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Preface

For traditional genetic cloning, the target genes are cut at a specific site using
restriction endonucleases. Scientists cannot modify genomic sites wherever they
want and screening for clones of interest is usually very time-consuming. Currently,
a popular gene editing approach known as CRISPR (clustered regularly interspaced
short palindromic repeats) technology can be used to engineer the desired genes

in vitro and in vivo efficiently and precisely, without the limitation of needing a
restriction site. In addition to basic research, CRISPR technology has been applied
in product manufacturing, including diagnostic tools, agricultural products, foods,
industrial products, and medicinal products. Novel therapeutic strategies based

on CRISPR technology have the potential to bring the hope of recovery to patients
with life-threatening illnesses for which effective drugs or medical devices are not
available, though some technical, safety and ethical issues need to be addressed.

CRISPR technology is being improved to become more mature, specific, efficient,
and safe for applications as scientists aim to maximize benefits and minimize risks.
The potential advantages of this revolutionary technology are endless. This book
discusses CRISPR technology and its development, technology, challenges, and
applications.

We would like to thank all the authors for their valuable contributions. We also thank
the staff at IntechOpen for their assistance throughout the publication of this book.

Yuan-Chuan Chen, Ph.D.

Department of Nursing and Department of Medical Technology,
Jenteh Junior College of Medicine, Nursing and Management,
Miaoli County, Taiwan
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Chapter1

Introductory Chapter: CRISPR
Technology

Yuan-Chuan Chen

1. Introduction

The clustered regularly interspaced short palindromic repeats (CRISPR) was
originally derived from bacteria fighting against foreign genetic material, such as
plasmid or viral DNA. This is an adaptive immunity generated in the bacteria infected
with bacteriophage. Traditionally, bacteria will have a memory of the DNA they
have invaded, and when DNA with the same sequence enters the bacteria again, an
acquired immune response will be generated to break down the foreign DNA. CRISPR
consists of multiple, short, and direct repeats of DNA sequences, each repeat contain-
ing a series of bases accompanied by about 30 bases called spacer DNA. These spacers
are short DNA fragments from plasmids or bacteriophages. When the host encounters
this particular plasmid or bacteriophage again, it will recognize the foreign DNA by
complementation with CRISPR RNA (crRNA). After crRNA binds to complementary
foreign DNA, the Cas9 protein (nuclease) breaks down and destroys the invading
DNA or RNA. The mechanism is that single-stranded guide RNA (sgRNA) interacts
with Cas9, and the combination of sSRNA and Cas9 will guide the endonuclease
activity to the region adjacent to the protospacer sequence (PAM). After the sgRNA
recognizes a specific DNA sequence, the bound Cas9 will cut 3 nucleotides upstream
of the PAM (NGG) of the positive and negative DNA strands, forming a double-
stranded break with a blunt end. Because CRISPR technology is becoming more
mature and stable, it has been successfully applied in genetic editing, diagnosis, and
medicine for years.

2. Genetic editing

Gene cloning is to select a specific target gene to manipulate the genetic traits of
an organism and then use molecular biology methods to modify the target gene. The
modified genome is put into the target gene and recombined into an expression vector
and finally transformed into a suitable host cell for a large number of expressions.
The main production processes, include vector gene cleavage, target gene cutting,
recombinant vector, transformed host, recombinant vector replication, and host cell
culture, including gene transfer between the same species and different species to
improve or generate new animals, plants, and microorganisms.

Traditional gene cloning methods use restriction enzymes to cut specific restric-
tion sites in the genome. After selecting a gene, the cutting position is not accurate
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enough, screening is time-consuming, labor intensive, and expensive. Genetic editing
of organisms based on CRISPR technology has the advantages of high efficiency,
accuracy, speed, and economy, compared with traditional methods. Genetic editing
has revolutionized biological research through the new ability to precisely edit the
genomes of living organisms. Recently, various genetic tools have been explored for
engineering simple and complicated genomes. The CRISPR/Cas9 system has widely
been used in genetic editing because of its high efficiency, ease of use, convenience,
and accuracy. It can be used to add desirable and remove undesirable genes simultane-
ously in a single event. Additionally, many newly emerging CRISPR/Cas systems,
such as base editor, xCas9, Cas12a (Cpf1), and Cas13 are also considered. The scien-
tific community has already used this technology to modify human cells, animals,
plants, or microorganisms. Transgenic animals and plants or engineered microorgan-
isms are used in basic research, such as viruses, bacteria, yeasts, protozoa, plants,
mice and human cells. Many literatures related to CRISPR technology have been
published in the past few years, and genetic editing is currently the most successful
and extensive application [1, 2].

3. Diagnosis

The traditional methods (e.g., isolation and identification, nucleic acid and
antigen detection, and specific antibody detection.) used to perform diagnosis of
microbe infection in humans or contamination in food are not only time-consuming,
labor-intensive, and expensive but also require sophisticated equipment and the
professionals. Therefore, it is necessary to develop a new intelligent and rapid diag-
nostic method that does not need to rely on professional equipment and personnel.
CRISPR technology has been introduced into the field of rapid nucleic acid detection
for the development of new medical detection tools and reagents, bringing break-
throughs to existing testing and diagnostic technologies. For example, the DNA
endonuclease-targeted CRISPR trans reporter (DETECTR) system for CRISPR/
Casl12a (Cpf1) enables analysis of cells, blood, saliva, urine, and feces to detect
genetic mutations, cancer, and antibiotic resistance and can be used to diagnose bac-
terial and viral infections. We take the detection of human papillomavirus (HPV),
Zika virus, dengue virus, and SARS-CoV-2 as examples to show the potential of
CRISPR technology as a diagnostic tool.

3.1 Human papillomavirus

In 2018, Jennifer Anne Doudna’s team at the University of California, Berkeley,
used the CRISPR/Cas12a (Cpfl) system to cut the target’s double-stranded DNA
(dsDNA) and found that the Cas12a nuclease would be activated and nonspecifically
cleave single-stranded DNA (ssDNA), which deliver the CRISPR/Casl12a system and
nonspecific ssDNA fluorescent labeling (FQ-labeled reporter) into cells [3]. Once
the target dsDNA is detected, the CRISPR/Cas12a system will be activated and the
fluorescent reporter gene will also be degraded to release a fluorescent signal. In a
previous study, they demonstrated that CRISPR can be a tool for diagnosing viral
infections in vitro. The DETECTR can rapidly and accurately detect HPV infections in
patient specimens. The detection rate of HPV16 and HPV18 infection is 100% (25/25
agreement) and 92% (23/25 agreement), respectively, and HPV16 and HPV18 are
known to be the most dangerous subspecies causing cervical cancer [3].
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3.2 Zika virus and dengue virus

In 2018, Feng Zhang’s team in the Broad Laboratory of Massachusetts Institute
of Technology (MIT) combined isothermal preamplification with Cas13 nuclease
to detect single-stranded RNA (ssRNA) and ssDNA tool-specific high-sensitivity
enzymatic reporter unlocking (SHERLOCK) to deliver a variety of enzymes and
fluorescent reporter genes to cells [4]. If the CRISPR system finds the target gene,
the corresponding Cas13 will activate the cleavage enzyme and specifically cut the
corresponding fluorescent reporter gene, which releases fluorescent signals. The
SHERLOCK can be used to detect ssRNA viruses, such as Zika virus and dengue
virus in human specimens, such as saliva. After the introduction of a variety of
bacterial Casl13 nucleases from different genera, such as LwaCas13a and PsmCas13b,
SHERLOCK was upgraded to SHERLOCK version 2 (SHERLOCKv?2). Because
different Cas 13 nucleases show different degrees of “preference” for different RNA
sequences, SHERLOCKv2 sensitivity is increased by 3.5 times, compared with the
original SHERLOCK [4].

3.3 COVID-19 (SARS-CoV-2)

In 2020, Chinese researchers summarized the latest progress on COVID-19 detec-
tion (SARS-CoV-2 infection) based on various CRISPRs, including CRISPR/Cas9,
CRISPR/Cas12, and CRISPR/Casl3, which are being developed as a fast, accurate,
and portable diagnostic method, showing the potential of CRISPR to be applied in the
diagnosis of COVID-19 and other emerging infectious diseases [5]. Compared with
the polymerase chain reaction (PCR) assay and DNA sequencing methods, this new
method can more rapidly identify the pathogens of emerging infectious diseases and
facilitate timely treatment. While ideal detection reagents are characterized by being
fast, reliable, inexpensive, and convenient, these emerging diagnostics still require
careful testing and clinical validation to ensure their functionality [5].

In 2020, Ackerman et al. proposed a platform called CARMEN (specific high-
sensitivity enzymatic unlocking and an extension of SHERLOCK), which could
detect a range of pathogen infections, including the new coronavirus that causes
COVID-19 [6]. The detection mixture contains sgRNA, Cas13, and a fluorescently
labeled reporter RNA. The fluorescent molecule is attached to the reporter RNA and
does not emit light. SgRNA can recognize a specific target nucleic acid (DNA or RNA)
sequence. If the CRISPR/Cas13 complex recognizes the target nucleic acid sequence,
Cas13 will be activated to cleave the reporter RNA and generate fluorescence, thereby
detecting a specific virus infection in the specimen [6].

In 2020, Mammoth Biosciences and GSK announced the development of a
CRISPR-based SARS-CoV-2 detection platform DETECTR, which can rapidly (less
than 40 minutes) and accurately detect SARS-CoV-2 from nasal swab RNA extracts
from examinees [7]. The method was validated using reference samples and clinical
samples from patients, including 36 patients with COVID-19 and 42 patients with
other viral respiratory infections in the United States (US). They found that the
test results had a positive predictive concordance of 95% and a negative predictive
concordance of 100%, demonstrating that this is a visible and rapid detection method
and has the potential to replace the most widely used quantitative real-time reverse
transcription polymerase chain reaction assay (QRT-PCR) [7]. This detection platform
is characterized by being fast, easy to operate, portable, and completely disposable.

It can identify SARS-CoV-2 RNA through a simple nasal swab and does not require
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professionals, laboratories, and instruments. This DETECTR can obtain test results
within 20 minutes and detect a variety of infectious diseases. GSK submitted the
entire testing platform to the US FDA for evaluation in 2020 and promoted it asa
point-of-care testing tool for hospitals and clinics. The US FDA has conducted an
emergency use authorization (EUA) review of the platform. The platform is expected
to provide over-the-counter tests for the general public to use at home in the near
future.

4, Medicine

CRISPR can be used for drug discovery and screening successfully and signifi-
cantly facilitate the pharmaceutical development. However, human therapeutics
based on CRISPR for which direct disease treatment was only attempted or under
clinical trial due to the concerns of safety, efficacy, and ethics, including inheritance
disease, viral infections, neurodegenerative diseases, metabolic diseases, and cancer.
Currently, the most perspective fields for the treatment based on CRISPR are preci-
sion medicine and gene therapy.

4.1 Precision medicine

The most sophisticated and sensitive field of CRISPR development should be
therapeutic. Because human therapy is related to life, health, and human rights, it
requires the highest technical level, and all critical issues must be considered. The
most stringent regulatory requirements and restrictions are performed around the
world. The most important application of CRISPR technology in human medicine
should be precision medicine, also known as personalized treatment. This concept
was first proposed by the National Research Council of the US in 2011. Human
individuals will show different traits due to genetic differences, and the symptoms
and severity of the disease will also vary. The same treatment methods are used for
different individuals with the same disease, but they may have different therapeutic
effects. Therefore, it is often necessary to have different treatment strategies depend-
ing on individual differences. In addition to the patient’s description of symptoms and
routine examinations (e.g., blood test, X-ray examination, and ultrasound examina-
tion) that are used in traditional methods, precision medicine also includes biomedi-
cal tests, such as genetic testing, protein testing, and metabolic testing. For precision
medicine, they analyze personal data (e.g., gender, height, weight, race, past medical
history, family medical history, and test results.) through the human genetic database
to select the most suitable strategy, and drugs for patients to maximize the therapeu-
tic effect and minimize side effects. CRISPR technology can accurately perform gene
editing and has the potential to correctly repair gene mutations, which can be applied
to the clinical treatment of diseases, thus becoming precision medicine.

4.2 Gene therapy

Although CRISPR has the potential to be directly used in human therapy, most of
them are only at the stage of basic research or animal experiments, and few are actu-
ally conducted clinical trials or product launches because of lack of specificity, fear of
causing mutations, and difficulty in delivery tool selection. It is complicated and there
are many options for treatment. For most diseases, the direct use of CRISPR- based
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treatment may not be effective and even lead to aggravating the disease if you rashly
skip conventional treatment methods. However, there are exceptions, especially if
the main cause of diseases is due to defective genes. For congenital genetic diseases,
traditional therapy usually only alleviates the symptoms but not completely cure the
disease, and a complete cure requires the modification or repair of genes. In these
special cases, the safety and ethics concerns of treatment based on CRISPR are less,
thereby the compassionate use is possible. Therefore, many scientists are focusing on
developing CRISPR as a tool for gene therapy.

In 2021, the United Kingdom and New Zealand researchers revealed the drug
NTLA-2001 developed from CRISPR/Cas9 can treat the rare disease “familial amyloid
polyneuropathy” [8]. This disease is mainly due to gene mutation, which accumulates
misfolded transporter (transthyretin, TTR). The main function of NTLA-2001 is to
reduce the concentration of TTR in serum. After completing the preclinical trials in
vitro and in vivo, the team conducted a clinical phase 1 trial to evaluate the safety
and efficacy of a single escalating dose of NTLA-2001 on patients, with a total of
six subjects [8]. Animal studies in preclinical studies have shown that the TTR gene
can be permanently knocked out after a single dose. In contrast to the results of the
Phase 1 clinical trial, patients were assessed for safety within the first 28 days after
the infusion of the drug, and few adverse events were found. On day 28, serum TTR
protein concentrations were found to be reduced by an average of 52% from baseline
in patients receiving the 0.1 mg/kg dose, compared with an 87% reduction at the
0.3 mg/kg dose. In a small group of patients with hereditary ATTR and polyneuropa-
thy, existing research results show that NTLA-2001 effectively reduces the concentra-
tion of pathogenic TTR protein in serum by targeting TTR gene through CRISPR,
while only mild adverse events occur [8].

5. Conclusion

The use of CRISPR technology for genetic editing, diagnosis, drug development,
and screening is extensive and less controversial because it is not directly related
to human therapeutics. CRISPR has the potential to be used for the treatment of
diseases, including genetic disease, viral infections, neurodegenerative disorders,
metabolic diseases, cancer and regenerative medicine; however, there are still consid-
erable safety, efficacy, and ethics concerns for the treatment based on CRISPR. Many
pharmaceutical companies and biotechnology companies have begun to produce
various medical products using CRISPR technology. Only few cell therapy and gene
therapy products based on CRISPR have been approved on the market, and some are
still under clinical trials. Currently, the conventional treatments have been tested and
proven to be effective for most diseases. With the advancement of medical technology
and the development of new drugs, many diseases that were considered incurable
in the past have been treated well now. Therefore, patients should use conventional
treatment first and consider using CRISPR-based therapy, while the disease cannot be
controlled or existing drugs cannot cure the disease. According to the current testing
results, most of the treatments based on CRISPR are still in the stage of accumulating
experience, and more clinical data are still needed to prove their effectiveness and
safety. It belongs to medium and high-risk medical behaviors. Gene therapy, using
CRISPR, is likely to be a suitable method to be tested for the treatment of inherited
diseases because inherited diseases can be cured only when the defective gene is
modified. Before patients receive direct treatment based on CRISPR, genetic testing
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should be performed to confirm suitability, consultation with professional physicians
must be completed, and the evaluation of whether the study meets the regulations of
compassionate use is required to ensure the welfare of patients.
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Chapter?2
Emerging CRISPR Technologies

Anmnelise Cassidy and Stephane Pelletier

Abstract

The discovery and implementation of Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR) and CRISPR associated (Cas) systems for genome
editing has revolutionized biomedical research and holds great promise for the
treatment of human genetic disorders. In addition to the popular CRISPR-Cas9
and CRISPR-Cpf1 systems for genome editing, several additional Class I and Class
2 CRISPR-Cas effectors have been identified and adapted for genome editing and
transcriptome modulation. Here we discuss current and emerging CRISPR-based
technologies such as Cascade-Cas3, CRISPR-associated transposases (CAST),
CRISPR-Cas7-11, and CRISPR-Cas13 for genome and transcriptome modification.
These technologies allow for the removal or insertion of large DNA elements, the
modulation of gene expression at the transcriptional level, and the editing of RNA
transcripts, expanding the capabilities of current technologies.

Keywords: CRISPR, Cas9, Cpfl, Cascade, Cas3, Cas12k, Cas13, Cas7-11

1. Introduction

Since the discovery of the double helix, scientists have been searching for ways
to manipulate genomes. Over the past 15 years, technological advances such as the
development of targetable nucleases finally provided a means for introducing specific
alterations within a genome of interest. Targetable nucleases function by introduc-
ing a DNA double strand break (DSB) at a precise location within a genome which
in turn activates cellular DNA repair pathways. By hijacking these pathways, via
the coadministration of DNA repair templates, a plethora of genetic modifications
ranging from single nucleotide substitutions to chromosomal translocations can be
engineered (Figure1).

The first implementations of targetable nucleases included zinc finger nucleases
(ZFNs) and transcription activator-like effector (TALE) nucleases (TALENS). These
enzymes are formed by the combination of a non-specific DNA endonuclease called
Fokl and DNA binding protein domains derived from the zinc finger or TALE fam-
ily of transcription factors. These enzymes function as obligate dimers and rely on
protein-DNA pairing for target recognition [1, 2]. While these enzymes provide
the specificity needed for engineering precise DNA alterations, their programming
or reprogramming necessitates the design and synthesis of a new pair of enzymes
for each new alteration. The adaptation of the Class 2 type II CRISPR-Cas9 system
from Streptococcus pyogenes (CRISPR-SpCas9) for genome editing has drastically
changed the way genetic engineering is performed in that it provides the long-awaited
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Figure 1.

Genetic modifications engineeved using conventional CRISPR-Cas systems. Schematic representation of the
different types of alleles that can be engineered with a single or a pair of cut sites and the engineering systems used
to create them. With one cut site, three types of alleles can be engineered: Targeted random insertion or deletion of
genetic material (indels), nucleotide substitutions, and insertion of DNA elements. With two cut sites, three other
types of alleles can be engineered: Deletion of DNA elements, inversions, and chromosomal translocations. Introns
are shown as light gray boxes, exons as dark gray boxes, start sites as black arrows. Indels are shown as a ved box,
nucleotide substitutions as a blue box, and insertion of DNA elements as a green box. Black arrows pointing to a
specific location within an intron or exon indicate cut sites.

simplicity and versatility required for engineering precise DNA alterations. Rather
than relying on protein-DNA interactions for target recognition, CRISPR-SpCas9
relies on RNA-DNA base pairing. The simple modification of a short RNA transcript
is sufficient to reprogram a nonspecific endonuclease to target other sites.

In bacteria and archaea, CRISPR-Cas systems are RNA-based immune systems
that control virus and plasmid invasion [3]. CRISPR-Cas systems are taxonomi-
cally classified as Class 1 and Class 2 systems based on the number of components
involved in the interference stage of the immune response. With rare exceptions,
Class 1 systems, which account for approximately 90% of all CRISPR-Cas systems in
prokaryotes, use multiprotein effector complexes whereas Class 2 systems use a single
effector. Class 1 and Class 2 systems are further divided, based on signature genes
and distinctive gene architectures, into three or more types: Type I, IIT and IV for
Class 1 systems and type II, V and VI for Class 2 systems.

Concurrent with the implementation of CRISPR-Cas9 for genome editing, a variety
of Class 1 and Class 2 systems with complementary properties to type II effector Cas9
have been identified and adapted for genome and transcriptome editing. These systems
include: Class 1 type I Cascade-Cas3 systems [4-6], which are RNA-guided DNA shred-
ding systems; Class 2 type V-K effector Cas12k-Tn7-like transposase systems [7], which
are RNA-guided DNA transposition systems that allow for unidirectional insertion
of large DNA cargos; and Class 2 type VI CRISPR-Cas13 [8, 9] and Class 1 Type III-E
effector Cas7-11 systems [10, 11], which are RNA-guided RNA targeting systems.

In this chapter, we describe conventional as well as emerging CRISPR-Cas-based
technologies for transcriptome and genome editing. We provide a simplified view
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of these systems and their operons. When applicable, we describe the modifications
made for genome editing in mammalian cells, the sequence and structure of guide
RNAs, PAM requirements, and examples of their use for genome and transcriptome
editing. For simplicity, we focus on CRISPR-Cas9 from S. pyogenes [12-14], CRISPR-
Cpfl from Francisella novicida [15], Cascade-Cas3 from Thermobifida fusca [5], CAST
from Scytonema hofmannii [7, 16], CRISPR-Casl3 from Leptotrichia shahii [9], and
Cas7-11 from Candidatus Scalindua brodae [17] as prototypic systems.

2. Conventional CRISPR-Cas systems for genome editing

Genome editing using conventional CRISPR-Cas systems functions by introducing
DNA DSBs at a precise location within a target genome. These breaks, known to be
highly recombinogenic, are typically repaired via the nonhomologous end joining
(NHEJ) DNA DSB repair pathway and result in the random insertion or deletion of
genetic material, often referred to as indels. In actively dividing cells, homologous
recombination (HR) can also occur and uses the sister chromatid as repair template,
resulting in error free repair of the break. By providing an exogenous repair tem-
plate, in the form of single or double stranded DNA molecules, a variety of genetic
alterations can be engineered, including nucleotide substitutions, insertion of DNA
elements, deletion of DNA material, inversion of DNA elements, as well as chromo-
somal translocations (Figure 1). Two main CRISPR-Cas systems from various species,
CRISPR-Cas9 and CRISPR-Cpf1, have been adapted for genome editing and other
applications.

