for
germ line transmission of the first foxPsite. Positive mice are then used for the expansion of
zygotes and another round of microinjections using a second sgRNA and SSO carrying the
other /oxP sequence.

We wish to point out that while conditional mice can be generated using 3¢ CRISPR, we
have noted a number of mutations and truncations of one or both /oxP sequences following
integration in the mouse. Whether these sequence changes stem from the initial commercial
synthesis of the SSO or during HDR is unknown. Of note, several tolerable substitutions
exist across the /oxP sequence, 13 and recent testing in our lab has confirmed Cre-mediated
excision of a floxed segment of DNA in a mouse, despite the presence of a single base pair
deletion in position 3 of the /oxP sequence. A comprehensive summary of all tolerable
changes to a foxP sequence would be a helpful resource for the mouse genetics community.

Finally, it is possible to limit gene inactivation to specific cardiovascular cell types without
expending the time and effort in generating a floxed protein-coding or non-coding gene. For
example, the Rosa26 floxed stop Cas9transgenic mouse (https://www.jax.org/strain/
024857)38 could be crossed with a cell-specific and inducible Cre-driver mouse resulting in
restricted Cas9 availability to the cardiovascular cell of interest. Delivery of sgRNA and
HDR template to the heart or vasculature may be achieved using emerging viral and non-
viral modes of transfer.132. 133 The approach here, however, is complicated by the lack of
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Cas9 expression in all cells of interest due to inefficient Cre activity; persistent Cas9
expression in those cells where Cre excised the floxed stop cassette; ineffective delivery of
sgRNA/HDR template to vascular cells with adeno-associated virus;134 and possible
inflammatory response with use of adenoviral vectors.

Generating Epitope-Tagged Mice

A persistent problem in biomedical research is the ineffective or inconsistent performance of
an antibody for the detection of a protein in cultured cells, a Western blot, or a tissue section.
Indeed, the recent National Institutes of Health notice on Scientific Rigor and Transparency
(NOT-OD-16-011) will require assurances that a specific antibody will perform in the
anticipated manner. An exciting application of 3c CRISPR is integrating a synthetic peptide
(e.g., 3XFLAG) to which a well-characterized antibody exists into an endogenous protein-
coding gene. As with /oxP sequences, these small peptides are small enough that they may
be engineered within a SSO template as close to the DSB as possible. The most important
considerations in epitope tagging an endogenous protein-coding gene are the nature of the
tag and whether the tag should be placed at the 5" or 3’ end of the gene. We find that the
3XFLAG and HA tags yield the most specific results, at least in cultured cells.

The generation of an epitope tagged protein with 3c CRISPR has a number of useful
applications beyond simple expression analysis under normal and pathological conditions.
For example, if the tagged protein is a transcription factor, in vivo chromatin
immunoprecipitation-sequence analysis may be done in the heart or vasculature to assess
genome-wide in vivo occupancy of a TFBS. This can be very profitable when the TFBS is
well characterized.89 In addition, pulldown assays may be done to define interacting partners
of the protein or to elucidate post-translational modifications. If the tagged protein
undergoes nucleocytoplasmic shuttling or is secreted out of the cell, studying the biology of
these and other processes may be done in an unambiguous fashion. Furthermore, tagged
proteins can be directly purified from primary cells by immunoprecipitation and used for
functional characterization (e.g., enzymatic activity).

In summary, 3¢ CRISPR is the most versatile mode of genome editing with wide
applications in the mouse. Though the efficiency (~10%) is much lower than that observed
with 2¢ CRISPR (~50%), the strength of precision-guided genome editing afforded by 3c
CRISPR makes it a very attractive approach for modeling human diseases and elucidating
the function of coding and non-coding sequences in the mouse. Over the last two years, we
have generated ten mouse models carrying a variety of edits in protein-coding and non-
coding sequences as well as the incorporation of /oxPsites and an epitope tag. The formula
we follow for 3¢ CRISPR in mice is the one first described by the Jaenisch lab.28 Recently, a
cloning-free method of preassembled Cas9 protein and commercially synthesized crRNA
and tracrRNA along with SSO repair template was reported to exhibit superior genome
editing rates.135 Time will tell whether this approach to CRISPR-mediated NDGE will
supplant original methods of injecting Cas9 mRNA, sgRNA, and HDR donor template. A
practical summary of the key steps to follow for 2c CRISPR and 3c CRISPR in mice (Figure
4) is provided in the supplement (Supplemental Method 2). The work associated with
CRISPR genome editing does not end with the birth of live-born mice. There are three
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important issues to be carefully considered once founder mice are obtained and these are
summarized next.