2.1 CRISPR-Cas9

The most frequently used CRISPR-Cas system for genome editing in mammalian
cells has been derived from the Class 2 type II CRISPR-Cas system from
S. pyogenes (Figure 2A) [12-14]. In this system, a large endonuclease named SpCas9
pairs with a single guide RNA (sgRNA) to target the ribonucleoprotein complex
to a specific location within a genome via the formation of an RNA-DNA duplex
according to Watson-Crick base pairing (Figure 2B). sgRNAs are 96 nucleotide-
long RNA transcripts formed from the fusion of a CRISPR-RNA (crRNA), which
provides target specificity, and the trans-acting crRNA (tracrRNA), which bridges
the crRNA to the endonuclease SpCas9. The first 20 nucleotides of a sgRNA provides
target specificity whereas the other 76 nucleotides contain sequences encoding the
tracrRNA (Figure 2C). Binding of SpCas9 to its target site results in the formation
of an R-loop, a three-stranded nucleic acid structure composed of a DNA-RNA
hybrid and unbound DNA strand referred to as the protospacer element or target site
(Figure 2B). Following the R-loop formation, Cas9 — which possesses a RuvC-like
and an HNH-like domain - cleaves both DNA strands 3 nucleotides upstream of the
protospacer adjacent motif (PAM). PAM sequences are short genomic sequences
located at the 3’ end of the protospacer element (for Cas9 nucleases) that must be
present for the nuclease to be catalytically active. Although this requirement was ini-
tially viewed as a major limitation to the application of CRISPR-SpCas9 for genome
editing, its PAM sequence, 5'-NGG-3', is found approximately every 8 nucleotides in
the human genome. Moreover, several CRISPR-Cas9 systems from various bacte-
rial species have been identified, each having distinct PAM requirements (Table 1)
[12], expanding the scope of these systems. For genome editing in mammalian cells,
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CI%I SPR-Cas9. A) Schematic representation of the CRISPR-Cas9 operon from Streptococcus pyogenes. The operon
contains 4 genes, three of which are involved in the adaptation stage of the immune response (Cas1, Cas2 and
Csn2) and the maturation and interference stage of the response (Cas9). The locus also contains a tracrRNA and
the CRISPR array which comprises vepeat elements (gray rectangles) regularly interspaced with spacer elements
(colored circles). B) Schematic representation of the CRISPR-SpCas9 system for genome editing and modifications
made for its use in mammalian cells. The target genomic DNA is shown in black, with the PAM sequence (5'-NGG-
3') highlighted in green. The crRNA is shown in orange and the tracrRNA is shown in red. Fusion of the crRNA
and tracrRNA forms the sgRNA, which is also shown in ovange. The RuvC-like and HNH-like activity sites ave
shown by a black or a blue triangle, vespectively. C) Sequence of the CRISPR-spCas9 sgRNA. The SpCas9 sgRNA
contains sequences matching the protospacer element followed (N) by a hairpin loop linking the crRNA to the
tracrRNA. D-K) schematic vepresentation of various CRISPR_SpCas9 modalities including base editors (D-F),
prime editors (G), target specific transcriptional activators or transcriptional repressors (H, I), as well as DNA and
RNA tracking devices (], K). D-F) base editors are formed from the fusion between catalytically impaired SpCas9
and base modifying enzgymes such as CD which allows for the conversion of cytidine into a thymine (D), TadA-
TadA* heterodimer which allows for the conversion of adenine to guanine (E) and eUNG and APOBEC1 fusion
which allows for the transversion of cytidine to guanine (F). G) Prime editors are produced by the combination

of catalytically impaired SpCas9 and a reverse transcriptase (RT). Prime editors use a modified sgRNA called
pegRNA that not only contains sequences providing target specifificty and Cas9 scaffolding, but also sequences
complementary to the target sites and the substitutions to be engineered. Following the cleavage of the protospacer
element, a 3' DNA flap is exposed, which allows the binding of the pegRNA complementary segment to bind
target site and serves as template for th RT. the RT will extend the 3’ flap, introducing the designed mutations. H,
I) transcriptional modulators usually make use of transcriptional activators such as the viral transcription factor
VP64. Transcriptional repressors typically make use of transcriptional repressors or epigenome modifiers such as
Kruppel associated box (KRAB) MECP2 or DNMT3a. K) DNA tracking devices ave formed from the fusion of a
catalytically inactive SpCas9 fused to a fuuorescent marker. Tiling of multiple of these SpCAs9 fusions allows for
the visualization of genomic loci in veal time imaging. L) RNA tracking devices are formed form the coupling of a
catalytically inactive SpCas9 to a fluorescent protein marker. Binding of SpCas9 with a tavget RNA transcript is
promoted by the coadministration of a short oligonucleotide called PAMer that acts as exogenous PAM sequence.
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System Bacterial strain PAM or PFS
Cas9 Streptococcus pyogenes NGG
S. pyogenes (VQR) NGAG
S. pyogenes (VRER) NGCG
Streptococcus mutans NGG
Staphylococcus aureus NNGGGT
NNGAAT
NNGAGT
Streptococcus thermophilus (CRISPR3) NGGNG
S. thermophilus (CRISPR1) NNAAAAW
Campylobacter jejuni NNNNACA
Neisseria meningitidis NNNNGATT
Pasteurella multocida GNNNCNNA
Francisella novicida NG
Treponema denticola NAAAAN
Cpfi Franciselle novicida TTN
Acidaminococcus sp. BV3L6 TTTN
Moraxella bovoculi 237 (T/C)(T/C)N
Cascade-Cas3 Thermobifida fusca AAG
Escherichia coli ARG
Pseudomonas aeruginosa AAG
CRISPR-Cas12k Scytonema hofmannii (ShCAST) NGTN
Anabaena cylindrica (AcCAST) NGTN
Cascade-Tn6677 Vibrio Clolerae (Tn6677) CcC
CRISPR-Cas13 Leptotrichia shahii A,UC (notG)
CRISPR- Cas7-11 Scalindua brodae N/A

PAM, protospacer adjacent motif; PFS, protospacer flanking site.

Table1.
PAM or PFS requirements for various CRISPR-Cas systems.

the open reading frame of SpCas9 has been optimized for codon usage and nuclear
localization signals (NLSs) have also been added.

CRISPR-SpCas9 systems have also been developed to introduce a limited number
of nucleotide substitutions without introducing DNA DSBs. These systems, called
Base Editors and Prime Editors, make use of catalytically impaired SpCas9 fused
to various base modifying enzymes like a cytidine deaminase (CD), an uracil DNA
N-glycosylase (¢eUNG), or a modified dimeric tRNA adenine deaminase (TadA"),
which catalyze base transversion or base conversion within a precise window
upstream of the PAM sequence (Figure 2D-K). The selection of a base editor depends
on several criteria including the desired edit, the availability of PAM sequences
within the target sequence, the position of the target nucleotide relative to the PAM
sequence, the possibility of engineering undesired bystander mutations, and the
need to minimize off-target editing [18]. The most recent versions of these systems
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are BE4max, a cytidine base editor which catalyzes the conversion of a cytidine into
athymine (C- > T) (Figure 2D); BE7.10, an adenine base editor which catalyzes the
conversion of adenine to guanine (A- > G) (Figure 2E); CGBE1, a base editor that
catalyzes cytidine to guanine (C- > G) base transversion (Figure 2F) [19-21].

Prime editing, on the other hand, makes use of a catalytically impaired SpCas9
fused to a reverse transcriptase (RT) and a prime editing guide RNA (pegRNA)
(Figure 2G) [22]. The pegRNA not only provides target specificity and scaffolding,
but also contains sequences that are complementary to the target site and substitu-
tions encoding the desired edits. Following excision of the target strand, a 3’ flap is
exposed and the pegRNA complexes with the exposed 3’ flap and serves as primer site
for the RT, which extends the 3’ flap and incorporates the desired nucleotide substitu-
tions. Stabilization of the locus is performed by the endogenous endonuclease FEN1
which removes the 5’ flap and allows the hybridization of the edited 3’ flap, resulting
in the incorporation of edited bases and conversion of the unmodified allele via the
DNA mismatch repair (MMR) pathway.

In addition to providing the framework for various genome editing technologies,
CRISPR-SpCas9 has been morphed into DNA and RNA imaging devices [23, 24],
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Figure 3.

CRISPR-Cpf1. A) Schematic representation of the CRISPR-Cpf1 operon from Francisella novicida. B) Schematic
representation of the CRISPR-FnCpf1 system and the modifications for its usage in mammalian cells. The target
genomic DNA is shown in black, with the PAM sequence (5'-TTN-3') highlighted in green. The crRNA is shown
in red, and the two RuvC-like activity sites are shown by black triangles. C) Sequence of the CRISPR-FnCpf1
crRNA. FnCpf1 crRNA. D) Cpf1 base editor. Like Cas9 base editors, Cpf1 base editors are from ed. from the
fusion of Cpf1 with. E) Cpfi transcriptional activator. F) Cpf1 transcriptional repressor.
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epigenetic modifiers [25] as well as transcriptional modulators [26-28] via the fusion
between catalytically inactive but sgRNA competent SpCas9 and transcriptional
activators, transcriptional repressors, epigenetic modifiers, fluorescent proteins, and
others (Figure 2H-K).

2.2 CRISPR-Cpfl

Another popular system for genome editing in mammalian cells has been derived
from the Class 2 type V CRISPR-Cpf1 system from F. novicida (CRISPR-FnCpf1)
(Figure 3A) [15]. In this system, a large endonuclease called FnCpf1 (or Casl2a) pairs
with a 42 nucleotide-long crRNA that contains sequences providing both target speci-
ficity and FnCpf1 binding activity (Figure 3B and C). Unlike SpCas9, FnCpf1 contains
two RuvC-like activities and introduces scattered DNA DSBs outside of its recognition
sequence. More specifically, DNA breaks occur at positions 18 of the non-target strand
and 23 of the target strand, leaving a 5’ overhang (Figure 3B). For FnCpf1 to be active,
the endonuclease must also recognize a short PAM sequence (5'-TTN-3) located at
the 5" end of the target sequence (or protospacer element). Similar to Cas9 systems, a
variety of Cpf1 systems from diverse bacterial species with distinct PAM requirements
have been identified, further expanding targeting possibilities. These include CRSIPR-
Cpf1 systems from Acidaminococcus sp. BV3L6, Lachnospiraceae bacterium MA2020,
and Moraxella bovoculi 237, among others [15]. Like CRISPR-SpCas9, CRISPR-FnCpf1
has also been converted into RNA-guided epigenetic modifying devices, transcrip-
tional regulators and base editors (Figure 3D-F) [29-33].

3. Emerging CRISPR-Cas systems for genome and transcriptome
modification

Concomitant with the development of CRISPR-Cas9 and CRISPR-Cpf1 for
genome editing, other CRISPR-Cas operons have been adapted for genome and
transcriptome modifications. These emerging technologies provide a means to
engineer large genomic deletions, large DNA insertions into safe harbor loci, which
remains somewhat challenging using conventional CRISPR-Cas systems, or for the
modulation of gene expression. These systems include Cascade-Cas3 from T fusca, an
RNA-guided DNA helicase-nuclease capable of removing large DNA segments; CAST
from Scytonema hofmanni, Anabaena cylindrica and Vibrio cholerae (Tn6677) which
allow for RNA-guided insertion of large DNA cargos to any specified location within
a genome, and RNA-guided RNA modifying systems from L. shahii or Candidatus
Scalindua brodae for transcriptome silencing or editing.

3.1 Cascade-Cas3

The Type I CRISPR-Cas system from T. fusca, which has been used for genome
editing of human cell lines, comprises a multi-subunit protein complex called
Cascade that pairs with a short 61-nucleotide long crRNA to recruit a highly proces-
sive DNA helicase-nuclease named Cas3 (Figure 4A-C) [5]. The Cascade complex
from T. fusca comprises six Cas7 subunits, two Casl11 subunits, as well as Cas5, Cas8
and Cas6 subunits (Figure 4A). Once bound to its target DNA, Cascade undergoes
massive conformational changes stabilizing the newly formed R-loop (Figure 4B).
This allows for the recruitment of Cas3 which then nicks the non-paired DNA strand
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Cc;gscade—Cag. A) Schematic vepresentation of the Cascade-Cas3 operon from Thermobifida fusca. B) Schematic
representation of the T. fusca Cascade-Cas3 system. The target genomic DNA is shown in black, with the PAM
sequence (5'-AAG-3') highlighted in green. The crRNA is shown in dark blue. The Cas3 subunit is shown in light
blue, Cas8 shown in purple, Cass shown in tan, Cas6 shown in dark brown, two Cas11 subunits shown in green,
and six Casy subunits shown in light brown. C) Sequence of the T. fusca Cascade-Cas3 crRNA.

and unidirectionally shreds, in a 3’ to 5’ orientation, the target DNA upstream of
the PAM sequence (5'-AAG-3’). In this system, the PAM lies 5’ of the protospacer
element. Cascade-Cas3 from T fusca can generate long range deletions, from a few
hundred to several thousand nucleotides. For editing in mammalian cells, sequences
encoding NLSs were added to Cas3 and Cas7 subunits.

Several other Cascase-Cas3 systems have been developed for genome editing in
bacteria and human cell lines. These include Type I-E Cascade-Cas3 from E. coli,
and type I-C from Pseudomonas aeruginosa [4-6]. These systems have different PAM
requirements, use slightly different Cas components, as well as crRNAs of different
lengths and structures.

3.2 CRISPR-associated transposases

Insertion of large DNA elements using CRISPR-SpCas9 or CRISPR-FnCpf1 tech-
nologies has remained a major challenge. One emerging technology that may resolve
this issue is CAST, which functions by recruiting Tn7-like transposase components to
a specific location within the genome of a cell via guide RNA-target complementarity
recognized by a naturally occurring inactive Cas12k variant. The Class 2 Type V-K
Tn7-like CRISPR system from Scytonema hofmanni, the best described CAST system,
comprises 6 components: Cas12k, a CRISPR-associated protein lacking endonuclease
activity, a 216 nucleotide-long tracrRNA, a 34 nucleotide-long crRNA, and Tn7-like
transposase subunits encoded by genes tnsB, tnsC, and tniQ (Figure 5A and B) [7, 16].
Similar to CRISPR-Cas9 systems adapted for genome editing, the type V-K tracrRNA
and crRNA can be fused together to form a sgRNA. For Cas12k to recognize its target
DNA, a 5'-NGTN-3’ PAM sequence must be present at the 5" end of the protospacer
element. Cargo insertion occurs unidirectionally ina 5’ Left End (LE) to 3’ Right End
(RE) orientation (Figure 5B, C). A 5 bp integration site is found both 5 and 3’ of the
integration site. Cargos up to 10 kilobases can be introduced using this system and
their integration into the host genome occurs 60-66 nucleotides downstream of the
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Figure 5.

CI%SPR—Caslzk and associated transposase. A) Schematic representation of the CAST-Cas12k operon from
Scytonema hofmanni. B) Schematic vepresentation of the S. hofmanni CAST-Cas12 system. The target genomic
DNA is shown in black, with the PAM sequence (5'-NGTN-3') highlighted in green. The sgRNA is shown in
purple. The tnsB, tnsC, and tniQ subunits are shown in gray, green, and light blue, respectively. The cargo DNA
to be inserted, shown in green, is flanked by LE and RE sequences, shown in yellow and red, respectively. Black
arrows indicate the site of integration, which occurs 60-66 bp downstream of the PAM. A 5 bp integration site

is found both 5" and 3' of the integration site. C) Sequence of the S. hofmanni CAST-Cas12k sgRNA.Nucleotide
sequence corresponds to the sgRNA for ShCas12k. Ns represent the CRISPR spacer. D) Sequences of the RE and LE
from the S. hofmanni CAST-Casiz2 system.

PAM sequence (Figure 5C). A variety of CAST systems have been identified in several
bacterial species. These include CAST systems from A. cylindrica (AcCAST) which
comprises similar components, possess similar PAM requirements (5'-NGTN-3)

and promotes insertion of transposons 49-56 nucleotides downstream of the PAM
sequence [7, 16], as well as the Type I-C Cascade Tn7-like transposase system from

V. cholerae (Tn6677), which promotes the bidirectional insertion of transposed ele-
ments 47-51 nucleotides downstream of PAM sequence [34].

3.3 RNA interference systems

Whereas the vast majority of CRISPR-Cas systems have evolved to protect against
invading DNA species, Type VI CRISPR-Cas13 and the newly identified Type III-E
CRISPR-Cas7-11 effectors are RNA-guided RNA interfering systems. These systems
have been used to silence gene expression at the transcriptional level and have been
modified to edit RNA transcripts. Several Type VI and Type III-E systems have
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been described. For simplicity, we present two of these systems: Type VI CRISPR-
Casl3 from L. shahii (Cas13a) [9] and Type III-E CRISPR-Cas7-11 from Candidatus
Scalindua brodae (Sb-gRAMP) [17].

Type VI CRISPR-Casl3a from L. shahii (also referred to as CRISPR-LshC2c2) is
a single protein effector system that comprises a large ribonuclease containing two
Higher Eukaryotes and Prokaryotes Nucleotide (HEPN) binding domains called
C2c2 that pairs with a short 54 nucleotide-long crRNA to promote the cleavage
of ssRNA transcripts at uracil residues [9] (Figure 6A and B). Of the 54 nucleo-
tides, 28 residues provide target specificity (antisense to the protospacer) and the
other 26 residues pair with C2c2 (Figure 6C). Cleavage of the ssRNA is sensitive
to the nucleotide composition at the 3’end of the protospacer (also referred to as
protospacer-flanking site or PFS). Spacers with a G immediately flanking the 3’
end of the protospacer were cleaved less efficiently than those containing any other
nucleotides.

Not only have Type VI CRISPR-Cas13 systems been developed for the degradation
of RNA species, but the fusion of a nuclease-dead Cas13b from Prevotella sp. P5-125
with the adenosine deaminase acting on RNA type 2 (ADAR2) allows for the editing
of RNA transcripts without interfering with the genomic sequence [8]. This may have
applications for the treatment and understanding of genetic disorders.

The Type III-E effector system Cas7-11 from Candidatus Scalindua brodae, also
referred to as giant Repeat-Associated Mysterious Protein (Sb-gRAMP), is a single-
protein effector system that comprises a large modular protein containing four Cas7-
like and a single Cas11-like domains with intrinsic endoribonuclease activity that pairs
with a 47 nucleotide-long crRNA to cleave ssRNA at position 3 and 9 of the spacer
[17] (Figure 7A and B). The 5’ most 27 nucleotides of the crRNA encode the direct
repeat segment of the crRNA whereas the subsequent 20 nucleotides provide target
specificity (Figure 7C). Several Class 1 type III-E systems have been identified, each
requiring specific crRNA and endonuclease activity, most of which also introduce
ssRNA breaks 6 nucleotides apart, at position 3 and 9 of the spacer [10]. Unlike DNA
targeting systems, RNA targeting systems do not require PAM sequences, but their
activity may be influenced by a PFS.

A CRISPR array
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Figure 6.

CI%ISPR-Caﬂg. A) Schematic representation of the CRISPR-Cas13a (LshC2c2) operon from Leptotrichia shahii.
B) Schematic representation of the CRISPR-Cas13a (LshCzc2) system. The tavget RNA is shown in black with
cleavage sites indicated by black arrows. The crRNA is shown in pink. Unlike DNA targeting systems, RNA
targeting systems do not require PAM sequences, but their activity may be influence by a PFS. LshC2c2 cuts its
target RNA at accessible uracil residues (ved triangles). C) Sequence of the CRISPR-Cas13a (LshCzc2) crRNA.
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CRISPR-Casy—11. A) Schematic representation of the Casy-11 operon from Candidatus Scalindua brodae. B)
Schematic representation of the Casy—-11 Sb-gRAMP system. The target RNA is shown in black with cleavage sites
indicated by black arrows 6 nucleotides apart, at position 3 and 9 of the spacer. The crRNA is shown in green.
Unlike DNA targeting systems, RNA targeting systems do not require PAM sequences, but their activity may be
influence by a PFS. C) Sequence of the Casy-11 Sh-gRAMP crRNA.

4. Discussion

Whereas the vast majority of genetic manipulations can be performed using
conventional CRISPR-SpCas9 technology, there are some inherent limitations that
may be alleviated by emerging technologies. These include the possibility of introduc-
ing DNA DSBs at off-target sites; the possibility of inserting undesired mutations at
on-target sites; the requirement for specific PAM sequences, which may somewhat
limit the number of target possibilities; the scope of editing; and the delivery of these
reagents, particularly for manipulations in vivo or for therapeutic interventions.
Table 2 explores the similarities and differences between the systems described in this
chapter as well as their advantages and limitations.

4.1 Off-target mutations

One major limitation associated with the use of CRIPSR-SpCas9 technology is
the potential for inserting genetic changes at sites other than the intended ones, also
referred to as off-target sites. Off-target cleavage may occur due to the lack of SpCas9
specificity, which stems from the tolerance of the endonuclease for RNA-DNA
mismatches, RNA bulges, or DNA bulges [12, 13]. Although there are still no simple
and definitive guidelines defining SpCas9 specificity, the number and the position of
mismatches relative to the PAM sequence are important. Whereas a single mismatch
within the first 13 nucleotides upstream of the PAM sequence can abrogate SpCas9
activity, up to seven mismatches at the 5" end of the guide sequence can be tolerated
[12, 13]. To avoid off-target modifications, various strategies have been established.
These include the development of bioinformatic tools to identify highly specific target
sequences; the modification of SpCas9 to improve specificity or the duration of its
action within cells; and the development of delivery formats and methods to limit the
duration of SpCas9 activity [14]. Emerging RNA-guided RNA modifying systems may
also help resolves this issue. These systems can modulate gene expression by targeting
RNA transcripts rather than modifying genes at the DNA level [9, 11].
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To identify highly selective guide sequences, various guide selection applications
have been developed. These include Cas-Designer, quick guide-RNA designer for
CRISPR/Cas derived RNA guided nucleases (http://www.rgenome.net/); CRISPR
Design (http://crispr.mit.edu/);E-CRISP (http://www.e-crisp.org/E-CRISP/); ZiFit
(http://zifi t.partners.org/ZiFiT/). During the implementation of CRISPR-SpCas9
technology for mouse genome editing, our laboratory also developed a stringent guide
selection procedure which makes use of Cas-Designer and Cas-Offinder from CRISPR
RGEN Tools (http://www.rgenome.net/). For more details about this guide selection
procedure, we recommend reading.

To control the duration of SpCas9 activity within cells, genetically encoded induc-
ible systems have been developed. One of these makes use of split SpCas9 fused to the
Magnet Photoactivatable System. Fusion of the split SpCas9 is achieved by illuminat-
ing cells with blue light. The fused split SpCas9 is then able to bind a sgRNA and
cleave its target site. A second system involves self-cleavable CRIPSR systems, where
sequences encoding SpCas9 are targeted by a sgRNA in order to promote its degrada-
tion upon expression of the endonuclease. Duration of SpCas9 activity can also be
controlled by the delivery of RNA transcripts encoding the various components of the
CRISPR-SpCas9 system or via delivery of the ribonucleoprotein complex comprising
both the sgRNA and the endonuclease.

In addition to robust guide selection procedures and inducible/self-inactivating
systems, various additional strategies have been developed to improve target specific-
ity. These include the use of paired SpCas9 nickases, in which the RuvC-like domains
are inactivated, that introduce scattered DNA DSB, guided by a pair of sgRNAs
recognizing juxtaposed sequences. The requirement for recognizing these sequences
doubles the length of the target sequence and thus increases target specificity.
Similarly, catalytically inactive but sgRNA competent pairs of SpCas9 fused to the
non-specific endonuclease FokI was shown to reduce off-target activity. Directed
evolution has also been used to engineer improved SpCas9 with increased target
specificity. These enzymes have been shown to increase on-target over off-target
activity by several folds.

Finally, modifications to the guide RNAs themselves were also used to reduce off-
target cleavage. Previous studies have shown that, counterintuitively, shortened guide
sequences increase specificity without affecting on-target activity.

4.2 Unintended mutations at the target site

Engineering specific mutations using conventional CRIPSR-SpCas9 technology
relies on HR. While HR and NHE] are both active in most (but not all) dividing cells,
NHE] is usually the sole repair pathway active in postmitotic cells. DNA repair via
the NHE] pathway, as previously mentioned, results in the insertion or deletion of
genetic material, and does not allow for the introduction of desired mutations. To
get around this, Base Editors and Prime Editors were developed. These systems, as
described above, can introduce specific mutations by directly changing the nucleotide
composition at the target site, bypassing the need to activate DSB repair pathways.
Stabilization of the mutation is performed by the DNA MMR pathway which is pres-
ent and active in all cells. While these systems allow for the insertion of precise muta-
tions, the window in which they operate is narrow (a few nucleotides), the insertion
of mutation(s) depends on the presence of a PAM sequence, stabilization of the muta-
tion is not always complete, and undesired collateral nucleotide substitutions may
occur [18-21, 31, 33]. Moreover, these systems are bulkier than SpCas9 and may not
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be easily packaged within viral delivery systems. Nevertheless, these systems provide
an alternative to conventional CRISPR-SpCas9 systems for engineering mutations in
cells that are not amenable to HR or for therapeutic intervention where introducing
DNA DSBs may have deleterious effects.

4.3 Editing scope

While conventional CRISPR-Cas9 systems can be used to engineer virtually any
kind of mutations in vivo, insertions or deletions of large DNA elements remain some-
what challenging. Cascade-Cas3 and CRISPR-CAST systems may provide alternatives
to using conventional CRISPR-Cas9 systems. Cascade-Cas3 systems have been used
to engineer large deletions in cultured cells and can potentially be applied to animal
models [4-6]. Deletions range from several hundred to several thousand base pairs.
The major drawback of using this technology is the apparent uncontrollable proces-
sivity of the helicase-nuclease Cas3. Consequently, deletions of various sizes must be
characterized using a large number of primer pairs flanking the potential deletions.
Other limitations include the difficulty of packaging multiprotein systems for viral
delivery in vivo. CRISPR-CAST systems, on the other hand, allow for targeted integra-
tion of large genetic material. In E. coli, up to 10 kilobases of DNA have been success-
fully inserted. Unlike conventional CRISPR-Cas9 systems, however, which allow for
scarless integration of genetic material, insertion of DNA elements using CRISPR-
CAST systems results in the integration of flanking sequences (LE and RE) as well
as duplication of the integration site. Consequently, this technology cannot be used
for precise DNA insertion, but can be used to facilitate insertion of transgenes at safe
harbor sites within genomes. Like other multiprotein effector systems, CRISPR-CAST
systems may also be difficult to package for viral delivery in vivo. Although CRISPR-
CAST systems have only been used in bacteria, the implementation of these systems
for their use in mammalian genome engineering is likely and provides an alternative to
conventional CRISPR-Cas9 systems.

4.4 Delivery

The vast majority of CRISPR-Cas systems for genome editing make use of either
multiprotein effectors or large single effectors. Although delivering these systems,
together with their cognate guide RNAs, in cultured cells or zygotes for the genera-
tion of animal models does not represent a major hurdle and is routinely performed,
delivering these systems in vivo, for therapeutic interventions, does represent a major
challenge. More compact CRISPR-Cas9 and Cas3 systems have been identified and
these may represent viable alternatives to other larger and more complex CRISPR-Cas
system for therapeutic purposes [6].

4.5 PAM requirements

The requirement for CRISPR-Cas systems to recognize short genomic sequences
has long been viewed as major disincentive for the use of these technologies for
genome engineering. However, most PAM sequences are quite short and are likely
present at a high frequency within mammalian genomes. Moreover, the development
of several CRISPR-Cas9 and Cpf1 systems with distinct PAM requirements and the
generation of engineered SpCas9 endonucleases with altered PAM specificities have
expanded the targeting capabilities of CRISPR-Cas systems.
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5. Conclusion

Since the discovery of targetable nucleases, more notably CRISPR-Cas systems,
the field of genetic and genome engineering has expanded exponentially. In less than
a decade, these systems have not only revolutionized how research is performed but
have also allowed for a plethora of scientific discoveries and paved the way for novel
human therapeutics. Emerging technologies such as Cascade-Cas3, CAST, CRISPR-
Cas7-11, and CRISPR-Cas13 provide alternatives to current technologies and may fill
a critical technological gap to improve the specificity and scope of genome editing.
Moreover, the implementation of these tools as therapeutic agents offers the potential
to treat or even cure human genetic diseases.
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Abstract

Clustered regularly interspaced short palindromic repeats/CRISPR-associated
system (CRISPR/Cas) is a powerful gene editing tool that can introduce double-
strand breaks (DSBs) at precise target sites in genomic DNA. In mammalian cells,
the CRISPR/Cas-generated DSBs can be repaired by either template-free error-prone
end joining (e.g., non-homologous end joining/microhomology-mediated end joining
[NHEJ]/[MME]]) or templated error-free homology-directed repair (HDR) path-
ways. CRISPR/Cas with NHE]J/MME] DNA repair results in various length insertions/
deletion mutations (indels), which can cause frameshift mutations leading to a stop
codon and subsequent gene-specific knockout (i.e., loss of function). In contrast,
CRISPR/Cas with HDR DNA repair, utilizing an exogenous repair template harboring
specific nucleotide (nt) changes, can be employed to intentionally edit out or intro-
duce mutations or insertions at specific genomic sites (i.e., targeted gene knock-in).
This review provides an overview of HDR-based gene-targeting strategies to facilitate
the knock-in process, including improving gRNA cleavage efficiency, optimizing
HDR efficacy, decreasing off-target effects, suppressing NHE]/MME] activity, and
thus expediting the screening of CRISPR/Cas-edited clonal cells.

Keywords: CRISPR/Cas, homology-directed repair, gene editing, Cas9, Cas12,
non-homologous end joining, microhomology-mediated end joining, knock-in

1. Introduction

Clustered regularly interspaced short palindromic repeats/CRISPR-associated sys-
tem (CRISPR/Cas) technology has revolutionized biological research and holds great
therapeutic potential, since it is remarkably flexible and reliable [1-3]. CRISPR/Cas
genome editing (i.e., genetic engineering) is a programmable technology to introduce
double-strand breaks (DSBs) at specific target sites in the genome of a living organ-
ism [1-3]. There are two major mechanisms by which Cas enzyme-mediated DSBs are
subsequently repaired [4-6]. The first is by template-free end joining (e.g., non-
homologous end joining/microhomology-mediated end joining [NHE]J]/[MME]]),
which introduces insertions/deletion mutations (indels) and can lead to targeted gene
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knock outs. The second mechanism is via the homology-directed repair (HDR) path-
way, which produces a targeted gene knock-in or other specific mutations utilizing
an exogenous donor template [4-6]. Given that DSBs generated in mammalian cells
are predominantly repaired by NHE] or MME], the rate of precise editing through
CRISPR/Cas/HDR with an exogenous repair template is significantly compromised/
reduced [4-6]. This review summarizes multiple strategies to enhance the efficacy of
CRISPR/Cas/HDR as well as decrease off-target effects.

2. CRISPR/Cas history

CRISPR history began in 1987 when Ishino et al. [7-9] first observed five repetitive
palindromic sequences of 29 nucleotides separated by random 32 nucleotides toward
the end of the E. coli genome. Although Ishino et al. [7] did not decipher the biologi-
cal significance of the puzzling repeat sequences, this report led to the discovery of
similar patterns in other bacterial and archaea genomes [10-12]. Mojica et al. [13]
then established that the unusual repetitive DNA sequences were functionally related.
These curious sequences were later designated “CRISPR” by Jansen et al. [14] given
that these loci harbor: 1) palindromic repeats with little sequence variation; 2) non-
repetitive spacer sequences between the repeats; and 3) a several hundred base pair
(bp) common leader sequence on one side of the repeat cluster. The CRISPR locus is
present in approximately 40% of the sequenced bacteria and 90% of the genomes
of the different domains of archaea [15]. Finally, it was demonstrated that CRISPR-
associated (Cas) genes (i.e., over 40), of which only a subset is found in any given
prokaryote that harbor CRISPRs, are frequently located in close proximity to CRISPR
loci [14, 16, 17]. The Cas genes were predicted to encode endo- and exonucleases,
helicases, polymerases, and RNA-binding proteins [14, 15, 17].

Initially, CRISPR/Cas systems were expected to have a role in DNA repair or
gene regulation due to their location near the DNA repair system in the bacterial
genome [18]. However, in 2005, three seminal studies revealed that the CRISPR
spacer sequences were homologous to bacteriophage, prophages, and conjugative
plasmid sequences and suggested that they were the remnants of past invasions by
extrachromosomal elements [19-21]. These investigators further speculated that there
was a relationship between CRISPR and immunity against foreign DNAs by coding
an anti-sense RNA [19-21]. In the following year, Makrova et al. [17] analyzed the
link between the CRISPR and the Cas proteins and how this system is similar to the
prokaryotic RNAi-mediated adaptive immune system, which led them to propose that
the CRISPR/Cas system, with its “memory component,” may function as inheritable
adaptive immunity for bacteria.

Subsequently, Barrangou et al. [22] demonstrated that after a viral challenge,
phage sequence was integrated into a CRISPR locus of Streptococcus thermophilus and
provided immunity against the corresponding phage. When the protospacer sequence
was deleted from the bacterial genome, they became sensitive to phage infection [22].
These investigators hypothesized that the nucleic acid based “immunity” system in
prokaryotes was dictated by the CRISPR spacer sequence and that the Cas protein
machinery mediated resistance against foreign DNAs [22].

In 2008, a pivotal study by Brouns et al. [23] established that the E. coli spacer
sequences were transcribed into a precursor CRISPR RNA (pre-crRNA) that was
matured to small crRNAs by a complex of Cas proteins. Additionally, it was dem-
onstrated that mature crRNAs serves as a “guide” to a direct a protein to target viral
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nucleic acids, which results in an antiviral response in prokaryotes [23]. Subsequently,
Mojica et al. [24] identified CRISPR-type-specific proto-spacer adjacent motifs
(PAMs), which are important for discrimination between self and nonself sequences.
Further, Garneau et al. [25] showed that CRISPR/Cas immunity resulted from the
generation of DSBs at specific sites in bacteriophage and plasmid DNA. Finally,
Sapranauskas et al. [26] demonstrated that the S. thermophilus CRISPR/Cas system
could be transferred to E. coli and provide a Cas9-mediated immunity that required a
PAM site. Their initial characterization of the Cas9 protein revealed that two domains
are involved in the formation of DBSs [26]. The Cas9 McrA/HNH-like nuclease
domain cleaves the DNA strand complementary to the guide RNA sequence (target
strand), and the RuvC/RNaseH-like domain cleaves the noncomplementary strand
(nontarget strand) (Figure 1) [26]. They also demonstrated that a 20-nucleotide
crRNA, the trimmed version of the full-length crRNA, is sufficient for DNA target
identification with efficient cleavage and that the target site of the Cas can be changed
by changing the crRNA sequence (Figure1) [26].

Next, Deltcheva et al. [27] discovered an additional small RNA designated the
trans-activating CRISPR RNA (tracrRNA). This small RNA is transcribed from
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CRISPR/Cas9 Mediated DSB

Figure 1.

Schematic representation of the CRISPR/Cas9-mediated DSB with a two-piece gRNA. The Cas9 gRNA is a
two-piece RNA complex comprised of a crRNA required for DNA targeting (denoted in green) and the tracrRNA,
which is necessary for nuclease activity (denoted in ved) [27, 28]. The Cas9 protein (denoted in yellow) binds to
the gRNA to form a RNP complex. The gRNA directs the Cas9 to a specific location in the genomic DNA (denoted
in blue) through a user-defined 20 nt sequence at the 5' end of the crRNA, which is complementary to the target
DNA (denoted by green and blue hash marks). If there is a PAM site (NGG) (denoted in pink) adjacent to the 3'
end of the 20 nt sequence, then the Cas9 McrA/HNH-like nuclease domain (denoted in peach) cleaves the DNA
strand complementary to the guide RNA sequence (target strand) and the RuvC/RNaseH-like domain (denoted
in orange) cleaves the noncomplementary strand (nontarget strand) to introduce site-specific DSBs in the target
DNA [26].
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sequence upstream of the CRISPR-Cas locus of Streptococcus pyogenes [27]. These
investigators demonstrated that, upon maturation of both the tracrRNA and the
crRNA, they form a duplex that has both single- and double-stranded regions
(Figure 1) [27]. Furthermore, Jinek et al. [28] verified that the two-RNA complex,
dual RNA (i.e., the crRNA [required for DNA targeting] and the tracrRNA [necessary
for nuclease activity]; now designated as a guide-RNA [gRNA]) directs the Cas9 to
introduce site-specific DSBs in the target DNA (Figure 1). They also demonstrated
that Cas9 target recognition required complementary seed sequences between the
crRNA and target DNA as well as a PAM sequence containing a GG dinucleotide adja-
cent to the crRNA-binding region in the DNA target (Figure 1) [28]. Moreover, Jinek
etal. [28] established that the S. pyogenes Cas9 endonuclease could be programmed
to target and cleave any dsDNA sequence, which harbors a NGG (N denotes any nt)
PAM site, with an engineered gRNA which contains a 20-nucleotide crRNA sequence
that is complementary to the target DNA (Figure 1). CRISPR-Cas technology is now
widely adopted in the scientific community due to its simplicity and precision for
gene editing, which has opened the possibility of numerous applications in the field
of genetic engineering.

3. DNA double-strand break repair

Pathological DNA DSBs can arise from normal endogenous metabolic cellular
processes (e.g., DNA replication and transcription) or from cellular exposure to
exogenous sources (e.g., reactive oxygen species, ionizing radiation, radiomimetic
chemicals, and anticancer chemotherapeutic drugs) [29-32]. However, physiologi-
cally important DNA DSBs are also required for several developmental and physi-
ological cellular activities including chromosomal disjunction, meiosis, V(D)], and
immunoglobulin heavy chain (IgH) class switch recombination [29, 33]. Notably,
both pathological and physiological DNA DSBs require efficient repair processes since
these lesions can result in insertions, deletions, chromosomal translocations, and
genomic instability, which can lead to numerous hereditary human diseases, includ-
ing cancer, developmental disorders, and premature aging [29-31, 33]. Mammalian
cells employ multiple DNA repair pathways to protect the integrity of their genomes.
However, the two predominate DNA DSB repair pathways that are template-free
NHE]/MME] and templated HDR [32, 34, 35]. It is important to note that NHE] and
HDR are two competing pathways [4-6]. In mammalian cells, template-free NHE]
is favored over templated HDR since NHE] is a rapid high-capacity pathway, which is
active throughout the cell cycle and directly represses HDR [4-6]. In contrast, HDR is
largely restricted to the S and G2 phases [4-6].

At the most basic level, the CRISPR/Cas genome editing technology is utilized to
introduce a DSB at a specific target site in the genome and then relies upon the cellular
machinery to repair this lesion by either the NHEJ/MME] or HDR repair pathways to
yield the desired repair outcomes [32, 34, 35]. If the experimental goal is to knock-
out the function of a given gene of interest, then the error-prone NHE] or MME]
pathways would be utilized to repair DNA DSBs created by the Cas endonuclease at a
programmed target site to introduce indels, which can shift the open reading frame
(ORF) and result in targeted gene loss of function [32, 34, 35]. In contrast, if the
experimental goal is to edit out or to introduce mutations at specific genomic sites
(i.e., targeted gene knock-in), then the HDR pathway would be utilized to repair the
Cas endonuclease-created DNA DSBs with an exogenous repair template harboring
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specific nucleotide (nt) changes [32, 34, 35]. The cellular NHE]J/MME]J and HDR
repair pathways of endogenous and CRISPR/Cas-generated DSBs will be discussed in
more detail below.

3.1 Template-free error-prone end joining NHEJ/MME] pathways

Non-homologous end joining (NHE]) rejoins DNA DSBs as quickly as 30 minutes
after break induction with minimal processing [4-6]. Briefly, after a DSB (i.e., DNA
ends can be either blunt or possess a short 5’ overhang) has formed, the ring-shaped
XRCC6 (X-ray repair cross complementing 6, also known as Ku70)/XRCC5 (X-ray
repair cross complementing 5, also known as the Ku80) protein heterodimer quickly
binds to the broken DNA ends [4-6]. This binding protects the DNA ends from
further resection, preventing MMEJ and HDR pathway initiation [36, 37]. The
XRCC6/XRCCS5 heterodimer (Ku) then recruits and activates the catalytic subunit
of the DNA-dependent protein kinase (DNA-PKcs) [38, 39]. The XRCC6/XRCC5
heterodimer subsequently recruits additional NHE] factors including XRCC4 (X-ray
repair cross complementing 4), NHE]J1 (non-homologous end joining factor 1, also
known as XLF), and (DNA ligase IV) to the complex to ligate the DNA DSB ends
[40]. Therefore, in the absence of DNA end processing, NHE]-mediated repair
is error-free [40]. In contrast, if the DSB ends are not ligatable due to nucleotide
overhangs, DCLREIC (DNA cross-link repair 1C, also known as Artemis), a single-
strand-specific 5’ — 3’ exonuclease, and specialized DNA polymerases POLL (DNA
polymerase) and POLM (DNA polymerase ) generate compatible DNA blunt ends,
which can then be ligated by LIG4 [41]. Importantly, this process limits DNA end
processing and minimizes mutagenesis (i.e., indels) [41].

3.2 Microhomology-mediated end joining (MME]J)

Although it was originally thought that most CRISPR/Cas-generated DNA DSBs
were repaired by the NHE] pathway [4-6], it is now apparent that a significant
number of these DSBs are also fixed by the MME] pathway (>50%) [42, 43]. MME],
like NHE], does not require a template for repairing DNA DSBs [4-6]. However,
in contrast to NHE], MME] begins with a short-range resection of the DNA DSBs
and functions independently of XRCC6/XRCCS5 and LIG4 [44]. MME] resection
is initiated by the MRN (i.e., MRE11 [MRE11 homolog double-strand break repair
nuclease]-RAD50 [RAD50 double-strand break repair protein]-NBN [Nibrin, also
known as NBS]) DNA DSB repair damage sensing complex with its stimulatory factor
RBBP8 (RB-binding protein 8 endonuclease, also known as CTIP) [4-6, 44]. RBBP8
phosphorylation stimulates MRE11 endonuclease activity to create a nick at the 5’
strand near to the DSB, which promotes the removal of XRCC6/XRCC5 and DNA-
PKcs, thus preventing NHE] [45-47]. The resulting nick allows the MRE11 3’-to-5’
exonuclease to resect back toward the DNA DSB, which generates short 3’ overhangs,
thus exposing potential single-strand DNA microhomologies (5-25 bps) on opposite
strands, which allows the broken ends to realign and anneal [4-6, 44]. Any result-
ing heterologous 3’ single-stranded DNA (ssDNA) flaps must be removed by the
ERCC1 (ERCC excision repair 1 endonuclease non-catalytic subunit)/ERCC4 (ERCC
excision repair 4 endonuclease catalytic subunit, also known as XPF) endonuclease
[48]. POLQ (DNA polymerase theta) is recruited to stabilize the annealed ssDNA
and fills any gaps via template-directed DNA synthesis. Ligl (DNA ligase 1) or LiglII
(DNA ligase 3) subsequently seals the break [49]. Importantly, due to the resection
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step, MME] is “error prone,” and therefore, this repair mechanism can lead to indels,
chromosomal translocations, and end-to-end chromosomal fusions [42, 43].

3.3 CRISPR/Cas9-induced error-prone end joining DNA repair outcomes

Then, the Cas9/gRNA complex binds to its target site, and the Cas9 HNH nuclease
domain cleaves the target strand 3 bp upstream of the PAM site [50]. In contrast,
the Cas9 RuvC-like nuclease domain cleaves the non-target strand 3, 4, or 5 bp
upstream [50]. Therefore, Cas9-induced DSB ends are either blunt or have 1-2 bp 5
overhangs [50]. As described above, the blunt ends can be directly ligated with the
XRCC4/NHEJ1/LIG4 complex through NHE], without any further processing (i.e.,
“error-free” NHE]) (Figure 2) [42]. Importantly however, even when DNA DSBs are
repaired by nontemplated NHE], it has been established that the Cas9 cleavage cycle is
repeated over and over until NHE] mutagenic events prevent gRNA target recognition
[51]. Thus, this repeated cleavage process enhances the number of non-templated
indels (Figure 2) [51-55]. Likewise, Cas9-induced DNA DSB ends that have 1-2 bp 5’
overhangs are not ligatable and must be processed further by DCLRE1C, POLL, and
POLM, which subsequently generates blunt ends followed by ligation through NHE]
[43]. Importantly, this process results in 1-2 bp indels (Figure 2) [55].

Similarly, Cas-induced DSBs repaired by the MME] pathway are also innately
mutagenic due to the loss of sequence information when the extraneous heterologous
3’ ssDNA flaps are cleaved off [56, 57]. The frequency of deletions mediated by MME]
is positively correlated with GC base content, and microhomology length, with dele-
tions of two or more nucleotides occurring most often [50-55]. Interestingly, recent
studies have established that MME] repair outcomes of Cas9-induced DSBs are not
random and can be predicted [50-55].

Given the mutagenic nature of Cas9-induced DSBs repaired by NHE] and MME]
(i.e., the generation of non-templated indels), this type of end joining is leveraged
frequently to silence gene expression (i.e., gene-specific knockout or loss of function)
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Figure 2.

Sc%ematic representation of potential outcomes of error-prone NHJE/MME] repair of CRISPR/Cas9-mediated
DSBs. The PAM site (denoted in pink) is shown relative to the DSB generated by CRISPR/Cas9 cleavage.
Nontemplated DNA repair is mediated by the NHE]/MME] pathway as described in the text. Three potential
outcomes are shown. Nontemplated error-prone repair of CRISPR/Cas9-mediated DSBs can cause frameshift
mutations leading to a stop codon and subsequent gene-specific knockout (i.e., loss of function).
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(Figure 2) [50-54]. Cas9-mediated error-prone NHE] and MME] repair has been
utilized to study the function of a wide variety of genes and noncoding elements

in cellular and animal models [35, 37, 58]. Additionally, precise template-free end-
joining-mediated genome editing through MME] has also been achieved [35, 37, 58].

4. Templated homology-directed repair

HDR of endogenously generated DNA DSBs requires extensive DSB end resec-
tion and necessitates the physical base pairing interactions between the broken DNA
strands and an identical sister chromatid, a homologous chromosome, or an ectopic
site (i.e., a double-strand DNA [dsDNA] repair template) [4-6]. Therefore, HDR is
most prominent during S and G2 cell cycle phases when an identical sister chromatid
is available for recombination [59, 60]. Although HDR is typically an error-free
process, indels, point mutations, genomic rearrangements, and subsequent genomic
instabilities can result in a DNA donor-dependent or donor-independent manner [61].

4.1 Rad51-dependent homology-directed repair

The repair of DNA DSBs using an endogenous dsDNA repair template can occur
through a RAD51 (RAD51 recombinase)-dependent mechanism [32, 34, 35, 62]. Initially,
HDR, like MME]J, begins with a short-range 3'-to-5’ resection (5-25 bps) of DNA ends
mediated by the MRN/RBBPS8 complex [32, 34, 35, 62]. The short-range resection is then
followed by long-range 5'-to-3’ resection (>1000 bps) catalyzed by EXO1 (exonuclease
1) or DNA2 (DNA replication helicase/nuclease 2) with the assistance of BLM (BLM
RecQ-like helicase) or WRN (WRN RecQ-like helicase) [32, 34, 35, 62]. The resected
3’ ssDNA overhangs are subsequently stabilized by the binding of multiple RPA (het-
erotrimeric Replication Protein A) complexes [63]. RPA complexes are then replaced by
the ATP-dependent nucleoprotein Rad51 (RAD51 recombinase) that forms long helical
filaments on the resected 3’ ssDNA overhangs [64, 65]. RAD51 promotes the invasion of
the overhangs (i.e., strand exchange), aligns, and pairs the ssDNA with a homologous
sister chromatid sequence to form a displacement loop (D-loop) [32, 34, 35, 62]. The
invading 3’ ssDNA overhang within the D-loop can then be extended by POLD1 (DNA
polymerase delta 1) to synthesize sequences lost at the break site and by end resection
using the homologous sister chromatid sequence as a template [66]. Finally, the result-
ing HDR intermediates can be resolved by multiple mechanisms, which include SDSA
(synthesis-dependent strand annealing), crossover and non-crossover dHJ (double
Holliday junction), and BIR (break-induced replication) [32, 34, 35, 62].

4.2 Rad51-independent homology-directed repair

Alternatively, endogenously generated DSBs cans also be repaired by a RAD51-
independent HDR pathway designated single-strand annealing (SSA). Like Rad51-
Dependent Homology-Directed Repair, SSA also requires long-range 5'-to-3’ resection
(>1000 bps) catalyzed by EXO1 or DNA2/BLM [32, 34, 35, 62]. The resected 3’
ssDNA overhangs are subsequently bound with RPA complexes; however, they are
replaced by RAD52 (RAD52 homolog, DNA repair protein), which promotes the
annealing of homologous sequences within the two DSB ends [67, 68]. The heterolo-
gous DNA flaps generated by SSA annealing are removed by the ERCC1 endonuclease
complex, thus producing genomic deletions [48].
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4.3 CRISPR/Cas-induced homology-directed repair (HDR) DNA repair outcomes

For HDR, subsequent to CRISPR/Cas-generated DSBs, an exogenous DNA
template that shares homology to ends of the DSB and contains the desired gene-
specific nucleotide changes, mutations, or additions is required to incorporate these
alterations intentionally and precisely via the HDR pathway (Figure 3) [32, 34, 35].
If a donor DNA template is not provided, then error-prone NHEJ/MME] will be the
predominant mechanism utilized to repair the DSB and unwanted indels will occur
[32, 34, 35].