Genetic Mosaicism

Genetic mosaicism represents cell-cell variability in genotype wherein some cells exhibit no
genome modification (wild type) and others show expected or unexpected genome
modifications. In ESC-based genome modification, there are generally only two possible
outcomes across a population of cells in a newborn (founder) mouse: cells that carry only
wild type alleles or cells carrying an allele with a specific genomic modification derived
from the engineered ESC. The relative distribution of each cell type is unpredictable because
ESC carrying a genome modification are microinjected into the blastocyst of a mouse
embryo (~3.5 days of development) and admix with existing (wild type) stem cells
comprising the inner cell mass. Thus, it is not unusual in this scenario to have a modified
allele in a founder mouse incapable of being transmitted through the germline to the Filial 1
generation. Moreover, even if the modification is passed on to the next generation, the
resulting mouse is considered to be a “chimera” due to frequent differences in the strain of
microinjected ESC versus the ESC of the inner cell mass in the recipient mouse. The latter
often necessitates considerable back-cross breeding to generate a near homogenous strain of
mouse for unambiguous assessment of the genome modification.

Genetic heterogeneity in CRISPR-derived mice is quite different and has its own advantages
and challenges. On the one hand, chimerism is a non-issue because there is no admixing of
different strains of ESC. Moreover, microinjections may be done in C57BL/6J zygotes, a
common strain among knockout mouse models. In this case extensive back-crossing is
avoided. Further, since editing occurs early in embryonic development, there is a high
likelihood of an edited allele being transmitted to the next generation; indeed, we have yet to
experience an edited allele not undergoing germline transmission. On the other hand,
because of the competition between the unpredictable genome editing of 2c CRISPR and the
more precision-guided editing of 3¢ CRISPR, as well as the prolonged editing that
presumably occurs following zygotic division in either 2c CRISPR or 3¢ CRISPR, the
number of different alleles even in a single founder mouse can be considerable
(Supplemental Figure V).78: 136 |n fact, there is diversity of alleles both within and between
founder pups (Supplemental Figures IV and VIB). This presents a challenge in sorting
through the different alleles across cells in tail snips or other tissues prepared for genotyping
in order to clearly define whether the desirable genome modification exists. Fortunately,
there are discriminating methods of genotyping CRISPR-derived mice and we turn to this
subject next.

Genotyping of CRISPR Mice

Most methods of genotyping CRISPR mice are based on the judicious design of PCR
primers and the validation of genome edits via Sanger sequencing of cloned PCR amplicons.
Recently, a digital PCR-based assay was reported for high resolution determination of
specific edits in various cell culture systems.0 In some cases, such as the integration of
donor templates with long homology arms, Southern blotting may be needed to ensure
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proper genome editing. Below, we describe simple PCR-based assays, including one that
often identifies single base pair edits introduced with 3c CRISPR.

Genotyping 2c CRISPR Mice

The genotyping of 2c CRISPR founder mice derived from one or more closely spaced
sgRNAs across a coding exon requires PCR primers flanking the DSB(s) by ~200
nucleotides. Note that this approach will not detect very large deletions.137 However, indels
in the range of 35-100 nucleotides can easily be resolved in a 2% agarose gel (Supplemental
Figure VIla-VIIb). The PCR products may then be excised from the gel, column purified
(Qiagen), and cloned directly into a plasmid (TOPO PCR cloning kit) for Sanger sequence
analysis. Since there likely will be multiple alleles due to mosaicism, we recommend
sequencing at least 4-6 clones per founder mouse. Once a desired allele is defined, the
founder mouse should be bred for germline transmission of the edited allele in accordance
with Mendel’s first law of allelic segregation during gamete formation. Depending on the
nature of the edit, a new and more discriminating PCR primer may be synthesized to
differentiate wild type from heterozygous and homozygous mutant pups (i.e., making the 3’
most nucleotides of primer specific to the indel or substitution).

The genotyping of deleted exons, enhancers or other non-coding sequences with two
sgRNAs is somewhat easier since the deleted sequence can be distinguished from the wild
type sequence on a 1% agarose gel (Supplemental Figure VIIB). The PCR primers should be
designed 100-200 nucleotides outside the two DSBs flanking the segment to be deleted.
Once germ line transmission occurs, it may be necessary to design a third primer to the
deleted sequence in order to differentiate the different genotypes arising from heterozygous
interbreeding (Supplemental Figure VIIB).