If exogenous plasmids, PCR products, or chromatinized templates are utilized as
dsDNA donor templates, then the Rad51-dependent HDR pathway described above
is employed [32, 34, 35, 69]. In contrast, if single-strand oligodeoxynucleotides
(ssODNSs) are used as homologous donor templates to repair CRISPR/Cas-generated
DSBs, then a RAD51-independent mechanism designated, single-stranded DNA
donor-templated repair (SSTR) occurs through SSA and synthesis-dependent strand
annealing (SDSA) [67, 68, 70, 71]. Like RAD51-dependent HDR, SSTR is initiated
by resection of the DSB [67, 72-74] and like SSA, SSTR requires RAD52 to promote
annealing of 3’ resected ssDNA tails with ssODN donor templates followed by DNA-
templated synthesis [68, 70, 74].
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Figure 3.

Sc%ematic representation of precise gene modification mediated by HDR of CRISPR/Cas9-mediated DSBs.

The PAM site (denoted in pink) is shown relative to the DSB generated by CRISPR/Cas9 cleavage. The ssODN
donor template with symmetric 40-nt homology arms with the desived modifications placed in the middle of the
template (denoted four red hash marks). Blocking PAM mutations (i.e., NGG - NCC) are also shown denoted
with the pink and two red hash marks). After co-transfection of the Cas/RNP complex with the ssODN donor
template, this template is utilized to repair the genevated DSB by the HDR pathway. This allows for the precise
knock-in of the sequence of interest.
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5. Optimizing HDR efficiency
5.1 Allelic considerations

Before initiating any CRISPR/Cas genome editing projects, regardless of whether
knockout (i.e., NHE]/MME]) or knock-in (i.e., HDR) experiments are planned, one
must explore how many target gene alleles of interest are present in the cell line to be
edited. This is a crucial consideration given that many cancer cell lines utilized for
gene editing experiments often exhibit extensive somatic gene copy number varia-
tion (CNV) [75, 76]. Therefore, a chosen gene of interest could vary from a single
copy (e.g., heterozygous deletion), two copies (e.g., normal), several copies (e.g.,
aneuploidy), or many copies (e.g., gene amplification) depending on which cell line is
utilized for the CRISPR/Cas/NHE]J/MME] or CRISPR/Cas/HDR experiments.

For example, many CRISPR/Cas studies (i.e., from 2020 to 2022, greater than
100 published as per PubMed) have utilized K562 cells (an immortalized chronic
myelogenous leukemia cell line) that are known to contain widespread aneuploidy
and numerous obvious structural abnormalities [77-80]. Recently, Zhou et al. [81]
published a comprehensive characterization of the K562 genome. This publication
proved to be invaluable as our laboratory initiated CRISPR/Cas/HDR studies utiliz-
ing an anticancer drug (etoposide)-resistant K562 clonal subline, K/VP.5, previously
generated by our laboratory [82, 83].

Briefly, our laboratory studies human DNA topoisomerase IIa (170 kDa,
TOP20/170), which generates transient double-strand DNA breaks to resolve
nucleic acid topological entanglements [84, 85]. TOP2a/170 is an important target
of anticancer drugs (such as etoposide), whose efficacy is often compromised due
to decreased TOP2a/170 levels [86, 87] and resultant attenuation of cytotoxic drug-
induced TOP2a-DNA covalent complexes [84, 85]. Compared to parental K562 cells,
etoposide-resistant K/VP.5 cells contain reduced TOP2a/170 levels and express high
levels of a novel C-terminal truncated TOP2a isoform (90 kDa, TOP2a/90) [88, 89].
TOP2a/90 is the translation product of a short TOP2a mRNA that is generated from
a cryptic poly(A) site harbored in intron 19 (i.e., I19 intronic polyadenylation; 119
IPA) [90, 91]. TOP2a/90 lacks the active site tyrosine 805 harbored in exon 20 of
full-length TOP2a/170 necessary for TOP2a-mediated DNA strand breaks [88-91].
We hypothesized that, by utilizing CRISPR/Cas/HDR to enhance the TOP2x gene’s
suboptimal exon 19/intron 19 5° SS (E19/119 5” SS), removal of intron 19 would
be enhanced, which in turn would result in decreased TOP20/90 mRNA/protein,
increased TOP2a,/170 mRNA/protein, and circumvention of etoposide resistance [92].

Since the human TOP2a gene is harbored on chromosome 17 (i.e., mapped to
chromosome 17q21-22) [93], Zhou et al’s [81] study was utilized to determine the
number of TOP2« alleles (i.e., copy number) present in the K562/K/VP.5 cells before
initiation of CRISPR/Cas/HDR experiments [92]. It was found that K562 and the
isogenic-acquired resistant cell line, K/VP.5, contained three TOP2a alleles [81].
Therefore, our CRISPR/Cas9/HDR strategy was focused on editing all three TOP2a
alleles in K/VP.5 cells at the E19/119 5” SS to maximize the desired phenotypic change
(i.e., decreased TOP20/90 mRNA/protein, and increased TOP20/170 mRNA/protein
levels) and to circumvent etoposide resistance [92]. qPCR and Sanger sequencing
demonstrated that the ratio of wild-type to edited genomic sequence decreased by
1/3 with each allele edited [92]. TOP2a/90 progressively decreased and TOP2a,/170
increased with each allele edited by CRISPR/Cas9/HDR. Etoposide resistance was
completely reversed when all three TOP2a alleles were edited to enhance the E19/119
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5" SS [92]. RNA seq confirmed that intron 19 was effectively spliced out in the three
allele-edited clone [92].

5.2 PAM site considerations

Multiple studies have demonstrated that CRISPR/Cas-generated DSBs should be in
close proximity to the edit site to achieve high HDR efficiencies [93-100]. These investi-
gators established that if a Cas9 PAM site (i.e., NGG; N denotes any nt) was located more
than 14 bp (on either DNA strand) from the desired gene-specific nt changes, muta-
tions, or additions, then the efficiency of CRISPR/Cas9/HDR was dramatically reduced.
However, Renaud et al. [96] observed that the 14-bp limitation may be pushed to 20 bp
utilizing chemically modified ssODN donor templates (see “HDR Considerations”
below). Paquet et al. [94] also demonstrated that it was easier to create homozygous gene
edits when the PAM site was closer to the intended nucleotide changes and heterozygous
gene editing by distance-dependent suboptimal mutation incorporation.

Importantly, Schubert et al. [100] indicated that although guide selection in close
proximity with the required HDR changes is important, it was more significant that
the gRNA utilized not only targeted Cas9 to the appropriate sequence but also acti-
vated Cas9 endonuclease activity. Therefore, since all gRNAs are not equally efficient
in activating Cas9, it is essential that the cleavage efficiency for each gRNA utilized
is calculated using a T7 endonuclease mismatch cleavage assay (i.e., measuring the
extent of indel formation) before initiating HDR experiments [97, 100]. If several
Cas9 PAM sites are identified within the 15 base HDR parameter, then the gRNA
eliciting the highest cleavage efficiency should be utilized for CRISPR/Cas9/HDR
experiments (see “gRNA Considerations” below).

Since the lack of gRNAs with appropriate cleavage efficiency and proximity to the
desired HDR-mediated changes is a significant limitation for many CRISPR/Cas9/
HDR studies, Schubert et al. [100] also demonstrated that Cas9 D10A nickases (i.e.,
induce single DNA nicks) can be utilized for HDR mutation experiments if gRNAs
target PAM sites on opposite strands of the genomic DNA to generate a staggered DSB
provided that the desired mutation is placed between the two nick sites. Alternatively,
the number of possible CRISPR/Cas/HDR editing sites can be expanded with the uti-
lization of Casl2a (also known as Cpfl), which recognizes a unique PAM site (TTTV;
V denotes an A, C, or G nt) [101].

Since Cas9/Cas12a PAM site recognition restricts targeting and affects CRISPR/Cas/
HDR editing efficiency and flexibility, there are efforts to genetically re-engineer CRISPR
enzymes to target heretofore inaccessible PAMs [102-105]. For example, Kleinstiver et al.
[106] have successfully altered S. pyogenes Cas9 (SpCas9) PAM specificity by utilizing
bacterial selection-based directed evolution. Walton et al. [104] utilized structure-guided
engineering to develop several “near-PAMless” SpCas9 variants capable of targeting
NGN and NRN (R denotes an A or G), respectively. Finally, Kleinstiver et al. [105] have
also utilized structure-guided protein engineering to improve the targeting range of
Acidaminococcus sp. Cas12a. Together these studies suggest that the PAM site constraints
that currently limit CRISPR/Cas/HDR editing will be circumvented in the future.

5.3 gRNA considerations

Most CRISPR/Cas genome editing experiments are now performed by delivering
purified Cas9/Cas12 proteins and chemically synthesized gRNAs as a ribonucleo-
protein (RNP) (i.e., Cas/RNP) complex to restrict their temporal activity, improve
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precision, decrease the immune response, and reduce off-target effects [106, 107].
Specifically, engineered gRNAs have been chemically modified to increase their
stability and decrease off-target editing resulting in enhanced cleavage efficiency and
improved HDR efficacy [108, 109].

gRNAs can be synthesized in two formats. First, like the endogenous Cas9 gRNA,
the crRNA/tracrRNA is a two-piece gRNA where the crRNA (~36-42 nt) and tracrRNA
(~67-89 nt) are synthesized as two independent oligonucleotides and are subsequently
annealed together through a complimentary linker region to form a functional gRNA [28].
Second, a single guide (sgRNA, 100 nt) can be synthesized, which comprises both the
crRNA and tracrRNA in a single oligonucleotide (no annealing is required) (Figure 4).
It is important to note that the PAM sequence is not included in either gRNA format [28].
One advantage of the two-piece gRNAs is that the tracrRNA sequence is the same for all
CRISPR/Cas9 experiments and only the crRNA sequence varies, based on the DNA site
to be targeted [28]. Therefore, one chemically synthesized tracrRNA can be annealed to
any chemically synthesized crRNA. Chemically synthesized chimeric sgRNAs have the
advantage that they exhibit equivalent or greater efficiency compared to the native dual
RNA system [109, 110]. We advocate for the use of sgRNAs since our laboratory tested sev-
eral two-piece gRNAs that exhibited no activity [92] that when resynthesized as sgRNAs
displayed high cleavage efficiency [111].

Since RNAs are inherently unstable and susceptible to endo- and exonucleases,
considerable effort has been devoted to chemically modifying RNAs to improve their
stability. Importantly, Hendel et al. [112] established that chemical modification of
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Figure 4.

Sc%ematic representation of the CRISPR/Cas9-mediated DSB with a one-piece sgRNA. The CRISPR/Cas9
schematic is denoted as described in Figuve 1, except Cas9 sgRNA is synthesized as a single molecule, which
harbors both the crRNA and the tracrRNA (denoted in light blue). The DSB is created as described in Figure 1.
sgRNAs have the advantage that they can exhibit greater efficiency compared to the native dual RNA system with
no crRNA/tracrRNA annealing step required [109, 110].
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gRNAs protected them from degradation and enhanced genome editing efficiency.
Specifically, these investigators demonstrated that when 2’-O-methyl 3'phospho-
rothioate (MS), or 2’-O-methyl 3'thioPACE (MSP) chemical modifications were
incorporated at both the 5" and 3’ three terminal nucleotides, and indel formation and
HDR were significantly increased [112]. They concluded that chemically synthesized/
modified sgRNAs offer significant advantages over sgRNAs expressed by plasmids

or by in vitro transcription, including 1) scalable and robust production for many
applications; 2) greater sgRNA design flexibility; 3) lower toxicity; and 4) increased
efficacy [112]. In conclusion, the studies reviewed in this section clearly suggest that
the continued optimization of synthetic gRNAs will increase cleavage and on-target
efficiency, which will help leading to future efficacious CRISPR-based therapies.

5.4 HDR template considerations

Regardless of whether dsDNA or ssODN donor templates are utilized by distinct
HDR pathways to mend Cas RNP complex generated DSBs, the same precise, inten-
tional repair outcomes can be achieved. However, ssODNs donor templates are most
frequently used to introduce specific changes (e.g., introduce or correct mutations,
and to create short insertions) into specific DNA sequences through HDR due to their
superior efficiency, fidelity, and ease of synthesis (Figure 3) [71, 74, 95-97, 113].
Importantly, recent studies investigating 1) chemical modifications at the 5" and 3’
ends of ssODNs donor templates; 2) optimal complementary length; 3) homology
arm polarity and asymmetry; and 4) donor template design to prevent the re-cleavage
of edited alleles have resulted in empirical rules to rationally design ssODN donor
templates to maximize HDR efficiency and flexibility [94-100].

Renaud et al. [96] established that phosphorothioate (PS) chemical modifications
at the two terminal nucleotides at both the 5" and 3’ ends of ssODNs repair templates
strongly enhanced genome editing efficiency in cultured cells. These investigators also
demonstrated that PS-modified ssODN donor templates also permitted efficient inser-
tion of over 100 nucleotides, while only limited integration was observed with non-
chemically ssODNs [96]. Likewise, a higher frequency of insertions was attained in mice
and rats using modified ssODNs [96]. The importance of utilizing PS-modified ssODN
repair templates to enhance HDR editing efficiency was validated by Liang et al. [97].

Richardson et al. [95] demonstrated that although Cas9 dissociates slowly from
dsDNA substrates, Cas9 releases the 3’ end of the cleaved nontarget strand (NT
strand, the DNA strand that is not complementary to the gRNA and harbors the
“NGG” PAM sequence) before complete Cas9 dissociation. They subsequently
showed that ssODNs donor templates complementary to the NT strand increased
HDR frequencies compared to donor templates complementary to the target strand
(T strand; the DNA strand that is complementary to the gRNA and does not contain
the “NGG” PAM sequence) [95]. Finally, these investigators established that ssODN
donor templates asymmetrically oriented relative to the 5'- and 3’-side of the gener-
ated DSB and complementary to the NT strand also increased HDR rates [95]. In
support of these results, Liang et al. [97] also showed that asymmetric ssODNs with
30-bp homology arms 3’ to the insertion and greater than 40 bp of homology at the
5’ end were preferred. This report indicated that the optimal amount of asymmetric
ssODN was 10 pmol. However, in contrast to Richardson et al. [95], these investiga-
tors only observed a slight increase in HDR efficiency with NT strand compared with
T strand ssODN repair templates [97]. Okamoto et al. [99] demonstrated that the
optimal ssODN donor template should have a total length of ~75-85 nt with 30 to
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35 nt perfectly matched homology arms on the 5’ and 3’ ends and complementary to
the gRNA strand (i.e., T strand). Recently, Schubert et al. [100] established further
design parameters to improve HDR efficiencies by testing hundreds of genomic loci
and multiple cell lines. First, they demonstrated that the ssODN donor template (i.e.,
NT or T strand) that leads to the highest HDR efficiencies varies greatly depending
on the genomic locus and cell type utilized [100]. Second, they observed that the
preferred strand (NT or T), relative to the gRNA, is dependent on where the desired
HDR modification is located. For example, there is no repair strand preference when
the HDR modification is placed precisely at the Cas9 cleavage site [100]. However, if
the HDR modifications occur further from the Cas9 cleavage site, a NT strand ssODN
donor template is preferred for PAM-distal mutations and a T strand ssODN donor
template is ideal for PAM-proximal mutations [100]. Additionally, they showed that
asymmetric homology arms did not improve HDR beyond symmetrical homology
arms when arm length was >30-nt from both the mutation location and the Cas9
cleavage site [100]. These investigators advocated for ssODN donor templates with
40-nt homology arms with modifications placed in the middle (Figure 3) [100].

The CAS RNP complex can regenerate DSBs in alleles already appropriately edited,
thereby lowering HDR efficiency [94, 99]. In another design innovation using ssODN
donor templates, Paquet et al. [94] strategically prevented re-cutting of HDR-edited
sites by introducing CRISPR/Cas-blocking PAM site mutations in their repair tem-
plates and observed increased HDR accuracy and effectiveness. Okamoto et al. [99]
subsequently established that ssODN repair templates with a single mutation in the
PAM site (i.e., NGG - NGC) showed the highest HDR efficiency. Their results clearly
indicated that the re-cutting of edited alleles resulted in very low HDR efficiencies,
and that introducing PAM site mutations within ssODN repair templates to prevent
re-cutting is essential for efficient HDR knock-in [99]. Schubert et al. [100] also
demonstrated that adding a blocking PAM mutation to the second or third base of
the PAM (i.e., NGG — NCG or NGC) in ssODN repair templates resulted in greater
HDR efficiency. Donor templates containing two blocking PAM mutations (i.e.,

NGG — NCC) resulted in the highest HDR efficiency (Figure 3). Finally, another
important indication for blocking PAM mutations in HDR repair templates is to
ensure that when multiple rounds CRISPR/Cas/HDR transfections are required to
edit all gene-specific alleles in cell lines that exhibit aneuploidy; the previously edited
alleles will not be re-cut in the subsequent rounds of transfection [91, 92].

5.5 Pharmacological strategies to enhance HDR efficiency

Most CRISPR/Cas/HDR genome editing experiments are now performed by trans-
fecting Cas/RNP complexes and ssODN repair templates to restrict temporal activity,
thereby reducing off target effects, decreasing immune responses, and increasing HDR
efficiency [94-100, 106-110, 112, 113]. Discussion below of pharmacological and genetic
strategies for gene editing by HDR will be limited to this experimental paradigm.

Since NHE]J/MME] are rapid high-capacity pathways which are active throughout
the cell cycle (i.e., G1, S and G2 phases), while HDR is active only after DNA replica-
tion is completed and sister chromatids are available to serve as repair templates
(i-e., late S and G2 phases) [60], one of the first attempts to pharmacologically
enhance CRISPR/Cas/HDR efficiency was to time the delivery of Cas RNA complexes
after synchronization of cells using aphidicolin or nocodazole [114]. Lin et al. [114]
demonstrated that synchronization, with either aphidicolin or nocodzole, resulted in
increased HDR rates (up to 38%) compared with unsynchronized cells.
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Since DNA repair is also influenced by the accessibility of DNA binding factors,
like Cas RNP complexes [115, 116]. Li et al. [117] hypothesized that CRISPR/Cas/
HDR efficiency would be enhanced with histone deacetylase (HDAC) inhibitors,
trichostatin A (TSA) and PCI-24781, by promoting a more open chromatin structure
[118]. These investigators established that HDR, single strand annealing and ssODN
mediated HDR were all increased with HDAC inhibitor treatment [118]. Moreover,
this study demonstrated that TSA and PCI-24781 usage also favored HDR by arresting
the cell cycle in the G2/M phase [118].

Another pharmacological strategy to improve HDR efficiency is to target the com-
peting NHE]/MME] pathways. Riesenberg et al. [119], explored the efficacy of a wide
range of small molecules reported to inhibit the NHE]/MME] pathways or to activate/
increase the HDR protein components. These investigators determined that NU7026
(DNA-dependent protein kinase, DNA-PK inhibitor), TSA, MLN4924 (NEDDS8 E1
Activating Enzyme Inhibitor), and NSC 15520 (replication protein A1, RPA1 inhibi-
tor) increased HDR efficiencies in various genes and in specified cell lines when
DSBs were generated by nickase Cas9n and Cas12/RNP complexes [119]. When Cas9/
RNP complexes were utilized to generate DSBs, only NU7026 significantly increased
HDR efficacy [119]. NSC 19630 (WRN RecQ like helicase, WRN inhibitor), AICAR
(protein kinase AMP-activated catalytic subunit alpha 1, PRKAA1 activator), RS-1
(RAD51 recombinase, RAD51 stimulator), Resveratrol (selective inhibitor of COX-1),
SCR7 (DNA ligase IV inhibitor), and L755507 (potent $3-adrenergic receptor partial
agonist), showed no clear effect on any Cas/HDR efficiency [119]. Finally, it was dem-
onstrated that the combination of NU7026, TSA, MLN4924, and NSC 15520 resulted
in the highest HDR levels observed with Cas9n and Cas12/RNP complexes [119].

In contrast to the results presented above, other investigators have successfully
utilized SCR7 (DNA ligase IV inhibitor) to specifically impede the NHE] pathway to
increase HDR activity [120-124]. However, there are also conflicting reports on the
ability of this compound to increase HDR [119, 125, 126]. The lack of consistency with
this compound regarding HDR efficacy may have resulted from the use of different
chemical derivatives of SCR7 [127]. Additionally, Greco et al. [127] demonstrated that
SCRY7 exhibited greater inhibitory activity against DNA ligases I and III than DNA
ligase IV and therefore should target the MME] pathway (i.e., also involved in error-
prone repair).

6. Conclusion

CRISPR/Cas/HDR is a robust gene editing methodology to purposefully edit out
or introduce mutations or insertions at specific genomic sites (i.e., targeted gene
knock-in) by creating a DSB along with the introduction of an exogenous template
harboring the desired nt changes for DSB repair via the HDR pathway [32, 34, 35].
Since DSBs generated in mammalian cells are predominantly repaired by NHE]J/
MME] pathway [4-6], success of CRISPR/Cas/HDR gene editing will depend on
maximizing overall HDR efficacy. We propose the following “workflow” strategies
to facilitate the knock-in process (Figure 5). First, after developing an experimental
CRISPR/Cas/HDR hypothesis, serious consideration must be given to the appropri-
ate cellular system to utilize and the number of gene alleles of interest that may need
be edited to obtain a resulting altered phenotype. If the cell line of choice is not well
characterized, sequence analysis of CRISPR-edited cells may help determine the
number of edited and non-edited alleles [91, 92, 111].
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Figure 5.
Proposed experimental flow diagram to maximize CRISPR/Cas/HDR gene editing efficiency. An explanation of
the flowchart is discussed in the conclusion section.

Second, the location of the targeted gene knock-in must be analyzed to determine
if a Cas9/12 PAM site(s) is/are harbored within 20 nt of the DNA sequence to be
edited (both DNA strands should be analyzed) [93-100]. If more than one PAM
site is identified that is in close proximity to sequence to be edited, we advocate that
multiple chemically modified 5’ and 3’ terminal nucleotide sgRNAs be synthesized.
Although chemically modified sgRNAs exhibit increased stability and decreased off-
target editing [108, 109], not all gRNAs are equally efficient in activating Cas enzymes
[100]. Therefore, the cleavage efficiency for each sgRNA should be determined by
employing a T7 endonuclease mismatch cleavage assay [97, 100] before proceeding
with CRISPR/Cas/HDR editing experiments. The sgRNA with the highest cleavage
efficiency should be utilized [100].

Third, for CRISPR/Cas/HDR, ssODN repair templates chemically modified at
their 5’ and 3’ ends should be used to introduce specific changes (e.g., introduce or
correct mutations, and to create short insertions) due to their superior efficiency,
fidelity, and ease of synthesis [71, 74, 95-97, 113]. Although there are conflicting
opinions regarding the optimal homology arm length, homology arm polarity, and
asymmetry [94-100], it is now well established that HDR efficiencies varies greatly
depending on the genomic locus and cell type utilized [94-100]. The most recent
CRISPR/Cas/HDR editing data suggest that ssODN donor templates with symmetric
40-nt homology arms with the desired modifications placed in the middle of the
template should be an appropriate standard approach (Figure 3) [100]. Regarding
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the polarity of the ssODN donor templates with respect to the gRNA (see Figure 1),
an NT strand ssODN donor template is preferred for PAM-distal mutationsand a T
strand ssODN donor template is ideal for PAM-proximal mutations [100]. Finally,
blocking PAM mutations (i.e., NGG — NCC) should always be introduced in ssODN
repair templates to further increase HDR efficiency [94, 99, 100] and to allow for
potential repeated rounds of CRISPR/Cas/HDR transfections when editing multiple
alleles in cell lines, which exhibits aneuploidy (Figure 3) [91, 92, 111].

Fourth, the chemically modified sgRNA with the highest cleavage efficiency should
be incubated with high-quality, purified Cas9 or Cas12 enzymes that harbor a nuclear
localization sequence (NLS) to form a Cas/RNP complex followed by co-transfection
with an optimized ssODN donor template as above. Importantly, this procedure
improves precision, restricts the temporal activity, decreases the immune response,
and reduces the off-target effects of Cas proteins (Figure 3) [94-100, 106, 107].

Fifth, after transfection, small aliquots of cell suspension should be sampled to
determine genomic cleavage efficiency (i.e., T7 endonuclease mismatch cleavage
assay) [97, 100] to validate success in transfection, targeting, and DSB formation by
the Cas/RNP complex at the appropriate genome location [91, 111]. Remaining cell
suspensions should then be diluted (i.e., limiting dilution) and transferred to 96-well
plates at a concentration less than one cell per well and allowed to grow until individ-
ual colonies are identifiable in some wells [128]. Individual clonal populations can be
split into larger wells and then qPCR and/or Sanger sequencing [91, 92, 111] utilized
to determine which clones contain the desired CRISPR/Cas/HDR editing. If electro-
pherogram visualization of genomic sequence reveals only edited sequence, then this
clone can be characterized for the hypothesized phenotypic changes. In contrast, if
wild-type and edited genomic sequences are identified in the electropherogram, then
the ratio of edited to wild-type to edited alleles can be determined. Editing all gene
alleles of interest may be required to detect the hypothesized phenotypic change(s)
[91, 92, 111]. If sequencing results reveal that a significant number of clonal cells have
undergone NHEJ/MME] with no HDR editing, then pharmacological inhibitors (as
described above) can be considered in an attempt to increase HDR efficiency.

The unique CRISPR/Cas/HDR gene editing experimental outline described in
Figure 5 incorporates the most comprehensive sgRNA and ssODN design consid-
erations along with several important practical details that will help maximize the
frequency of precise HDR. It is anticipated that, as strategies to enhance CRISPR/Cas/
HDR efficacy continue to advance, that this tractable experimental workflow will
accelerate the development of therapeutic gene editing.
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Abstract

Clustered regularly interspaced short palindromic repeats (CRISPRs) technique is
the most effective and novelist technique for genome editing. CRISPR mechanism has
been widely developed for gene editing, gene silencing, high-specific regulation of the
transcription, and reducing off-target effects through double-strand breaks (DSBs)
in the genomic DNA and then modifying nucleotide sequences of the target gene in
diverse plant and animal species. However, the application may be restricted by a high
rate of off-target effects. So, there are many studies on designing precise single-guide
RNAs (sgRNAs) to minimize off-target effects. Thus, the high-efficiency design of a
specific sgRNA is critical. First, in the chapter, the sgRNA origin and different types
of gRNA will be outlined. Then, the off-target effect will be described. Next, the
remarkable characteristics of the sgRNA will be highlighted to improve precise gene
editing. Finally, some popular iz silico tools will be introduced for designing sgRNA.

Keywords: sgRNA, guide RNA, crRNA, tracrRNA, off-target effect, designing tools,
CRISPR/Cas

1. Introduction

Clustered regularly interspaced short palindromic repeats (CRISPRs) and their
CRISPR-associated (Cas) proteins system is an effective immune system among
bacteria and archaea. This system was first discovered in the E.coli genome. CRISPR/
Cas is an acquired immunity mechanism in many bacteria and archaea against the
genome of the infection factors such as viruses and plasmids [1]. CRISPR/Cas system
is classified into three major groups (I, II, and III) with a specific functional mecha-
nism and gene family encoding the specific Cas proteins. Types I and III apply several
Cas proteins for endonuclease activity, while type II uses only one protein (Cas9) [2].
Evolutionary competition between the pathogens and host in the CRISPR/Cas system
shows a very high variable rate in structures and functions. So, recent classification
has stated that the CRISPR system has been categorized into two classes (I and II) and
six types (I-VI) [3].
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Most studies on genome engineering have been performed in system type II,
derived from Streptococcus pyogenes (SpCas9). The advantage of system type II
is that it needs only one protein (Cas9) for endonuclease activity. However, this
system also needs the types of RNA, including CRISPR RNA (crRNA), which
functions as a Cas protein guide for pairing with the target genome sequences, and
trans-activating CRISPR RNA (tracrRNA), which play critical roles in crRNA mat-
uration and directing Cas9 to the desired site [4, 5]. Merging of tracrRNA:crRNA
sequences as a chimeric sequence known as single-guide RNA (sgRNA), which
covers the features of both RNA types, makes it suitable and applicable for genome
editing [6].

All CRISPR sites cover consecutive and spacer repetitions. These consecutive
repetitions include identical sequences, while the spacer sequences originate from
the genome of foreign factors [7, 8]. CRISPR sites and Cas proteins develop acquired
immunity against the invading DNA. Suppose a microorganism survives the invasion
of a pathogen. In that case, the integrated CRISPR system will be able to incorporate a
piece of the pathogen DNA into its genome and then use it to fight against subsequent
infections. This bacterial immune system degenerates the phage genome by integrat-
ing short fragments of the phage DNA in the spacer region of the CRISPR sites and
transcribing the spacers (known as crRNAs) with associated Cas endonuclease in
subsequent infections [9-11].

Briefly, the CRISPR system, as the RNA-mediated immune system in prokaryotes
(bacteria and archaea), functions in four stages (Figure 1):

1. Admission: short viral or plasmid DNA fragments are recognized and then in-
serted as a spacer between two consecutive repetitions into the CRISPR
sites [12, 13].

2. Expression: the CRISPR sites are transcribed to a long precursor crRNA
(pre-crRNA) containing a complete array of CRISPR repetitions and sequences
derived from infectious factors [14].

3. Insertion: Pre-crRNA is cleaved by a special endoribonuclease into small guide
sequences known as crRNA [15].

4. Targeting: The crRNAs guide Cas endonuclease to cleave complementary DNA
or RNA sequences flanked by a protospacer adjacent motif (PAM) (for DNA
targets) or a protospacer flanking sequence (usually known as PFS) without
significant complement to the crRNA repeats (for RNA targets) [16, 17].

The classification represents the evolution of subtype-specific molecular defen-
sive mechanisms for crRNA expression and maturation, as well as the inhibition of
infectious factors [18]. The main known vital component of the CRISPR/Cas system
is crRNA, which is common in types I and III. Pre-crRNAs are initially cleaved within
the repeats by a Cas6 endoribonucleases family, and then intermediate crRNAs are
further matured to generate shorter repeat-spacer crRNAs in type III. In both type
and type III, mature crRNAs direct a complex of multiple Cas proteins to the cognate-
invading nucleic acids. Then, the target nucleic acids are cleaved by a Cas endonucle-
ase of the ribonucleoprotein complex [19-21].

Pre-crRNA processing necessitates base-pairing of each pre-crRNA repeat with
tracrRNA, a small noncoding RNA encoded near the Cas genes and spacer array [7].
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4. Targeting

The base-pairing drives cleavage and binding by RNase III and Cas9, respectively.
Then, the crRNA:tracrRNA complex can direct Cas9 to bind target DNA sequences by
matching PAM [16, 17]. In addition, type II CRISPR-Cas systems continuously utilize
the crRNA:tracrRNA complex to identify and cleave double-stranded DNA (dsDNA).
Recognition is driven by base-pairing between the guide sequence and the RNA in the
crRNA:tracrRNA complex (Figure 2) [22, 23]. The tracrRNA is a common component
of CRISPR-Cas systems among all three subtypes of type II systems and is required
for crRNA biosynthesis [24]. These basic principles were discovered by following
efforts to characterize tracrRNAs and crRNA biogenesis [25]. The biogenesis of
crRNA, the structures of the crRNA:tracrRNA complex, and tracrRNA genomic loca-
tion are variable among these subtypes [26]. The tracrRNA discovery as a key factor
of crRNA biosynthesis allowed the sgRNA to be invented and Cas9 to be adopted as
the core component of CRISPR technology [27].

3 v -5
tracrRNA
Upper
Stem
Bulge
crRNA
Hairpins
lower Nexus
Stem [
5 Spacer | : 4

Figure 2.
Schematic structure of the crRNA:tracrRNA complex.
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The major function of the sgRNA is efficiently the target region detection through
the PAM sequence to edit a gene precisely. However, two vital challenges include
efficacy and specificity for designing an effective sgRNA [28]. According to the
significance of the sgRNA function, the role and designing tools of sgRNA will be
outlined in the following.

2. The role of sgRNA in CRISPR technology

CRISPR/Cas genome editing technology can cause double-stranded DNA breaks
(DSBs) in predefined genomic loci [29]. These DSBs are then repaired by the DNA repair
systems of the target organism, which inherently can cause a mutation in the target gene.
Despite the general processes driving all these genome editing systems being similar,
CRISPR/Cas technology has emerged as the preferred technique due to its easy usage,
low cost, outstanding adaptability, and ability to target several genes at once [30-32].

This technology consists of a Cas endonuclease, responsible for eliciting the DSB,
and a short noncoding about sgRNA (20-nt), directing Cas to the correct genomic
region for targeted genome editing. A chimeric gRNA (complementary to the target
area) and trans-activating CRISPR-RNA are usually included in this sgRNA. Most
Cas systems require the predesigned sgRNA to anneal immediately upstream of a
PAM, which in the case of SpCas9 (the most extensively employed Cas protein for
genome editing) is 5° NGG3" [4, 5, 33]. In these cases, the PAM is required to cleave
target DNA around 3-nt upstream of this region. DSBs are repaired by either non-
homologous end joining (NHE]J) or homology-directed repair (HDR) as two central
intrinsic DNA repair systems [34]. The error-prone nature of NHE] is the main DNA
repair route in species and the most common and straightforward pathway in genome

Repair NHEJ l
A
Deletion Insertion

Figure 3.
CRISPR/Cas9 technology for gene editing. The Cas9 DNA endonuclease is recruited by a single-guide RNA
(sgRNA) that detects a genomic sequence followed by a 5'-NGG-3’ PAM motif.
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System ZFNs

TALENs

CRISPR

Function Cleavage mediated

Cleavage mediated by

Cleavage mediated by

by DNA-protein DNA-protein interaction DNA-RNA interaction
interaction

Nuclease designing Hard and costly Mostly possible in the Easy

and assembly laboratory, but highly

difficult

Designing Low High High

efficiency

Assembly Variable High (%99<) High (%90<)

efficiency

Targeting range Restricted, because Unrestricted because of Restricted by PAM, but
of dependence on ZF independence on PAM generally unrestricted
modules

Off-target effects Yes Yes Yes

Sensitivity to DNA Undefined Sensitive to CpG Nonsensitive to CpG

methylation methylation methylation

High operating No Restricted Possible

power

Table1.

Comparison between genome editing systems.

editing, causing small insertions or deletions (indels) to interrupt the target sequence

(Figure 3) [35].

CRISPR/Cas technology relies on DNA-RNA interaction as well as simple design
of RNA molecule for each specific sequence. However, protein-DNA interaction
also depends on zinc-finger nucleases (ZFNs) and transcription activator-like effec-
tor nucleases (TALENS). So there is a required reconstruction for each target DNA
sequence. This is a significant benefit of CRISPR/Cas technology [36]. In addition, the
technology has three other advantages over TALENs and ZFNs, including the follow-

ing (Table1):

1. Simplicity: The 20 nt sequence of sgRNA can be simply designed to target any

sequence [5].

2. Multifunction: As this technology’s main advantage over TALENs and ZFNs,
several sgRNAs can function differently and simultaneously on variable genomic

sites [37].

3. Non-specificity to the target DNA methylation: the CRISPR/Cas technology can
edit some genome sites which are highly regulated by epigenetic changes [38],
especially in plants that contain around 70% of CpG/CpNpG sites and CpG
islands methylated in the proximal exons promoter [39].

2.1 Therole of PAM

Although specific targeting significantly depends on the sgRNA sequence,
PAM-specific sequence plays a crucial role in the effective enzymatic activity
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Bacterial species Endonuclease PAM-specific sequence
Streptococcus pyogenes SpCas9 NGG

SpCas9 D1135E NAG

SpCas9 VRER NGCG

SpCas9 EQR NGAG

SpCas9 VQR NGNG/ NGAN
Staphylococcus aureus SaCas9 NNGRR(N)/ NNGRRT
Neisseria meningitidis NmCas9 NNNNGATT
Streptococcus thermophilus StCas9 NNAGAAW
Treponema denticola TdCas9 NAAAAC
S. aureus SaCasl2a TTN

N=ATLGCR=GA;and W=A,T

Table 2.

Different PAM sequences of some Cas endonucleases and their origins.

of Cas endonuclease. In this system, Cas9 endonuclease can cleave any genome
sequence immediately located on five nucleotides (nt) downstream of PAM
sequence [25]. PAM sequences recognized by SpCas9 and StCas9 (from
Streptococcus thermophilus) is, respectively, 3°-NGG-5" and 5 -NNAGAAW-3"
(Table 2) [40, 41]. The SpCas9-sgRNA complex first seeks the complement
sequence of PAM in the target genome and then the sgRNA base pairs to the target
DNA, then the DNA is cleaved by SpCas9 to create DSB. Generally, the length of
the DNA detection sequence in the crRNA region is 20 nt, though the more base
pairs bind between RNA and DNA, the more the specificity of the sgRNA func-
tion can enhance. Hence, the 20 nt sequence of sgRNA and 3 nt in PAM play key

roles in the specific targeting of CRISPR/Cas technology. However, there are some
limitations in using the 3'-NGG-5" motif, particularly at high AT sequences of the
target genome [42, 43].

2.2 Variety of sgRNA types

According to the development of the CRISPR system as technology and sgRNA
invention, there are some improvements of sgRNA to enhance the efficiency, preci-
sion, and specificity of the genome editing technology [44]. The improvements
include as follows:

1. Truncated guide RNA (tuRNA): the RNA contains a homologous 17 nt sequence to
the target gene. Hence, the specificity of Cas endonuclease activity can increase
by reducing off-target sequences [45].

2. Polycistronic tRNA-gRNA (PTG/Cas9): in the system, the RNA is a frequent repe-
tition of the tRNA-gRNA units and target-specific spacer sequences for targeting
several sites in the genome sequence [46]. After PTG transcription, the primary
copy is matured as sgRNAs through tRNA processing system and RNaseP and
RNaseZ activity. In addition, the sgRNAs can interact with Cas endonuclease to
target multiple genes specifically and simultaneously [47].
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2.3 Off-target effect

Off-target mutation is a major challenge in CRISPR/Cas technology [48]. If the
gRNA sequence contains less than three heterologous nucleotides to an off-target
region, off-target effects will be observed [49]. Studies have indicated that mis-
matched pairs at the end of the 3" terminal of the target sequence are not tolerated
(typically 8-14 nucleotides upstream of PAM sequence). In contrast, the mismatched
pairs at the 5° terminal of the target sequence are more tolerable [50]. The sgRNA/
Cas9 also can influence the off-target effects [49].

Generally, although Cas9 protein can be differently used according to high endo-
nuclease activity and the wide targeting range of the enzyme, the high molecular
weight of the Cas9 endonuclease and off-target effects can restrict the popularity of
the enzyme. Nevertheless, some variants of Cas9, such as SpCas9-HF and eSpCas9
[51, 52], can be mutated. So, the mutation can reduce the nonspecific interaction
between the Cas9 protein and the target sequence. Digenome-seq, GUIDE-Seq
(Genome-wide, Unbiased Identification of DSBs Enabled by Sequencing), and
HTGTS (High-Throughput Genome-Wide Translocation Sequencing) can be
employed for detecting off-target regions [53]. However, precisely designing sgRNA
can significantly decrease the rate of the off-target effects [44].

3. Characteristics of an effective sgRNA

In addition to directing Cas endonuclease, sgRNA can stimulate Cas endonuclease
activity. These functions of sgRNA can clarify how to tackle on-target effects [54].
It has been demonstrated that the proximal and distal ends of the PAM sequence are
highly responsible for improving on-target effects. Besides, genomic frameworks of
the target sequence, GC content, sgRNA length, and secondary structure play signifi-
cant roles in enhancing the on-target rate [44]. Also, 5 terminal 20 nt of the sgRNA
is highly efficient for on-target efficiency. However, there is insufficient information
on the correlation between structure and sequence properties of sgRNA influencing
the on-target effect [55]. At least, enhancement of the on-target rate can improve the
efficiency of the CRISPR technology and facilitate the statistical interpretation of the
edited genes rate [56].

3.1 GC content of the sgRNA

As mentioned above, the GC content of the sgRNA is closely related to the on-
target rate and the efficiency of the CRISPR gene editing. It has been indicated that
too high or low GC content is unsuitable for achieving high rate of the on-target
effects [57]. The knockout effectiveness of the CRISPR/Cas9 system was significantly
improved by changing the sgRNA structure by expanding the duplex length (about
5 nt) and replacing the fourth T by C or G [58]. Many studies have reported that GC
content plays a key role in improving the knockout efficiency of the CRISPR/Cas9
system. The effective rate of GC content is 40-60 percent. It is also recommended
that sgRNA containing 50 percent GC content is efficient for CRISPR gene editing
[59-61]. However, some studies suggest higher than 60 percent GC content for each
organism, such as Escherichia coli (62.5%) and Vitis vinifera (65%) [62, 63]. In addi-
tion to GC content, purine residues and curvature in positions C3 and C16 of sgRNA
could be effective in improving on-target activity [64]. It has also been reported that
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sgRNAs containing 4 GC in the 6 nt close to the PAM sequence can effectively reduce
off-target effects [65].

3.2 The sgRNA length

The most common sgRNA length is about 100 nt. Therefore, 5* terminal 20 nt of
the sgRNA can be designed as the complement sequence of the target gene to direct
precisely Cas endonuclease for achieving effective gene editing [66]. According to
several studies, the less the sgRNA length is, the higher the rate of off-target effects
increase [67-69]. However, as mentioned above, 17 nt length for tuRNA can be highly
effective in reducing off-target effects. However, the length of the sgRNA recognition
site is less than 15 nt, and Cas endonuclease will not show any activity [70, 71]. In
addition to the sgRNA length, the efficiency and specificity of Cas cleavage activity in
the targeting sequence are significantly influenced by the distance between the PAM
site and the start codon [72].

3.3 The sgRNA secondary structure

The sgRNA secondary structure is highly responsible for effective Cas-target
sequence binding [73]. There are also many reports to indicate that the presence of
the quad stem-loop structure of sgRNA is a key factor in improving the efficiency of
the riboprotein function. The repeat and anti-repeat region (stem-loop RAR, GAAA)
can activate sgRNA processing before Cas-sgRNA binding. Besides, loops 2 (GAAA)
and 3 (AGU) are demanded to create a stable riboprotein complex, but there is no
report on the possible loop 1 role in sgRNA efficiency [74-77]. Besides, the hairpin
structure of the sgRNA, particularly the inner side of the hairpin, plays a key role in
cleaving target DNA by Cas9/sgRNA. In fact, the hairpin structure can provide a suit-
able conformation to bind Cas9 enzyme. If the loop-stem structure is elongated, the
gene editing efficiency will be enhanced [78, 79]. It has been indicated that CRISPR
efficiency can be improved when an engineered hairpin structure is inserted into the
spacer region of sgRNA. The modified sgRNA can positively influence Cas-mediated
transactivation and improve the function of the five different Cas9 and Cas12a vari-
ants. The evidence can demonstrate the effect of sgRNA secondary structure on the
success rate of gene editing [80, 81]. There is also a correlation between the sgRNA
secondary structure and the efficiency of the Cas9-mediated CRISPR [55]. It has been
reported that sgRNA refolding can refine the destructive bonds of the deactivated
sgRNAs. Also, heating or slowly chilling can thermodynamically activate these
sgRNAs to improve Cas9 cleavage activity. At least, the sgRNA secondary structure
can change the guide sequence activity and deactivated sgRNA can be recovered by
refolding [82, 83].

3.4 The sgRNA sequence

In addition to these criteria, the sgRNA sequence features can show different
efficiency levels. It has been reported that the functional sgRNA can be signifi-
cantly accessed at certain nucleotide positions more than nonfunctional sgRNA.
Particularly, 3* terminal nucleotides (positions 18-20) of the sgRNA can highly make
a prominent difference in accessibility [84, 85]. The sgRNA 3" terminus, known as
the seed region, is a key player in recognizing the target sequence. Therefore, acces-
sibility of the final three bases of the seed region is a remarkable characteristic in
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distinguishing functional sgRNAs from nonfunctional ones based on structural
analysis [86, 87]. Also, G at the 5" terminus of the spacer is demanded in the non-
ribosomal and ribosomal complexes. Besides, G is extremely proper at positions —1
and — 2, close to PAM associated with the sequence preference for loading Cas9 endo-
nuclease [88]. According to the finding that multiple U in the spacer results in low
sgRNA expression, T is not preferred at the four positions nearest to the PAM. The
downstream nucleotides of the PAM cooperate with the efficiency of sgRNA, while
upstream sequences of the spacer do not show significant effects. The early termina-
tion of sgRNA transcription is mostly responsible for the reduced sgRNA expression
rates caused by the high frequency of nonconsecutive T clusters in the protospacer.
Cytosine is favored at the —3 position as the cleavage site of the sgRNA/Cas9 complex.
Additionally, guanines are favored from positions —14 to —17, while adenines
are favored positions —5 to —12 [89-93]. Most molecular characteristics that govern
sgRNA stability, loading, and targeting in vivo are yet unknown. While variable Cas9
off-target binding, positioning of the nucleosome, and sgRNA loading are not key
factors, adenine depletion and guanine enrichment improved sgRNA activity and
stability. There is also a close correlation between sgRNA efficiency and guanine
enrichment PAM-proximal site, supposedly caused by G-quadruple structure increas-
ing sgRNA stability [94-97].

4. Computational tools for designing sgRNA

Generally, the potential off-target effect is still a vital concern for several applica-
tions of CRISPR technology. There are many strategies including Cas endonucleases
engineering, transcriptome analysis, tunable systems (small-molecule induction of
Cas9, light-activated and intein-inactivated Cas9), functional screening after dCas9
treatment, direct delivery (RNP complex), truncated sgRNAs (small-guide RNAs),
and separate Cas9-binding approaches (paired Cas9 nickase) to reduce the off-target
activity in CRISPR/Cas gene editing (Table 3) [105-107]. However, designing sgRNA
can be the most simple, effective, low-cost, and time-saving approach [28].

There are some key factors for designing an efficient sgRNA for CRISPR edit-
ing and reducing off-target effects. First, the GC contact should be 40-80 per cent,
although a higher percentage is more desirable and beneficial [28]. Second, the
sgRNA length needs to be 17-20 nt, depending on the used Cas enzyme. The shorter
the sequence is designed, the less the off-target effects are observed; however, too
short sequences can increase the off-target effects [71]. As the third factor, off-target
effects may result from mismatches between sgRNA and the target sequence, accord-
ing to the mismatch numbers and positions [96]. AG calculation provides a signifi-
cant benefit to assess sgRNA-DNA binding potential. The AG of a highly effective
gRNA is from —64.53 to —47.09 kcal/mol, but higher AG can increase mismatching
rates, causing a high rate of the off-target effect [93]. Although the more the negative
AG would be, the more stable the secondary structure of the sgRNA is observed,
higher AG (~ —30 to —20 kcal/mol) can positively influence sgRNA transcription and
practically make more effective RNA-RNA binding for a more functional secondary
structure of the sgRNA [28].