Genotyping 3c CRISPR Mice

There are two general approaches to genotyping founder mice derived from 3¢ CRISPR
genome editing. One involves the design of flanking primers outside a precision-guided
insertion (e.g., foxP or 3XFLAG) followed by resolution on a 2% agarose gel (Supplemental
Figures IV and VIa). However, this approach is inadequate for subtle genome edits such as
point mutations. Although introducing a novel restriction site in the SSO repair template
may be done for genotyping slight edits, this approach requires PCR amplification and
restriction digestion. Thus, we developed a novel multiplex PCR assay to differentiate wild
type from mutant genotypes in mice carrying minor substitutions in DNA, including single
base pair changes (139 and unpublished). In this scenario, two forward primers are used: one
forward primer of ~50 nucleotides contains a 5’ extension of ~30 nucleotides of sequence
unrelated to anything in the mouse genome, followed by 20 nucleotides matching the wild
type genome; and another forward primer that does not have an extended 5’ end but is
identical to the 20 nucleotide core sequence save the desired substitution(s) located at the
terminal 3’ end of the primer. The two forward primers are combined with a common reverse
primer in a PCR reaction and the products are run on a 2-2.5% agarose gel (Supplemental
Figure VIIC).130 This PCR approach requires some front-end work, including the design of
both wild type and mutant templates in a plasmid for pre-testing of the primers and
optimization of the PCR parameters (Supplemental Method 3). We recommend following
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this procedure as we have had much success in using this robust genotyping strategy;,
including detection of a SNP. It is also possible to design a forward primer that anneals
specifically to an inserted sequence (e.g., 3XFLAG). We recently found this approach to be
quite helpful in filtering down a high number of edited mice (Supplemental Figure VIB-
VIC). As with 2c CRISPR, Sanger sequencing amplified DNA around the edited region
should be performed, especially with inserts such as /oxPand epitope tags where initial PCR
genotyping may suggest successful integration, but unacceptable mutations may be present
(see sequencing data in Supplemental Figure VID).

Inadvertent Targeting

A limitation of CRISPR genome editing with wild type Cas9 is inadvertent targeting of
distal sites sharing sequence complementarity to the crRNA, especially in the seed sequence
of the PAM proximal region (Figure 2A). This is of major concern when using primary or
stable cell lines where such off targeting is indelible. For this and other reasons (above), we
do not advocate the generation of CRISPR edited cell culture models unless it is absolutely
necessary (é.g., human inducible pluripotent stem cells or mouse ESC, both of which exhibit
low levels of inadvertent targeting?38). Inadvertent targeting is less problematic in the mouse
genome because of Mendel’s second law of independent assortment of alleles during
gametogenesis, assuming the off target edit is not in linkage disequilibrium with the
intended target. Nonetheless, there are a number of ways to mitigate CRISPR off targeting in
the mouse. For example, select a crRNA with little to no homology to coding exons or
functional non-coding sequences. If point mutations are planned using 3¢ CRISPR, then the
reduced sequence landscape may limit options for choosing an ideal crRNA. In addition,
shortening the crRNA sequence at the 5’ end from 20 to 17-18 nucleotides may reduce
inadvertent targeting that otherwise would occur with full-length crRNA.139 In addition,
several derivatives of Cas9 exist that exhibit low off targeting including Cas9n,*8 esCas9,%1
and Cas9-HF1.52 Cas9n is cumbersome and less efficient than its wild type counterpart;
however, the latter two Cas9 nucleases are likely more efficient since mutations are in the
PAM interacting domain and not the nuclease domains. Neither esCas9 nor Cas9-HF1 has
yet been tested for generating CRISPR mice. It may also be desirable to inject Cas9 protein
with sgRNA and HDR template to limit inadvertent targeting. Some cores inject lower
concentrations of each CRISPR component; however, there is no consensus as to the
efficacy of this approach in lowering inadvertent targeting.

Whichever measures are taken to minimize off-targeting at the front-end, because each
sgRNA and its intended target site will be unique and have variable efficiencies in terms of
chromatin accessibility, assessing inadvertent genome editing at the back-end will be
essential and journal/grant reviewers will request that this issue be addressed in some
manner. A minimum requirement is to identify related sequences in the mouse genome,
particularly those occurring in exons or non-coding sequences with potential function, using
a number of computational tools.” Potential inadvertent target sequences (~10 based on
computer analysis) are then PCR-cloned and subjected to Sanger sequencing to ascertain any
indels/substitutions. A number of sophisticated methods exist for interrogating the genome
for inadvertent edits (e.g., whole genome sequencing),’ but these are impractical for animal
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studies and are mainly used in cell culture models that demand a more thorough analysis for
off-targeting events.

Clinical Perspectives for CRISPR Genome Editing

Genome editing has already made its way into the clinic,140 so the application of CRISPR
editing to prevent or treat some aspects of cardiovascular disease may soon be realized. The
most direct approach will be 2c CRISPR inactivation of a gene expressed in the liver whose
product exacerbates a cardiovascular disease. One such therapeutic target is proprotein
convertase subtilisin/kexin type 9 (PCSK9), a protease that cleaves the LDL receptor,
thereby decreasing LDL receptor surface density and increasing plasma LDL levels, which
can lead to atherosclerosis and myocardial infarction.141 As proof of principle, delivery of
Cas9 and a sgRNA targeting PCSK9to a humanized mouse liver chimera effectively
reduced circulating levels of human PCSK9 protein without observable toxicity.142 Similar
targeting of mouse Pcsk9with adeno-associated virus carrying a smaller version of Cas9 and
a sgRNA has been reported.4°

An equally exciting approach will be using 3¢ CRISPR to correct individual mutations in
genes that cause inherited cardiovascular diseases. For example, genetic disorders associated
with life threatening arrhythmias such as the Long QT Syndrome could be treated by 3c
CRISPR genome correction of such mutated genes as KCNQ1, KCNHZ, and SCN5A143
Inherited cardiomyopathies due to mutations in titin or myosin binding protein ¢ may also be
amenable to 3c CRISPR genome editing.11® In the clinical realm of hemostasis and
thrombosis, 3¢ CRISPR could be used to treat patients with hemophilia A caused by
mutations in the F8gene encoding factor VIII or hemophilia B caused by mutations in F9
encoding Factor 1X.144

CRISPR genome editing offers great advantages over other forms of genetic therapy:
CRISPR is rapid, specific, and permanent. However, extensive technical, financial, and
ethical challenges remain before CRISPR-based therapies enter the clinic. For example,
CRISPR components must be effectively delivered to the correct organ and cell, perhaps
using emerging nanotechnologies.133 There will also be a lot of genome editing work done
in patient-derived inducible pluripotent stem cells that could be engineered to differentiate to
correct cell types and then deployed on biocompatible grafts. Of course, CRISPR genome
editing must be efficient and off target effects must be minimized with the latest generation
of Cas9 endonucleases.®! %2 Given these constraints, the first cardiovascular diseases to be
treated with CRISPR-Cas9 may be autosomal diseases caused by genes such as PCSK9 or
F9that are expressed in the liver.

Finally, enormous practical and ethical challenges must be overcome before CRISPR
genome editing is used to correct heritable cardiovascular diseases in human embryos
generated by in vitro fertilization. A highly publicized and controversial paper used 3c
CRISPR in polyspermic human zygotes to edit the /BB locus that encodes beta-globin, a
gene with multiple mutations underlying beta thalassemias.}#> The team found that genome
targeting was inefficient and not very specific. This paper sparked much debate over the
ethics of genome editing in the human germline,146. 147 and an international meeting that
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included the National Academy of Sciences in the USA recommended a moratorium on
genome editing of human embryos until the risks are assessed and society agrees on the
appropriate use of CRISPR and other powerful genome editing techniques.148 Recently,
however, regulators in the United Kingdom have given permission for scientists to edit
genomes of human embryos.149

The path of CRISPR genome editing is paved well for exciting discoveries, innovative
technologies, and new hopes for treating some forms of human disease. To date, only a small
handful of CRISPR-mediated NDGE studies related to cardiovascular-related genes have
been conducted in mice.37: 77: 114,130, 142 hoyever, the ‘CRISPR Craze’ will continue to
inspire more and more investigators to engineer new mouse strains for a variety of scientific
endeavors, from elucidating functional coding and non-coding sequences and modeling
human cardiac and vascular disorders to assessing the safety and efficacy of novel CRISPR-
based therapies®0: 142 for the prevention and treatment of cardiovascular diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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2c CRISPR 2 component CRISPR