According to all these criteria, designing sgRNA is a crucial concern in CRISPR
technology [72]. As CRISPR/Cas contain two key players, including Cas endonuclease
and sgRNA, to cooperate with genome editing, the development of each component
could be beneficial to enhancing CRISPR/Cas editing. However, enzyme engineering
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Strategies Advantages Limitation Ref.
Cas engineering PAMs improvement, shortening Costly, time-consuming, [98]
sgRNAs reforming for each propose
Transcriptome Precisely detecting on- and off- Costly, time-consuming [99]
analysis target activity
Tunable system Regulating Cas 9 working time, Slow on-rate, decreased [100]
reducing undesirable DNA cleavage editing efficiency, time-
consuming for inducing by
light or chemicals
Functional Validation of gene functions, Just applicable for the low- [101]
screening controlling genetic disruption throughput formats
RNP complex Reduced off-target effects, transient High molecular weight, [102]
genome editing inducing phospholipid
bilayer stress
Truncated sgRNA Minimizing off-target effects Editing in some new off- [103]
without reducing on-target activity, target sequences
decreasing sgRNA length
Paired Cas9 nickase High efficiency and specificity, Requiring two simultaneous [104]

using for insertion in target gene
by NHE]J

sgRNAs

Table 3.
Benefits and limitations of the strategies predicting off-target effects.

is a costly, time-consuming, and complicated strategy. So, sgRNA designing could be
more effective [108, 109]. Furthermore, an effective sgRNA should simultaneously
show the highest on-target efficiency and the lowest off-target activity. So, several
well-developed computational tools can be found to design sgRNA for high-efficiency
genome editing [110]. In addition to the simplicity, high efficiency, and cost-
effectiveness, the iz silico tool offers adaptability, automation, and fast processing to
analyze many genes [111].

In the last decade, many iz silico tools have been introduced to developing CRISPR
technology because there has been an urgent demand to design an effective sgRNA to
create precise mutations via CRISPR/Cas. Some tools have combined several scoring
methods and/or algorithms to provide better design services [112, 113]. In addition
to the different features of effectively designing sgRNA, these tools would be user-
friendly [114]. The most popular computational sgRNA designing tools are outlined
in the following and the other in silico tools are summarized in Table 4. The outlined
tools are able to offer candidate sgRNAs and simultaneously score off-target activity.
Besides, they are more user-friendly and fast-processing tools [28, 44].

4.1 CHOPCHOP

CHOPCHOP website, one of the most conventional iz silico tools for detecting
target sequences, includes a clear interface and complete functions. There are more
than 200 reference genomes on the website so that the users can search for the target
sequence, genomic coordinates, and name of the desired gene. The users are also able
to choose two different methods to detect off-target and seven scoring approaches for
on-target efficiency before sgRNA designing (Table 5) [117, 125, 126].
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Name Services URL Ref.
sgRNA sgRNA designing https://portals.broadinstitute. [115]
Designer org/gpp/public/analysis-tools/
sgrna-design
CRISPR-ERA sgRNA designing http://CRISPR-ERA .stanford.edu [116]
CHOPCHOP Detecting target sequence https://chopchop.cbu.uib.no/ [117]
about
CRISPRscan sgRNA designing and analysis https://www.crisprscan.org/ [118]
CRISPR-GE sgRNA designing detecting http://skl.scau.edu.cn/ [119]
target sequence
CRISPR Detecting off-target sites http://www.rgenome.net/ [120]
RGEN Tools
sgRNAcas9 sgRNA designing predicting http://biootools.com/ [121]
off-target sites
CRISPR Multiple sgRNA designing http://multicrispr.net/ [122]
MultiTargeter tool
CRISPR-P sgRNA designing for plants http://crispr.hzau.edu.cn/ [123]
CRISPR2/
CRISPOR sgRNA designing http://crispor.tefor.net/ [124]

Detecting on- and off-target
sites

Table 4.
Common in silico tools for sgRNA designing in CRISPR technology.

4.2 CRISPR RGEN tools

CRISPR/Cas-derived RNA-guided engineered nuclease (CRISPR RGEN) can
provide several computational tools and sgRNA/Cas libraries, including nine tools
such as Cas-OFFinder, Cas-Designer, and Digenome-Seq. Compared with other tools,
Cas-Designer can rapidly detect potential off-target sites containing a DNA or RNA
bulge. Besides, Cas-Designer can offer an out-of-frame score for each sgRNA to find
the proper sites for the gene knockout [120, 127, 128]. Cas-OFFinder is also used to
seek potential off-target positions of NmCas9 endonuclease (from N.neningitides),
recognizing 5'-NNNNGMTT-3' PAM sequence (M = A or C) as well as a 24-bp target
sequence specific to the design sgRNA in the target genome. Also, mixed bases can
be used by Cas-OFFinder to analyze the degeneracy of PAM sequences. At least,
Cas-OFFinder can provide quick scanning for potential off-target positions in any
sequenced genome, regardless of the mismatched nucleotides numbers or the PAM
sequence limitation (Table 5) [120, 129, 130].

4.3 CRISPOR

Among these iz silico tools for effectively designing sgRNA, CRISPOR includes
various useful tools to design sgRNA, 417 genomes, and 19 PAM types. This in
silico tool can receive genome coordinates and sequences with more than 2000 bp
length as the inputs. After processing, comprehensive information is provided
as the output. The result can be, by default, presented in two sections; first,
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Tool Covered Nucleases Nickase Off-target Castype
genome analysis
ChopChop >200 Yes No Yes Different Type II
CRISPR RGEN 350 Yes No Yes Different Type II
CRISPOR 417 Yes No Yes Different Type II
Tables.

Comparing three in silico tools.

visualizing the PAM sites along the target sequence, available in different formats
such as fasta, GenBank and SnapGene; second, providing a table containing all
information such as 2 specificity scores and 10 efficiency scores for every predicted
sgRNA (Table 5) [105, 124, 131, 132].

4.4 Challenges and limitations of in silico tools

Although the computational tools for sgRNA designing can facilitate on-target
prediction and reduce off-target activity, some tools cannot cover all vital criteria.
So, it is highly recommended to use different iz silico tools. For example, some free,
user-friendly, and reliable online tools include RNAfold and Mfold to predict sgRNA
secondary structure [59, 79].

Moreover, all current prediction models struggle with four main challenges:

1. Data insufficiency: machine learning models (MLDs) operate better than other
approaches due to their data-driven process. Nevertheless, they cannot accu-
rately anticipate previously unseen data without sufficient data to fully extract
features [133, 134].

2. Unclear mechanism: The mechanism of the CRISPR/Casg editing system has not
been completely discovered and limits the characteristics used in the most recent
cutting-edge algorithms. So, MDL-mediated approaches are not simply able to
achieve significant advancements with sufficient data [133, 134].

3.Data heterogeneity: generated datasets from various platforms and cell types
should be merged for data augmentation [133].

4. Data imbalance: the detection of the frequency of off-target sequences through
high-throughput whole-genome sequencing is considerably less than the num-
bers detected by ix silico prediction tools [133, 135].

5. Adenine base editors (ABEs)

Base editors (BEs), as chimeric proteins, contain a catalytic domain and a DNA
targeting modules which is able to deaminate adenines and cytosines. There is no
need to make DSBs in DNA bases editing when BEs are used for base editing. So,
these proteins can reduce the off-target effects and random indels at the on-target
sequences. The BEs have been introduced as novel promising tools to make precise
gene modification [6, 136, 137]. ABEs are the fused Cas9 nickase with a deaminase
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domain converting A-G and C-T (C > T) at the target sequence [138]. In fact, ABEs
can effectively and precisely convert A-G and C-T base pairs at the target site within
the editing frame while producing few by-products, consequently reducing off-target
activity significantly. The ABE variants can improve the precision of adenine base
editing by reducing the off-target activities of RNA and DNA [105, 139]. It has been
reported that ABEs cooperate to induce free-sgRNA transcriptome editing. ABEs have
also been discovered to display RNA off-target activity and the capacity to edit their
own transcripts [140, 141]. ABEs can generally produce significant off-target single-
nucleotide variations (SNVs) in RNA sequences. Therefore, deaminase engineering
enables ABE variants to decrease off-target mutation of SNVs in RNA sequences while
increasing on-target efficiency with DNA [105, 142].

6. Conclusion

Over the last 30 years, genome editing technology, particularly CRISPR/Cas, has
promoted biosciences by editing and targeting the genomic DNAs of any species.
CRISPR/Cas is the most precise, effective, and affordable among all these genome
editing technologies. Although there are diverse types and classes of CRISPR/Cas
systems, they are not all applicable due to the high rate of off-target effects. Different
approaches have been developed to decrease the off-target effects for enhancing the
precision and efficiency of the different CRISPR/Cas techniques. According to a
refined reference genome, a well-designed sgRNA can support high on-target effi-
ciency to create a precise and desirable mutation. Finally, it is highly recommended
to consider the criteria as mentioned above, including GC content, length, secondary
structure, and sequence, for designing an effective sgRNA to achieve high-precision
CRISPR genome editing.
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Chapter 5

Recent Advances in In Vivo Genome
Editing Targeting Mammalian
Preimplantation Embryos

Masahiro Sato, Masato Ohtsuka, Emi Inada, Shingo Nakamura,
Issei Saitoh and Shuji Takabayashi

Abstract

CRISPR-based genome engineering has been widely used for producing
gene-modified animals such as mice and rats, to explore the function of a gene of
interest and to create disease models. However, it always requires the ex vivo handling
of preimplantation embryos, as exemplified by the microinjection of genome edit-
ing components into zygotes or i vitro electroporation of zygotes in the presence
of genome editing components, and subsequent cultivation of the treated embryos
prior to egg transfer to the recipient females. To avoid this ex vivo process, we have
developed a novel method called genome-editing via oviductal nucleic acids delivery
(GONAD) or improved GONAD (-GONAD), which enables in situ genome editing of
zygotes present in the oviductal lumen of a pregnant female. This technology does not
require any ex vivo handling of preimplantation embryos or preparation of recipient
females and vasectomized males, all of which are often laborious and time-consum-
ing. In this chapter, recent advances in the development of GONAD/i-GONAD will be
described.

Keywords: in vivo genome editing, GONAD, ;-GONAD, preimplantation embryos,
knock out, knock-in, iz vivo electroporation, oviducts

1. Introduction

In mammals, embryogenesis begins when the oocytes (ovulated from an ovary of a
female) fertilize with spermatozoa in the uterus of the female (Figure 1). The fertil-
ized oocytes, called zygotes or 1-cell stage embryos, exist at the “ampulla,” an area of
the oviduct located near an ovary. In mice, early zygotes are surrounded by cumulus
cells (also called follicular cells) and correspond to Day 0.4 of gestation (11:00 AM
in the morning after mating with a male) (box in Figure 1). In this case, Day 0 of
gestation is defined as the day when the copulation plug is recognized in the morning.
Late zygotes corresponding to Day 0.7 of gestation (16:00 PM) exhibit dissociation
of cumulus cells (Figure 1). Then, these zygotes develop into 2-cell (~Day 1.4 of
gestation), 4-cell (~Day 1.8 of gestation), 8-cell (~Day 2.4 of gestation), 16-cell (also
called morula; ~Day 2.7 of gestation), early blastocyst (~Day 3.4 of gestation), and
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Schematic of preimplantation (Days 0.5 to 4.5; Day o of pregnancy is defined as the day a vaginal plug is found)
and postimplantation (Days 5.5) development of mice. During preimplantation, early zygote (early 1-cell
embryo) (at Day 0.4; see box), late zygote (late 1-cell embryo) (Day 0.7), 2-cell embryo (day 1.5), 8- to 16-cell
embryo (Day 2.5), early blastocyst (Day 3.5), and late blastocyst (Day 4.5) float in the oviductal lumen or uterine
horn. Embryos at days 0.5 to 4.5 have zona pellucida (ZP), but embryos at day 4.5 begin to escape from ZB, which
is called “ZP hatching,” and are veady to implant into the uterine epithelium. Note that at early zygote stage (see
box), fertilized eggs are tightly surrounded by cumulus cells, but at late zygote stage, cumulus cells begin to detach
from an embryo. This figure was drawn in-house and reproduced with permission from Sato et al., “Recent
Advances and Future Perspectives of In Vivo Targeted Delivery of Genome-Editing Reagents to Germ cells,
Embryos, and Fetuses in Mice”; published by MDPI, 2020.

late blastocysts (~Day 4.4 of gestation) (at which stage implantation into the uterine
epithelium starts). Notably, zygotes and 2-cell embryos exist in the ampulla, 4-cell
to 8-cell embryos in the oviductal portion between the ampulla and isthmus, 16-cell
embryos (morulae) in both the oviduct and uterus, and early- to late-blastocysts in
the uterus (Figure1).

For producing genetically engineered animals through pronuclear microinjection
(MI) or viral infection, early zygotes are generally used [1]. To isolate early zygotes,
oviducts dissected from pregnant female mice at ~Day 0.4 of pregnancy are teased
using a needle at the ampulla under paraffin oil. The exposed cumulus-oocyte-
complex is then transferred to a drop of hyaluronidase (HA)-containing medium.
Brief incubation (~5 min at room temperature) relieves cumulus cells. The resulting
“denuded” zygotes are always used for MI or viral infection.

Historically, the first attempt to obtain transgenic (Tg) mice was performed by
microinjecting SV40 viral DNA into the blastocoel cavity of blastocysts [2]. The
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resulting offspring had various levels of SV40 genome in their organs. In 1980,
Gordon et al. [3] first produced germ-line Tg mice through MI of exogenous DNA.
Since then, successful production of Tg rabbits, sheep, and pigs was reported by
Hammer et al. [4]. This MI technique relies on the physical injection of any type of
nucleic acids (NAs) (i.e., purified DNA fragments of 3-4 kb carrying an expression
unit) using an expensive manipulator and requires personnel with specific skill.
Furthermore, it generally takes 3—4 h to finish MI using ~100 zygotes per session
(Figure 2A). Perry et al. [5] reported a novel technique to generate Tg mice through
the intracytoplasmic injection of a sperm (which has been mixed with NAs) into a
zygote. Later, this technique was recognized as a useful tool to introduce large sized
DNA such as bacterial artificial chromosomes (BACs) and yeast artificial chromo-
somes (YACs) into the mammalian genome [6-8].

Mammalian zygotes, including those of mice, are surrounded by a translucent gly-
coprotein layer called zona pellucida (ZP), which exists as a barrier that protects the
early embryo from environmental insults, including viral infections, and injury from
chemical or physical substances [9, 10]. For example, ZP-enclosed embryos could not
be transduced through simple incubation with solution containing lentivirus (LV),
adenovirus (AV), or retrovirus (RV) [11-13]. However, injection of those viruses into
the space between ZP and zygote (called “peri-vitelline space”) results in successful
transduction [14, 15]. Furthermore, transduction of mouse zygotes was possible when

B. In vitro EP C. GONAD/i-GONAD
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Figure 2.

Schematic of genome-edited mouse production through microinjection (MI) (A), in vitro electroporation (EP)
(B), or genome-editing via oviductal nucleic acids delivery (GONAD) (or improved GONAD (i-GONAD))
(C). This figure was drawn in-house, and reproduced with permission from Sato et al., “Recent Advances in the
Production of Genome-Edited Rats”; published by MDPI, 2022.
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they were subjected to laser perforation of ZP in the presence of LV vectors [16]. ZP
can be removed by incubating ZP-enclosed embryos in the presence of proteolytic
enzyme such as pronase, or under acidic conditions using acidic Tyrode’s solution [1];
therefore, gene delivery can be accomplished by incubating the ZP-removed embryos
in a solution containing liposome-complexed DNA [17] or the above-mentioned
viruses [11, 18]. However, these treated embryos are often vulnerable, adhesive, and
are easily damaged [19]. Furthermore, transferring the ZP-removed embryos (at least
up to morulae) into the oviductal lumen of pseudopregnant recipient females cannot
support their normal development, because the transferred embryos tend to adhere
to the oviductal epithelium [20, 21]. To avoid this, the treated embryos have to be cul-
tured at least up to blastocysts (showing reduced adhesive property), prior to uterine
transfer. Notably, acquisition of Tg founders was reported using ZP-free embryos
transfected liposomally [22] or when transduced with AV vectors [11, 18].

Electroporation (EP)-mediated gene delivery is also a method that efficiently
introduces exogenous NAs into a cell or zygote through electric shock-induced,
transient micropores in a cell membrane [23]. It requires an expensive electroporator,
but does not require a skilled person, unlike in the case of MI (Figure 2B). In an early
study regarding EP-based introduction of DNA into mouse preimplantation embryos,
DNA was first injected into the peri-vitelline space of zygotes, and then the embryos
were subjected to iz vitro EP. Unfortunately, the transfection efficiency was very low
[24]. In 2002, Grabarek et al. [25] first demonstrated that in vitro EP enabled incor-
poration of small-sized NAs (i.e., siRNA) into mouse zygotes. In this case, prior to EP,
ZP has to be weakened by a brief treatment with acidic Tyrode’s solution to facilitate
transfer of NAs into an embryo and to protect the embryos from EP damage. Notably,
in vitro EP was also successfully used to deliver double-stranded RNA (dsRNA) and
morpholinos into mouse preimplantation embryos [26, 27].

To our knowledge, Peng et al. [27] first demonstrated that plasmid DNA can be
effectively delivered into mouse preimplantation embryos when they were subjected
to in vitro EP using optimal EP parameters (i.e., voltage, pulse duration, number of
pulses, and repeats). Sato et al. [28] also demonstrated that plasmid DNA can be
successfully introduced into early mouse embryos present within the oviductal lumen
through in vivo EP. In vitro EP-based gene delivery is generally possible using over 100
zygotes per a trial and can be finished within 15-30 min. Thus, in terms of conve-
nience, EP appears superior to the MI-based production of transgenics. However, this
success appears largely to depend on the EP parameters and the type of electroporator
used, as mentioned below.

Beside in vitro EP, MI, and viral transduction, substances capable of penetrating
ZP (also called “ZP-penetrating reagents”) can be used with NAs to perform gene
delivery towards ZP-enclosed embryos. For examples, Ivanova et al. [29] employed a
receptor-mediated gene transfer system, with insulin as the admission ligand in the
DNA-carrying construct, because early embryonic cells are known to have internaliz-
able insulin receptors on their surface [30]. They first made an insulin-polylysine
conjugated with plasmid DNA. Next, this complex was mixed with a conjugate
consisting of streptavidin-polylysine-biotinylated adenovirus. Short (3 h) incubation
of ZP-enclosed mouse and rabbit preimplantation embryos with the resulting com-
plex [called “(insulin-polylysine)-DNA and (insulinpolylysine)-DNA-(streptavidin-
polylysine)- (biotinylated adenovirus)”] penetrated the constructs through ZP and
accumulated in the peri-nuclear space of the embryos, leading to ligand/receptor-
mediated transgenesis. Joo et al. [31] developed amphiphilic chitosan-based nanocarri-
ers, called VisuFect. When murine zygotes were incubated with a solution containing
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Cy5.5-labeled VisuFect conjugated with poly (A) oligonucleotides, the complex
gradually penetrated the cytoplasm of the ZP-enclosed zygotes. This suggests that
VisuFect could be used as a vehicle to deliver NAs to ZP-intact embryos. According
to Joo et al. [31], VisuFect can deliver siRNA, but not large molecules such a plasmid
DNA to embryos. Nanoparticles are also a promising tool to transfer exogenous NAs
into ZP-enclosed embryos. Munk et al. [32] demonstrated that multiwall carbon
nanotubes (MWNTs) can cross the ZP to help the delivery of plasmid DNA (carrying
the green fluorescent protein (GFP) gene) into bovine embryos iz vitro. According to
Munk et al. [32], MWNTs themselves are non-harmful to embryos and do not affect
their viability and gene expression. On the other hand, Jin et al. [33] first demon-
strated that peptide nanoparticles can introduce siRNA into an intact mouse oocyte.
When oocytes were incubated with peptide nanoparticle-complexed fluorescein
isothiocyanate (FITC)-conjugated siRNA for 12-14 h, a cytoplasmic fluorescence of
oocytes was observed together with a target gene knockdown. Jin et al. [33] suggested
that peptide nanoparticle-mediated siRNA transfection was useful to explore the
function of unknown genes in mouse oocytes. Unfortunately, except for the report by
Ivanova et al. [29], these studies do not show germ-line transmission or chromosomal
integration of transgenes.

As mentioned above, to obtain genetically-modified (GM) animals, isolation of
zygotes from pregnant females or those obtained through in vitro fertilization (IVF),
in vitro gene delivery towards the isolated embryos, transient cultivation of the treated
embryos, and egg transfer (ET) of the cultivated embryos to the reproductive tracts of
pseudopregnant recipient females to allow the GM embryos to develop iz vivo further.
These processes are called “ex vivo handling of embryos” (Figure 2A and B), and gener-
ally required for MI, in vitro EP, liposome- or viral transduction-based transgenesis.
Notably, this ex vivo handling of embryos is costive, labor intensive, and laborious,
because it requires preparation of sterile males called “vasectomized males” to create
pseudopregnant females, timely supply of those pseudopregnant females, and ET tech-
nique, which is a more difficult task requiring people with specialized skill sets. To bypass
this process, direct genetic manipulation must be performed in zygotes (or embryos at
more advanced stages) existing within an oviductal lumen of a pregnant female. Relloso
and Esponda [34, 35] first attempted to transfect epithelial cells lining oviductal lumen
by injecting liposomally encapsulated DNA directly into the oviductal lumen of a female
mouse. They found that 6% of oviductal epithelial cells were successfully transfected.
Rios et al. [36] also demonstrated that intraoviductal injection of naked DNA or mRNA
into the estradiol-treated female rats can help incorporate those substances into the ovi-
ductal cells. The introduced DNA or mRNA will then be translated into an active protein,
possibly accelerating embryo transport.

Sato [37] employed iz vivo EP to enhance transfection efficiency in the oviductal
epithelium. In vivo EP is a method to transfect the tissue or organ iz situ by injecting
a fluid containing plasmid DNA into the target site, holding the injection site with
tweezer-type electrodes, and subsequently giving an electric shock using an electro-
porator [38]. Using this system, several organs/tissues including kidney [39, 40], liver
[41], brain [42], skin [43, 44], skeletal muscle [45], testis [46, 47], efferent duct [48],
ovary [49], and fetuses [50-52], have been successfully transfected. According to Sato
[37], ovary/oviduct/uterus were pulled out and exposed on the back of a female on
Day 0.4 of pregnancy (~11:00 AM; corresponding to early zygotes). Then, a small
amount (1-2 pL) of solution which contains an enhanced green fluorescent protein
(eGFP) expression plasmid (0.5 pg/pL) and 0.2% (v/v) trypan blue (TB) (used asa
marker for visualizing injected materials) was injected into the oviductal lumen using
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a mouthpiece-controlled glass pipette under a dissecting microscope. Immediately
after injection, an entire oviduct was subjected to in vivo EP using tweezer-type
electrodes in an attempt to transfect oviductal epithelium facing oviductal lumen and
possibly zygotes (floating in the oviductal lumen) with the exogenous DNA. The EP
condition was eight square-wave pulses with a pulse duration of 5 ms and an electric
field intensity of 50 V, generated by a square-wave pulse generator (#T-820; BTX
Genetronics Inc., San Diego, CA, USA). After EP, the treated oviduct was returned

to the original position. One day after the surgery, oviducts were dissected from the
female to isolate 2-cell embryos. When the eGFP-derived fluorescence in isolated
embryos and oviducts was inspected, maximal 43% of oviductal epithelial cells
facing oviductal lumen were fluorescent, while no fluorescence was discernible in

the isolated embryos; only a cellular remnant probably derived from a part of zygotes
was found to be fluorescent. Based on this finding, Sato [37] speculated that failure of
gene delivery to zygotes may be due to the cumulus cells surrounding zygotes acting
as a barrier. Because the oviductal epithelium can be efficiently transfected using in
vivo EP method, Sato [37] named this technology “gene transfer via oviductal epithe-
lium (GTOVE)”

Sato et al. [28] next attempted to transfect 2-cell embryos floating in the ovi-
ductal lumen using GTOVE, since those embryos are already free of cumulus cells.
To address this issue, GTOVE was performed in pregnant females at Day 1.4 of
pregnancy using the same conditions elaborated in the study by Sato [37]. One day
after the GTOVE procedure, 8-cell embryos were collected from the GTOVE-treated
females for checking eGFP-derived fluorescence. Of the 12 oviducts (6 females
used) examined, 3 contained fluorescent 8-cell stage embryos (33%, 19/58 tested),
but the intensity of fluorescence varied among the embryos. Unfortunately, gene
expression was transient in this system, with no evidence for chromosomal integra-
tion of transgenes [28]. These results indicate that successful iz vivo introduction of
exogenous plasmid DNA into early mouse embryos is possible, as far as the T-820
electoporator is employed. However, the T-820 electoporator is currently unavailable.
When we performed GTOVE to transfect 2-cell embryos using another electroporator
(NEPA21; NEPA GENE Co., Chiba, Japan), the collected embryos failed to fluoresce
[53]. This suggests a need to carefully examine the optimal EP condition enabling ZP
penetration of larger sized molecules like plasmid DNA, as suggested by Peng et al.
[27] and Hakim et al. [54].