3c CRISPR 3 component CRISPR
CRISPR clustered regularly interspaced short palindromic repeats
Cas9 CRISPR-associated protein 9
CrRNA CRISPR RNA

DSB double-strand break

DSD double-strand DNA

ESC embryonic stem cell

HDR homology directed repair
indel insertion or deletion
InNcCRNA long non-coding RNA
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NDGE nuclease-directed genome editing
NHEJ non-homologous end joining
PAM protospacer adjacent motif
PTC premature termination codon
SgRNA single guide RNA
SNP single nucleotide polymorphism
SSO single-strand oligonucleotide
tracrRNA transactivating crRNA
TFBS transcription factor binding site
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Highlights

CRISPR-Cas9 is a facile and highly efficient genome editing technology that
essentially supplants traditional embryonic stem cell-based approaches to
genome modification in the mouse.

The three components to CRISPR technology are the Cas9 endonuclease, a
single (chimeric) guide RNA, and a homology directed repair template for
precision-guided genome editing.

CRISPR technology offers an investigator a wide range of genome editing
options, from deletions and frameshift mutations (using 2 component CRISPR)
to nucleotide replacement editing and integration of small sequence tags (using
3 component CRISPR).

Robust genotyping assays can discriminate desired edits among multiple alleles
stemming from genetic mosaicism while inadvertent (off) targeting is addressed
with carefully planned front-end strategies in CRISPR design followed by back-
end Sanger sequencing of possible off-target sites and proper back-crossing of
mice to segregate out any unintended sequence edits.

CRISPR genome editing presents some exciting opportunities to combat
cardiovascular diseases with a genetic basis.
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Figure 1. Explosive rise in CRISPR-related publications
(A) Comparative publication track record for the three major methods of NDGE over the last

14 years. (B) Annual number of CRISPR publications based on PubMed search. Following a
relatively inactive period (2002-2006), a first wave of papers was published based on the
prokaryote adaptive immune function of CRISPR (2007-2011) followed by a second wave
relating to CRISPR genome editing (2012-present). Data for both graphs obtained on

December 30, 2015.
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Figure 2. Characteristics of sgRNA and HDR repair template
(A) The single guide RNA is a chimeric molecule comprising a user-defined 20 nucleotide

crRNA containing mismatch-tolerant (gray) and intolerant (red) nucleotides and an invariant
80 nucleotide tracrRNA (green). The red triangle here and below denotes the double-strand
break (DSB) that occurs following Cas9 binding (C). (B) The HDR template is generally a
single-strand oligonucleotide with homology arms of 50—70 nucleotides on each side. Note
position of sequence edit (labeled mutation) at center of HDR template within 15
nucleotides of the DSB. The XX below PAM denotes silent nucleotide substitutions that
prevent secondary NHEJ. Intolerant sequence changes in the crRNA are important when
considering unintended edits and making substitutions for prevention of secondary NHEJ.
(C) Schematic of sgRNA and bilobed SpyCas9 over a genomic target site. Note absence of
PAM in sgRNA sequence.
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Figure 3. \ersatility of CRISPR genome editing
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B
3c CRISPR
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(A) In two component CRISPR (2c CRISPR), the SpyCas9 and sgRNA mediate
unpredictable insertions, deletions, or substitutions close to the DSB (red triangle) resulting
in an altered reading frame, sometimes with an attending premature termination codon (red
octagon). Two sgRNAs can also lead to deletions of genomic DNA segments between two
DSBs (hot shown). (B) In three component CRISPR (3¢ CRISPR), introduction of an HDR
repair template facilitates precision-guided genome editing over NHEJ resulting in the
incorporation of subtle sequence edits or small sequence tags such as /oxPsites or 3XFLAG
(blue). See text for more details. TSS, transcription start site.
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Figure 4. Work flow for CRISPR genome editing in mice
(A) Each CRISPR component is indicated in a gray rectangle. The sgRNA requires careful

design and cloning into the pX330 vector followed by testing in the EGxxFP split reporter to
validate its activity (see Supplemental Method 1). Verification of activity is followed either
by in vitro transcription of chimeric SgRNA with T7 polymerase and purification of the
sgRNA for injection with SpyCas9 mRNA or, less frequently, SpyCas9 protein (present
approach), or independent synthesis of the crRNA and tracrRNA and preincubation with
SpyCas9 protein (emerging approach). (B) General workflow of operations in generating a
CRISPR edited mouse line. See text for more details.
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