2. Development of genome editing technology

Genome-editing technology includes zinc-finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENS), and clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein 9 (CRISPR/Cas9), all of
which employ sequence-specific nucleases to induce modifications in a predefined
region of the genome (reviewed by Harrison et al. [55]; Hsu et al. [56]). In the absence
of the donor (or template) DNA [including longer genes (>1kb), single-stranded (ss)
sequences (>200 bp) or synthetic oligodeoxynucleotides (ODNs) 20-30 bp in size, all
of which have sequences showing homology to the target sequence, these nucleases can
induce double-strand breaks (DSBs) which are then repaired via nonhomologous end
joining (NHE]). This repair occurs through the cellular machinery, which frequently
generates random insertions, deletions, or substitutions of nucleotides (called indels) at
the break site. These indels often cause frameshift mutations, leading to the occasional
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failure in protein expression. In the presence of the donor (or template) DNA, it will be
introduced into the DSB site through homology-directed repair (HDR), and this event
is called “knock-in (KI).” According to Yoshimi et al. [57], KI is more difficult to com-
plete successfully than inducing NHEJ-mediated indels. Furthermore, NHE]J occurs in
nondividing and dividing cells, but HDR occurs preferentially in dividing cells [58, 59].

Unlike ZFN and TALEN, the CRISPR/Cas9 gene editing system has several
advantages, including easy design for any genomic targets, simplicity, and the abil-
ity to modify several target genes simultaneously (multiplexing). Owing to these
properties, the CRISPR/Cas9 system is now widely used in various biological systems.
It employs only two components: (1) a guide RNA (gRNA), comprised either of a
duplex CRISPR RNA (crRNA)/trans-activating CRISPR RNA (tracrRNA) molecule
or of single-guide RNA (sgRNA), a fusion between crRNA and tracrRNA, and (2) a
Cas9 endonuclease (reviewed by Harrison et al. [55]; Hsu et al. [56]). The gRNA can
bind to the specific DNA sequence together with Cas9. Once bound, the Cas9 cleaves
dsDNA 3 bp upstream of the protospacer adjacent motif (PAM, 5'-NGG-3'), which is
recognized by the Cas9 protein. The cleaved site is then repaired by various cellular
machineries, such as NHE] and HDR.

3. Development of novel technologies enabling EP-based genome-editing
in vitro and in vivo

As described in Section 2, in the late 2013, CRISPR/Cas9 system was recognized as
a useful tool to manipulate a target gene in mammalian cells and embryos (reviewed by
Harrison et al. [55]; Hsu et al. [56]). Since then, genome-edited animals from various
species including mice, rats, pigs, bovines, and primates (monkeys) have been gener-
ated through MI [60-66]. Kaneko et al. [67] first demonstrated that in vitro EP of rat
zygotes in the presence of genome editing reagents is a powerful tool to produce GM
animals (Figure 2B). According to Kaneko et al. [67], intact rat zygotes were electro-
porated using an NEPA21 electroporator in a solution containing ZFN (40 pg/mL)
mRNA [targeted to the rat interleukin 2 receptor subunit gamma gene (II2rg)] under
the EP condition of a poring pulse (Pp) (voltage: 225 V; pulse interval: 50 ms; pulse
width: 1.5 and 2.5 ms; number of pulses: 4). The mechanism underlying gene delivery
by this system is described in our previous paper [68]. As a result, they obtained
genome-edited rat offspring with an efficiency of 73%, which is roughly 2-fold higher
than that obtained through MI-mediated genome editing. Notably, they confirmed
germ-line transmission of the genome-edited traits beyond next generation. This
technology was thus named “technique for animal knockout system by electropora-
tion (TAKE).” Since then, various genome-edited animals including mice [69-75],
rats [76-78], and pigs [79-81] have been successfully generated using this technology.
Furthermore, this technology has been applied to introduce nucleases into frozen
embryos [82] and embryos derived from freeze-dried and frozen sperm [83].

Takahashi et al. [84] developed a novel in vivo EP-based method enabling in situ
CRISPR/Cas9-based genome editing towards early mouse embryos (2-cell embryos)
using a technique similar to GTOVE (Figure 2C). In this case, a solution (1-1.5 puL)
containing Cas9 mRNA (up to 1.1 pg/pL), sgRNA (0.6 pg/pL; targeted to eGFP
c¢DNA), and 0.2% (v/v) TB was injected through the oviductal wall under observa-
tion into the oviductal lumen of pregnant non-Tg females at Day 1.4 of pregnancy
(corresponding to the 2-cell stage) that had been mated with Tg males containing an
eGFP expression cassette in a homozygous manner [85]. In this case, the pregnant
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female should have zygotes, all of which are expected to have eGFP expression
cassette in a heterozygous manner, and be fluorescent (Figure 3). If CRISPR/
Cas9-induced mutations (indels) occur in the genomes of those zygotes (¢GFP
cDNA), some of their offspring will most likely lose fluorescence from their entire
body. Fluorescence inspection of mid-gestational fetuses dissected from the in vivo
EP-treated females demonstrated that out of 6 fetuses obtained, two lost fluorescence
completely, two exhibited weak fluorescence, and fluorescence in the remaining two
fetuses remained unaltered. Molecular biological analysis revealed that the former
fetuses comprised knock out (KO) cells, the middle fetuses contained a mixture of KO
cells and intact cells (whose state is called “mosaic mutation”), and the latter fetuses
had unedited intact cells. Based on these findings, the KO efficiency of these fetuses

Normal C57B/6 female Tg (+/+) C57B/6 male
<

GONAD on Day 1.4

Edited Mosal‘c Unedited
mutation

Figure 3.

Experimental flowchart for genome-editing via oviductal nucleic acids delivery (GONAD). Females (C57BL/6)
ave first mated to C57BL/6-Tg (CAG-eGFP) male mice that possess EGFP transgenes in a homozygous (Tg/Tg)
state. All the fetuses are then expected to be eGFP-expressing fetuses carrying the transgenes in a heterozygous
(Tg/+) state. Thus, successful genome editing targeted to eGFP at preimplantation stages ave expected to veduce
the levels of eGFP fluorescence in the mid-gestational fetuses, as a result of genome editing in the chromosomally
integrated eGFP transgenes. When GONAD was performed using Cas9 mRNA and sgRNA towards pregnant
females at Day 1.4 of pregnancy, there were three types of fetuses (showing complete loss of fluorescence, partial
fluorescence, or no reduction in fluovescence) in view of fluorescence expression pattern.
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can be estimated to be approximately 29%. Based on these findings, Takahashi et al.
[84] named this technology “genome-editing via oviductal nucleic acids delivery
(GONAD)”

4. Development of improved GONAD (i-GONAD)

In 2018, Ohtsuka et al. [86] in the same group of Takahashi et al. [84] further
elaborated on the GONAD technology. As was mentioned in Section 3, GONAD
enables in situ genome editing in 2-cell embryos. In this case, only one blastomere
among two blastomeres can be genome-edited, generating “mosaic” fetuses compris-
ing edited and non-edited cells. To avoid this risk, genome editing at zygote (one-cell)
stage is desirable. As was mentioned previously, early zygotes (corresponding to Day
0.4 of pregnancy; 11:00 AM) are tightly surrounded by cumulus cells. In our previous
experience, GONAD at this stage failed, because almost all of the genome editing
reagents introduced intaoviductally was trapped by the cumulus cells [86]. On the
other hand, as mentioned previously, the detachment of cumulus cells from a zygote
commences at late zygote stage (corresponding to Day 0.7 of pregnancy; 16:00 PM).
Based on this finding, Ohtsuka et al. [86] first attempted to disrupt the forkhead box
protein E3 (Foxe3) locus using ribonucleoprotein (RNP) (comprised of 1 pg/pL of
Cas9 protein and 30 pM of crRNA /tracrRNA) using pregnant females at Day 0.7 of
pregnancy. The advantage of using RNP is to induce genome editing more rapidly
than using Cas9 mRNA [87]. In vivo EP was performed using the NEPA21 apparatus
under the following conditions: Pp: 50 V, 5-ms pulse, 50-ms pulse interval, three
pulses, 10% decay (+ pulse orientation); Tp: 10 V, 50 ms pulse, 50 ms pulse interval,
three pulses, and 40% decay (+ pulse orientation). This modification resulted in 97%
of the embryos exhibiting indels in the target locus. They next attempted to perform
KI of a sequence (coding for a gene of interest (GOI)) into the target locus using
RNP containing 1-2 pg/pL of ssODN or 0.85-1.4 pg/pL of ssDNA (with ~925 bases
in size) generated through a novel method, called Easi-CRISPR, a highly efficient KI
technique using ssDNA as donor templates [88, 89]. As a result, ~50% and ~ 15% of
embryos were found to have KI alleles for ssODN and longer ssDNA in their genome,
respectively.

Ohtsuka et al. [86] also demonstrated that large deletion (LD) of a target
sequence can be accomplished using this modified GONAD, which was re-named
as “i-GONAD.” It uses the Cas9 protein instead of the Cas9 mRNA, and targets late
zygotes. For example, they designed two gRNAs (16.2 kb distance apart), both of
which recognize either the sites of the retrotransposon sequence in the intron 1
of Agouti locus in the C57BL/6 mouse genome. The i-GONAD-mediated deletion
of the inserted sequence resulted in the generation of fetuses with agouti coat color
with efficiencies of 50%. Molecular biological analysis of these rescued offspring
revealed the evidence for LD in the Agouti locus containing retrotransposon of
C57BL/6 mice.

Since the studies by Takahashi et al. [84] and Ohtsuka et al. [86], several reports
have been provided using GONAD/i-GONAD technologies. In Table 1, past studies
using those technologies are listed. Also, the detailed protocols for i-GONAD in mice
have been provided by Gurumurthy et al. [116, 117] and Ohtsuka and Sato [118]. The
GONAD/i-GONAD-based production of genome-edited rats is also possible using the
same approach shown in mice. Notably, Namba et al. [119] demonstrated the proto-
cols for GONAD/i-GONAD in rats.
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Type of method Genome Animal Outcome Target gene References
(content of editing tool (species
CRISPR/Cas9 (mode for gene strain)
reagents) modification)
EP apparatus
GONAD CRISPR/Cas9 Mouse Performed at Day Hprt, eEF2, Takahashi
(mRNA) (indels) (MCH(ICR), 1.5 of pregnancy eGFP etal. [84]
BTX T820 eGFPTg) (corresponding to
2-cell stage) in mice;
first successful genome
editing at mid-
gestational fetuses with
28% efficiency; also
frequently associated
with mosaic mutations
i-GONAD (mRNA, CRISPR/Cas9, Mouse Performed at Day Foxe3, Ohtsuka
protein) Casl12a (indels, (MCH(ICR), 0.7 of pregnancy Pitx3, et al. [86]
KI) C57BL/6, (corresponding to Tis21
BTX T820, BALB/ late zygote stage); Tyr,
NEPA21, cA, C3H/ successful genome Agouti
CUY21EDIT II He, DBA2, editing in offspring Kit,
B6D2F1) with efficiencies of Cdknla,
50 ~ 100% for indels, Cdkn2a
~50% for ssODN KI
(single-base changes)
and 15% for longer
ssDNA KI; kilobase-
sized deletions can also
be induced
rGONAD (protein) CRISPR/Cas9 Rat (DA, Showing successful Tyr Kobayashi
(indels, KI) WKY) genome editing (with etal. [90]
NEPA21 efficiencies of 50.0%
and 17.8% for indels
and 26.9% and 11.1%
for KI) using i-GONAD
in rats; the .-GONAD
in rats was renamed as
“rGONAD.”
i-GONAD (protein) CRISPR/Cas9 Rat Showing successful Tyy, Takabayashi
(indels, KI) (SD, LEW, SD  genome editing (with Pax6 etal. [91]
NEPA21 xBN) efficiencies of ~62%

for indels and ~ 9% for
KI) using i-GONAD
in various rat strains;
abnormal facial
morphogenesis in
fetuses was induced
when Pax6 locus was
targeted; strain-
difference regarding
the optimal iz vivo EP
condition was noted for
BN strain

94



Recent Advances in In Vivo Genome Editing Targeting Mammalian Preimplantation Embryos

DOI: http://dx.doi.org/10.5772/intechopen.106873

Type of method Genome Animal Outcome Targetgene  References
(content of editing tool (species
CRISPR/Cas9 (mode for gene strain)
reagents) modification)
EP apparatus
AAV-based GONAD  CRISPR/Cas9 Mouse Intraoviductal injection ~ Tyr Yoon et al.
spCas9 (C57BL/6) of a solution containing [92]
(indels) two rAAV serotype 6
vectors, one carrying
spCas9 gene and
the other carrying
gRNA expression
unit, targeted Tyr
into pregnant female
mice at Day 0.5 of
pregnancy; led to
production of genome-
edited pups with 10%
efficiency
i-GONAD (protein) CRISPR/Cas9 Mouse Showing the first Pafahibi, Iwata et al.
(chromosome (C57BLY/6, successful target- Gm30413, [93]
inversion, LD) B6C3F1) specific chromosomal Rad51
NEPA21 inversions of 767
megabases (Mb) in
length in mice; this
is longer than any
previously reported
inversion produced
using PI-based methods.
i-GONAD CRISPR/Cas9 Golden A review showing that Tyr Hirose and
(protein) (indels) (Syrian) i-GONAD is useful for Ogura [94]
NEPA21 hamster production of Tyr KO
hamsters; the hamsters
showed albino coat
color, as expected
(Hirose and Ogura,
unpublished).
i-GONAD CRISPR/Cas9 Mouse Successful production Cdlknla Koyano
(protein) (K1) (C57BL/6) of p21 KO mice with etal. [95]
NEPA21 exacerbation of
fibrosis.
i-GONAD CRISPR/Cas9 Mouse Successful generation GGTA1 Sato et al.
(protein) (indels) (B6C3F1) of early embryos and [53]
NEPA21 fetuses with complete
loss of a-Gal epitope
expression
i-GONAD CRISPR/Cas9 Golden Showing successful Acrosin Hirose et al.
(protein) (indels) (Syrian) production of [96]
NEPA21 hamster acrosin KO hamsters;

homozygous mutant
males were completely
sterile.
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Type of method
(content of
CRISPR/Cas9
reagents)

Genome
editing tool
(mode for gene
modification)
EP apparatus

Animal
(species
strain)

Outcome Target gene

References

Sequential
i-GONAD
(protein)

CRISPR/Cas9
(indels, KI)
NEPA21

Mouse
(B6C3F1)

GGTA1,
Mecp2

Showing the usefulness
of two steps of
i-GONAD (at Day 0.7
and Day 1.4-1.5 of
pregnancy) to induce
two mutations which
are closely located each
other; can create floxed
mice carrying two lox
sites flanking an exon;
this approach is named
“sequential i-GONAD
(si-GONAD)”

Sato et al.
[971

i-GONAD
(protein)

CRISPR/Cas9
(indels, KI)
NEPA21, GEB15

Mouse
(C57BL/6,
BALB/c, ICR)

For obtaining genome-  Tyr
edited C57BL/6 mice,
setting a constant
current of 100 mA
upon in vivo EP is
recommended; in this
study, optimal EP
conditions allowing
the generation of a
100 mA current using
two electroporators,
NEPA21 and GEBIS5,
are explored;
consequently, the
current and resistance
were setto 40 V

and 350-400 W,
respectively, and were
found to be suitable
for i-GONAD using
C57BL/6 mice.

Kobayashi
etal. [98]

i-GONAD
(protein)

CRISPR/Cas9
(KI, LD)
NEPA21,
CUY21EDITII

Rat
(BN)

Explored for optimal Tyr
condition for obtaining
genome-edited BN rats
through i-GONAD;
under a current

of 100-300 mA

using NEPA21,
genome-edited BN

rats were obtained
with efficiencies of
75-100%; under a
current of 150-200 mA
using CUY21EDIT I
genome-edited BN rats
were obtained with
efficiencies of 24-55%.

Takabayashi
etal. [99]
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Type of method Genome Animal Outcome Target gene References
(content of editing tool (species
CRISPR/Cas9 (mode for gene strain)
reagents) modification)
EP apparatus
i-GONAD CRISPR/Cas9 Mouse Showing the usefulness  Fgf10 Kaneko
(protein) (indels) (ICR) of pretreatment with and Tanaka
NEPA21 hyaluronidase before [100]
i-GONAD at Day
0.4 of pregnancy
(corresponding to early
zygote stage).
i-GONAD CRISPR/Cas9 Mouse Showing successful Fosl1, Shang et al.
(protein) (indels) (CD-1, production of floxed Plagli, [101]
CUY21EDIT II C57BL/6) alleles for five geneswith ~ Ak040954,
an efficiency of 10% Clef1,
through a single step Gm44386
under relatively low costs
and minimal equipment
setup; constitutive KO
alleles were obtained
asbyproducts of these
experiments.
i-GONAD CRISPR/Cas9 Mouse Showing successful Kirc2 Ferez et al.
(protein) (indels) (C57BL/6) production of Klrc2 KO [102]
? mice; Qa-1b expression
levels were down-
regulated in infected
cells but increased in
some bystander immune
cells to respectively
promote or inhibit their
killing by activated
natural killer cells.
i-GONAD CRISPR/Cas9 Mouse Showing successful ATF5 Nakano et al.
(protein) (KI) (ICR, production of [103]
NEPA21 C57BL/6) hemagglutinin
(HA)-tag KI mice;
HA-tag sequence was
successfully inserted into
the C terminus of the
ATF5 coding sequence.
i-GONAD CRISPR/Cas9 Mouse Showing successful Gbx2 Yoshinaga
(protein) (indels) (ICR) production of Gbx2 KO etal. [104]
NEPA21 mice showing lack of
thalamocortical axons.
i-GONAD CRISPR/Cas9 Mouse Showing successful Serpina3n Hoetal.
(protein) (indels) (C57BL/6) production of Serpina3 [105]
? KO mice which failed
to evoke proper

resolution, indicating
that Serpina3n has a
physiological function in

resolving inflammation.
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Type of method Genome Animal Outcome Target gene References
(content of editing tool (species
CRISPR/Cas9 (mode for gene strain)
reagents) modification)
EP apparatus
i-GONAD CRISPR/Cas9 Mouse Showing successful Nrsn2 Umschweif
(protein) (indels) (C57BL/6) production of Nrsn2 etal. [106]
? KO mice with reduced
AMPAR signaling;
Neurensin-2 was
found to have a role as
anovel modulator of
emotional behavior.
i-GONAD CRISPR/Cas9 Mouse Showing the first Tprkb Iwata et al.
(protein) (indels) (C3H/He, Tprkb KO mouse with [107]
NEPA21 C57BL/6) an embryonic lethal
mutation that was
stably maintained
in heterozygotes as
inversion balancer strains
using a B6.C3H-In(6)1]
inversion identified from
C3H/HeJJcl.
i-GONAD CRISPR/Cas9 Golden Showing successful Mov10i1 Loubalova
(protein) (indels) (Syrian) production of Mov10l1 etal. [108]
NEPA21 hamster KO hamster which is
sterile in both sexes; this
is in contrast with the
case of Mov10l1 KO mice
which were known to be
sterile in males, but not
in females.
i-GONAD CRISPR/Cas9, Mouse Using /\eGFP Tg mice eGFP Miuraet al.
(protein) Casl2a (/A\eGFPTg) carrying a single copy [109]
(indels, KTI) of disrupted eGFP
CUY?21Editll (/\eGFP), the feasibility
of i-GONAD-mediated
gene correction using
AsCasl12anuclease is
shown.
i-GONAD CRISPR/ Mouse Showing successful Dil1 Zhang et al.
(protein) Cas9 (intronic (ICR) production of DIIIA232 [110]
deletion) mouse model in which
CUY21Editll E box motifs from
intron 4 of DII1 gene
have been deleted.
rGONAD CRISPR/Cas9 Rat Showing successful COLA4A3, Namba et al.
(protein) (indels) (WKY) production of Col4a5 COL4A4, [111]
NEPA21, GEB15 KO rat model for COL4A5
Alport syndrome with

hematuria, proteinuria,
and high levels of
BUN/Cre; died at 18 to
28 weeks of age.
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Type of method
(content of
CRISPR/Cas9
reagents)

Genome
editing tool
(mode for gene
modification)
EP apparatus

Animal
(species
strain)

Outcome

Target gene

References

i-GONAD
(protein)

CRISPR/Cas9
(indels)
NEPA21,
CUY21EDIT II

Rat
(SD)

To improve the Tyr
efficiency of
i-GONAD-mediated
KI in rats, three
gRNAs (crRNA1,
crRNA2, and
crRNA3), all of which
recognize the target
sites that are located
very closely each
other, were tested;
consequently, KI
efficiency varied
among those gRNAs,
suggesting that the
choice of gRNA

is important for
determining the KI
efficiency; the use of
KI-enhancing drugs
failed to increase the
KI efficiency.

Aoshima
etal. [112]

i-GONAD
(protein)

CRISPR/Cas9
(KI)
NEPA21

Mouse
(C57BL/6)

Showing successful COL7A1
production of RDEB
mouse model with
COL7A1 mutations,
¢.5818delC and
E2857X; 5818delC
homozygous

mice developed
severe RDEB-like
phenotypes and
died immediately
after birth, whereas
E2857X homozygous
mice did not have a
shortened lifespan
compared to WT
mice; adult E2857X
homozygous

mice showed hair
abnormalities,
syndactyly, and nail
dystrophy.

Takaki et al.
[113]

i-GONAD
(protein)

CRISPR/Cas9
(K1)
NEPA21

Mouse
(C57BL/6)

Showing successful Axdndl
production of

Axdndl KO mice

showing sterility

caused by impaired
spermiogenesis.

Hiradate
etal. [114]
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Type of method Genome Animal Outcome Target gene References
(content of editing tool (species
CRISPR/Cas9 (mode for gene strain)
reagents) modification)

EP apparatus
i-GONAD CRISPR/Cas9 Mouse Effects of AIMA Tyr Hasegawa
(protein) (indels) (C57BL/6) treatment on an etal. [115]

CUY21Editll increased number of

littermate in C57BL/6

mice were examined;
the mean litter size
following i-GONAD
increased from 4.8

to 7.3 after the AIMA
treatment; genetic
modifications were
confirmed in 80/88
(91%) of the offspring.

Abbreviations: AAV, adeno-associated virus; Agouti, Agouti-signaling protein (ASIP); AIMAs, anti-inhibin monoclonal
antibodies; AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid receptor; ATF5, activating transcription
factor 5; Axdndl, axonemal dynein light chain domain containing 1; B6C3F1, a cross between female C57BL/6 and
male C3H/He mice; BOD2F1, a cross between female C57BL/6 and male DBA/2 mice; BN, Brown Norway rat;

Cas12a (AsCas12a), class 2 CRISPR-Cas endonuclease Cas12a (previously known as Cpfl); CCK, cholecystokinin;
Cdkn1la, cyclin dependent kinase inhibitor 1A; Cdkn2a, cyclin dependent kinase inhibitor 2A; Clcf1, cardiotrophin-like
cytokine factor 1; COL4A3, collagen type IV a3 chain; COL4A4, collagen type IV a4 chain; COL4A5, collagen type

IV a5 chain; COL7A1, collagen type VII al chain; CRISPR/Cas9, clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated protein 9; DA, Dark Agouti rat; DII1, Delta like canonical Notch ligand 1; eEF2,
eukaryotic translation elongation factor 2; eGFE, enhanced green fluovescent protein; EF, electroporation; Fgf10, fibroblast
growth factor 10; Fosl1, Fos-like antigen 1; Foxe3, forkhead box E3; Gbx2, gastrulation brain homeobox 2; GGTAI1,
a-1,3-galactosyltransferase; GONAD, genome-editing via oviductal nucleic acids delivery; Hprt, hypoxanthine guanine
phosphoribosyl transferase; i-GONAD, improved GONAD; indels, insertions, deletions, or substitutions of nucleotides;
KI, Knock-in; Kit, KIT proto-oncogene, veceptor tyvosine kinase; Klrc2, killer cell lectin like receptor C2; KO, Knock out;
LD, large deletion; LEW, Lewis rat; Mecp2, methyl-CpG binding protein 2; Mov10l1, Mov10 like RISC complex RNA
helicase 1; Nrsn2, Neurensin 2; Pafahlbl, platelet activating factor acetylhydrolase 1b regulatory subunit 1; Pax6, paired
box 6; Pitx3, paired like homeodomain 3; Plagll, pleiomorphic adenoma gene-like 1; Qa-1b, a 48 kDa non-classical
MHC class Ib molecule; vAAV, vecombinant adeno-associated viruses; Rad51, RAD51 recombinase; RDEB, recessive
dystrophic epidermolysis bullosa; SD, Sprague-Dawley rat; Serpina3n, serpin family A member 3; si-GONAD, sequential
i-GONAD; spCas9, Streptococcus pyogenes-derived Cas9; ssODN, single-stranded oligodeoxynucleotide; Tis21, TPA-
inducible sequences 21; Tg, transgenics; Tprkb, TP53RK binding protein; Tyr, tyrosinase; WKY, Wistar Kyoto rat.

Table1.
Summary of genome-edited animals produced using GONAD/i-GONAD between the years 2015-2020.

5. GONAD/i-GONAD in rats

Rats (Rattus norvegicus) and mice (Mus musculus) are both classified into the same
rodent family, and have been recognized as the most widely used models for biomedi-
cal research during the past four decades. However, these animals are different on
many factors. For example, the rat is larger (roughly about eight- to ten-fold) in size
than the mouse. Therefore, rats have been extensively used for pharmacological and
surgical research, as exemplified by easier and more rapid microsurgery, multiple
sampling of blood and tissues with relatively large amounts, and precise injection of
substances into blood vessels (reviewed by Kjell and Olson [120]). Additionally, rats
are considered as animals suitable for toxicological, neurobehavioral, and cardio-
vascular studies (reviewed by Jacob [121]). Since the first report in 1997 by Guerts
et al. [122] on the production of genome-edited rats using ZFN technology, a total
of 113 GM rats by MI (including pronuclear MI and cytoplasmic MI) or 9 rats by
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in vitro EP method have been produced during the period 1997-2021 (reviewed by
Sato et al. [68]). Notably, GM rats often exhibited disease phenotype similar to that
observed in humans, comparable to those shown in GM mice. For example, Zhang

et al. [123] produced KO rats through MI of CRISPR/Cas9 components to obtain rat
models for hereditary tyrosinemia type I (HT1), a disease caused by a deficiency in
fumarylacetoacetate hydrolase (FAH) enzyme. These Fah KO rats developed remark-
able liver fibrosis and cirrhosis, which have not been observed in Fah mutant mice.
Furthermore, dystrophin-coding gene (dystrophin) (Dmd) KO rats (but not mice)
presented cardiovascular alterations close to those observed in humans, which are the
main cause of death in patients [124, 125]. These findings encourage the speculation
that rats may better mimic the human situation than mice.

In 2018, two groups in Japan succeeded in generating genome-edited rats using
i-GONAD. Kobayashi et al. [90] examined optimal iz vivo EP conditions, allowing
successful i-GONAD using NEPA21 electroporator and red fluorescent dextran
(RFD) (tetramethylrhodamine-labeled dextran 3 kDa) as a fluorescent dye to monitor
the fate of injected materials. Wistar Kyoto (WKY) strain rats were first subjected to
the intraoviductal injection of a solution containing RFD + TB into pregnant female
rats at Day 0.7 of pregnancy and subsequent iz vivo EP using the NEPA21 electro-
porator under the following EP conditions: Pp: 30, 40, or 50 V, 5-ms pulse, 50-ms
pulse interval, 3 pulses, and 10% decay (+ pulse orientation); Tp: 10 V, 50-ms pulse,
50-ms pulse, 6 pulses, and 40% decay (+ pulse orientation). When two-cell embryos
recovered one day after i-GONAD were inspected for RFD-derived fluorescence, EP
with 50 V for Pp and 6 times for Tp yielded maximal fluorescence in those embryos,
with 74% efficiency. Using these optimal EP conditions, they attempted to disrupt the
endogenous tyrosinase (Tyr) gene, a gene coding for protein essential for eye pig-
mentation, in pigmented females through intraoviductal injection of RNP (1 pg/pL of
Cas9 protein +30 pM of sgRNA targeted to Tyr). As a result, genome-edited pups with
albino-colored coat were obtained with an efficiency of 42%, when a Pp of 50 V was
employed. They also attempted to recover the coat-color mutation in WKY females
using an ssODN-based KI approach. Consequently, the KI efficiency was 27% in the
pups born. They named this rat-based i-GONAD as “rGONAD.”

Takabayashi et al. [91] provided data similar to that of Kobayashi et al. [90],
demonstrating that i-GONAD-based mutations (indels) resulted in the generation of
fetuses (derived from pigmented Brown Norway (BN) x albino SD rat crosses) with
non-pigmented eyes, with an efficiency of 56%. In this case, the in vivo EP condition
used was almost the same as that used for ;-GONAD in mice. They also tested the pos-
sibility of KI (targeted Tyr locus) using albino Lewis (LEW) rats and demonstrated
that the i-GONAD-mediated KI efficiency was as low as ~5%, when the presence of
fetuses with pigmented eyes was assessed. Takabayashi et al. [91] further attempted
to disrupt another endogenous gene, paired box 6 (Pax6), an essential locus required
for facial development, using i-GONAD. Out of 8 mid-gestational fetuses obtained,
three had completely lacked eyes and lateral nasal prominence.

6. GONAD/i-GONAD in hamsters

The golden hamster (Mesocricetus auratus) is a small rodent that has been extensively
used in biomedical research in fields including oncology, immunology, metabolic
disease, cardiovascular disease, infectious disease, physiology, and behavioral and
reproductive biology [126]. In 1976, hamster oocytes were first used for IVF assay to
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test the fertilizing ability of human spermatozoa [127]. However, hamster embryos are
highly vulnerable to in vitro conditions, hindering the generation of GM hamsters [128].

Hirose et al. [96] attempted to produce GM hamsters using i-GONAD, which
allows embryo manipulation under the environment where the effects of handling
embryos in vitro can be avoided as possible. Through intraoviductal injection of six
sgRNAs (targeted acrosin gene) and the Cas9 protein, they produced KO hamsters
lacking expression of acrosin, a protein thought to be essential for sperm penetration
through ZP, to investigate how acrosin-KO hamster spermatozoa behaved both in vive
and in vitro. A total of 15 pups obtained, eight of which were weaned. Of these, five
were found to have mutant alleles. Homozygous mutant males were completely ster-
ile, as the mutant spermatozoa attached to ZP, but failed to penetrate it. This finding
indicates that in hamsters, acrosin plays an indispensable role in allowing fertilizing
spermatozoa to penetrate ZP.

7. Application of GONAD/i-GONAD

7.1 Two-step i-GONAD can introduce mutations at two sites located close to each
other

CRISPR/Cas9-based introduction of indels into two sites (which are closely
located each other) through a single shot of transfection has been recognized dif-
ficult, because frequent deletion between these two sites occurs. However, sequential
transfection of genome editing reagents can avoid such deletion between the two
sites. To test the possibility, Sato et al. [97] tried to generate two types of indels at
two target sites (that are located very close to each other; 44 bp apart) by performing
i-GONAD sequentially (Figure 4). The two gRNAs were first designed to recognize
the upper and lower portion of exon 4 of a-1,3-galactosyltransferase gene (GGTAI),
coding for the protein essential for synthesizing the cell-surface a-Gal epitope [129].
For the 1st i-GONAD, a solution containing Cas9 protein, sgRNA (termed “A”) recog-
nizing the upper portion of exon 4, and dye (Fast Green FCF; for monitoring injec-
tion process) was injected intraoviductally at Day 0.7 of pregnancy (corresponding to
late zygote stage). Next day, a solution containing Cas9 protein, sgRNA recognizing
the lower portion of exon 4 (termed “B”), and dye was injected intraoviductally at
Day 1.7-1.8 of pregnancy (corresponding to 2-cell stage). One day after the final
surgery, morulae were isolated for single embryo-based analysis for possible indels
at the target sites. As a result, the efficiency of successful generation of morulae with
indels at both two sites was 18%. In contrast, i-GONAD using two sgRNAs (A and
B) + Cas9 protein at Day 0.7 of pregnancy failed to generate morulae with mutations
in both sites at exon 4 of GGTA1. Based on these findings, Sato et al. [97] named this
approach “sequential ;-GONAD (si-GONAD).”

7.2 Preparation of floxed mice using i-GONAD

The Cre/loxP system is a useful tool for assessing in vivo gene function. Spatially
and temporally-controlled expression of Cre recombinase enables precise deletion
of loxP-floxed chromosomally integrated GOI. To realize it, two loxP sites must be
simultaneously inserted in cis into the target locus. The resulting mice are called “con-
ditional KO mice.” Previously, this process for conditional KO mouse production was
achieved by embryonic stem (ES) cell-based gene targeting and subsequent chimeric
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Figure 4.

Scfematic of the detailed procedure of sequential improved genome-editing via oviductal nucleic acid delivery
(si-GONAD). After first i-GONAD on Day 0.7 of pregnancy, second i-GONAD is performed as shown in the
panel on Day 1.7 of pregnancy. This figure was drawn in-house, and reproduced with permission from Sato et
al., “Sequential i-GONAD: An Improved In Vivo Technique for CRISPR/Cas9-Based Genetic Manipulations in
Mice”; published by MDPI, 2020.

mouse production, which is time-consuming and labor intensive [130]. To bypass
this tedious process, attempts to produce mice carrying loxP-floxed GOI (which are
generally called “floxed mice”) have been made using genome editing technology.
In the initial experiments, simultaneous injection of Cas9, two pairs of gRNAs, and
two ssODNs containing lox sequences into mouse zygotes generates mice containing
floxed alleles [61, 131-134]. This approach can generate floxed mice without using
ES cells, since it does not require the construction of a KI vector, and production of
floxed mice is finished in a short period of time (e.g., in a month). However, accord-
ing to Horii et al. [130], the simultaneous introduction of two mutated lox sites
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(to which Cre recombinase bind) at a target locus is difficult as it often causes LD
of a sequence. To increase the possibility that the two lox sites are knocked-in, they
used the sequential introduction approach to perform KI of mutated lox sites into the
introns interposing exon 3 of methyl-CpG binding protein 2 gene (Mecp2) through
in vitro EP. When the resulting embryos (blastocysts) were subjected to molecular
analysis, 21% (33/155 tested) of the embryos had two floxed sites in the target Mecp2
locus. Furthermore, the efficiency of generating LD was 36% (56/155 tested). Sato
et al. [97] employed all the genome-editing components (gRNAs and ssODNs con-
taining mutated lox sites as donor DNA) described by Horii et al. [130] for si-GONAD.
Unfortunately, the generation of morulae with KI alleles (in which floxed sites had
been knocked-in in both sides of the introns interposing exon 3 of Mecp2) failed; only
a morula with one floxed site in the 5’ site of Mecp2 was successfully generated.
Recently, Shang et al. [101] developed a new approach by integrating a unique
design of asymmetric loxP-ssODN to create mouse conditional KO alleles in one step
using the i-GONAD method. They injected a cocktail containing Cas9 protein, two
gRNAs targeting the intron 2 and 3’ region of Fos-like antigen 1 gene (Fosl1), and two
short ssODNs as HDR donors for loxP insertions. Each ssODN is 161 nucleotide (nt)
long, composed of 91 nt of the 5’ homology arm from the PAM-proximal side, 34 nt of
loxP sequence, and 36 nt of the 3’ homology arm from the PAM-distal side. Molecular
biological analysis of the resulting pups demonstrated that out of 20 Fy mice obtained
one mouse had the simultaneous 5'- and 3'-loxP insertions and 6 had either 5'- or
3'-loxP integrations. Similar experiments were also conducted to obtain floxed mice
for genes coding for pleomorphic adenoma gene-like 1 (Plagl1), Ak040954, cardiotro-
phin-like cytokine factor 1 (Clcf1), and Gm4438. The overall targeting efficiency of
producing floxed alleles by i-GONAD was 10% (8/76 tested).

7.3 RFD is a useful reagent to master GONAD/i-GONAD in 2 days

RFD has been recognized as a useful reagent to judge the success of gene delivery
to early mammalian embryos after in vitro EP [67]. It has also proved useful for judg-
ing the success of GONAD/i-GONAD (53, 86, 90, 91, 97, 119]. For example, when we
performed ;-GONAD using a solution containing RFD and TB (or Fast Green FC) at
Day 0.7 of pregnancy (corresponding to late zygote stage; 16:00 PM), the success of
the approach can be judged by examining the RFD-derived red fluorescence in the
isolated 2-cell embryos under fluorescence microscopic observation one day after
i-GONAD. The presence of fluorescent embryos means successful i-GONAD, while
the absence of fluorescent embryos indicates failure of i-GONAD. This short-term
experience is especially beneficial for the beginners who want to master the tech-
nique, and is thus called “2-day protocol for mastering GONAD” [117]. Notably, Sato
et al. [97] showed that FITC-labeled fluorescent dextran is also effective for reporting
the success of gene delivery in mouse early embryos.

7.4 Chromosomal engineering using i-GONAD

As shown in Section 7-1, CRISPR/Cas9-mediated genome editing using 2 types
of gRNAs results in frequent generation of LD in the sequence flanked by the two
sites recognized by these gRNAs. Iwata et al. [93] applied this technique to introduce
chromosomal inversions of several megabases (Mb) in mice. When mouse zygotes
were subjected to iz vitro EP, a 767 Mb inversion was successfully introduced, which
is longer than any previously reported inversion produced using MI-based methods.
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They confirmed that a similar event can be induced using i-GONAD. These findings
suggest that CRISPR/Cas9 system via in vitro and in vivo EP is useful for examining
genetic diseases with large-scale chromosomal rearrangements.

Notably, the same group [107] recently demonstrated that i-GONAD can be useful
to maintain lethal mutant mice using an inversion balancer identified from the C3H/
HeJJcl strain. As a proof-of-principle, they created the Tp53rk binding protein gene
(Tprkb) KO strain with an embryonic lethal mutation through i-GONAD in the pres-
ence of a non-targeted B6.C3H-In(6)1] inversion. Iwata et al. [107] demonstrated that
the edited lethal genes were stably maintained in heterozygotes, as recombination is
strongly suppressed within this inversion interval. This strategy may facilitate further
analysis of lethal mutants.

7.5 Viral transduction using i-GONAD

Virus-based gene delivery approaches have been widely used in the biomedi-
cal sciences, especially for gene therapeutic purposes (reviewed by Sung and Kim
[135]). The viral vectors widely used are RV, AV, LV, and adeno-associated viral vector
(AAV). Each of these vectors have specific properties. For example, RV and LV can
infect both dividing and senescent cells and enable chromosomal integration. AV can
infect mainly dividing cells efficiently, but cannot integrate into host chromosomes.
These viral vectors (but not AAV) can infect ZP-removed early embryos, but not
ZP-enclosed (or intact) embryos [13]. Notably, the simple incubation of ZP-enclosed
embryos with recombinant AAV (rAAV)-containing medium was recently shown to
lead to the transduction of those embryos [13, 92]. Notably, there are over 10 differ-
ent serotypes of AAVs, each of which exhibits different infectious ability depending
on the type of cells [136]. Mizuno et al. [13] examined which serotype of AAV could
effectively transduce ZP-intact mouse 2-cell embryos. The embryos were co-incu-
bated for 16 h with several types of rAAVs carrying an eGFP expression unit and then
transferred to normal medium; the morulae developing after co-incubation with AAV
serotype 6 (which is hereinafter called rAAV-6) exhibited strong fluorescence [13].
The next vector showing relatively strong infectivity was rAAV-1. A similar observa-
tion was also made by Yoon et al. [92]. Importantly, rAAV-6 can transduce rat and
bovine embryos [13], suggesting the multi-species infectivity of this vector.

However, genome editing could not be induced in early embryos through trans-
duction with rAAV-6. The rAAV carrying Cas9 gene (~9 kb in size) and that carrying
gRNA could not be co-delivered, because rAAV was unable to incorporate over 4.5-kb
of an insert [137]. To perform successful CRISPR-based KI in mice, Mizuno et al.

[13] employed a two-step gene delivery approach. Zygotes were first subjected to in
vitro EP in the presence of RNP and then transduced with rAAV-6 carrying a 1.8-kb
GFP expression cassette flanked by two 100-bp Rosa26 homology arms. Molecular
biological analysis of the newborn pups demonstrated that the KI efficiency in the
Rosa26 locus was 6%. Yoon et al. [92] performed intraoviductal injection of a solution
containing rAAV6-Cas9 (carrying spCas9 gene derived from Streptococcus pyogenes)
and rAAV6-gTyr (carrying gRNA expression unit targeted Tyr) into the pregnant
female mice at Day 0.5 of pregnancy, similar to GONAD/i-GONAD. Molecular
biological analysis of the newborn pups demonstrated that the indel efficiency was
6%. All mutated founder (F,) mice generated albino offspring, indicating germ-line
transmission; this suggested that AAV is a powerful tool for inducing genome editing
in the ZP-enclosed early embryos in vivo. According to Sato et al. [138], this in vivo
approach is referred to as “AAV-based GONAD.”
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As was mentioned earlier, AAV-based GONAD appears to be more convenient
than GONAD/i-GONAD, since the former does not require any of the apparatus
required for EP. Unfortunately, it still requires more detailed information concerning
(1) which rAAV serotype is effective for in vivo transduction towards early mouse
embryos, (2) the stage allowing maximal expression of GOI (included in rAAV)
after infection at late zygote stage, and (3) whether the oviductal epithelial cells
are infected through AAV-based GONAD. Sato et al. [139] first examined the above
possibility using 4 types (1, 2, 5, and 6) of rAAVs carrying a unit for expression of
eGFP (as GOI). When AAV-based GONAD was performed at Day 0.7 of pregnancy,
and 2 days later the morulae were isolated to inspect eGFP fluorescence, rAAV-6 gave
strongest fluorescence, though the fluorescence intensity varied among embryos. The
fluorescence intensity provided by rAAV-1 was the next highest, but transduction
with the other remaining serotypes (2 and 5) resulted in negative or faint fluorescence
in the embryos. These results are consistent with the iz vitro data from Mizuno et al.
[13] and Yoon et al. [92]. A similar mode of transduction was also seen in the oviduc-
tal epithelial cells, suggesting the use of rAAV-6 (or possibly rAAV-1) for genome
manipulation of those cells.

AAV-based GONAD using rAAV-6 was performed at Day 0.7 of pregnancy, and
one day later, 2-cell embryos were isolated and cultured until the late blastocyst stage
to monitor the eGFP fluorescence expression. Under the fluorescence microscope,
fluorescence was first discernible at the 2-cell stage, attained at a maximal level at the
morula stage, and declined towards late blastocyst stage [139]. These results suggest
that one-day infection with rAAV-6 is enough to transduce ZP-enclosed zygotes float-
ing in the oviductal lumen. Furthermore, the GOI expression was transient, peaking
at the morula stage. These findings suggest a possibility that early mouse embryos
from zygote to morula stages can be effectively transduced in a sequential manner,
like si-GONAD.

7.6 Effect of HA treatment on the efficiency of i-GONAD-mediated genome
editing

As was mentioned in Section 4, i-GONAD at Day 0.4 of pregnancy (corresponding
to early zygote) often failed to obtain genome-edited embryos/fetuses. This appears
to be solely due to the presence of cumulus cells that tightly surround a zygote. One
idea to overcome this problem may be that early zygotes are pretreated with HA, an
enzyme capable of dispersing cumulus cells from a zygote [1], prior to i-GONAD.
Kaneko and Tanaka [100] examined the possibility by injecting 1 uL of 0.1% HA
into the ampulla of a female (ICR) at Day 0.4 of pregnancy (10:00-11:00) using
a thin glass needle. As a control, the solvent (PBS) was similarly injected. Several
minutes after the injection, a solution (1 pL) containing genome editing reagents
(2 pg/pL Cas9 protein +60 mM dual gRNA (targeted fibroblast growth factor 10
gene (Fgf10) + 0.08% TB) was intraoviductally introduced and subsequently the
entire oviducts were subjected to in vivo EP using tweezer-type electrodes. After that,
the developing fetal offspring were isolated for examining the presence of possible
genome editing in those samples. Consequently, the samples isolated from HA-treated
group exhibited 2.5-fold higher genome editing (indels) efficiency than those iso-
lated from the control group (68% vs. 27%). The i-GONAD on Day 0.7 of pregnancy
(16:00-17:00; in which case no HA is used) yielded genome edited pups with an
efficiency of 54%. These findings indicate that HA-mediated removal of cumulus
cells at Day 0.4 of pregnancy is effective when iz situ genome editing towards early
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zygotes are intended. According to Kaneko and Tanaka [100], the operation time for
introducing genome editing reagents into embryos in the oviducts can be adjusted by
treatment with HA before EP. This improved protocol can also be used for efficient
production of genome-edited mice and rats.

7.7 Strain-difference can affect the efficiency of i-GONAD-mediated genome
editing

According to Ohtsuka et al. [86], successful i-GONAD relies on the mouse strain
used. For example, it worked successful under relatively stringent electrical condi-
tions (40 V/100-200 Q/~300 mA) when random-bred mice (such as MCH(ICR) and
B6C3F1, a hybrid between C3H/He and C57BL/6), but not C57BL/6 strain, were used.
Under less stringent conditions (40 V/350-400 Q/~100 mA), i-GONAD was success-
ful in the inbred C57BL/6 strain [86, 98, 117]. These findings suggest the importance
of selecting the appropriate EP conditions, particularly when different mouse strains
are used for i-GONAD experiment.

This is also true for ;i-GONAD using rats. For example, when a current of >500 mA
was employed using the NEPA21 electroporator, albino SD and albino LEW rats were
successfully genome-edited; however, no offspring were derived from pigmented BN
rats (fetuses/newborns) [91]. In contrast, i-GONAD was performed under a cur-
rent of 100-300 mA using the NEPA21 electroporator, leading to the production of
genome-edited BN rats at efficiencies of 75-100% [99]. Similar success in producing
GM BN rats was achieved with efficiencies of 24-55% when another electropora-
tor CUY21EDIT II (BEX Co., Ltd., Tokyo, Japan) was employed under a current of
150-200 mA [99].

Notably, the most widely used electroporators (as exemplified by NEPA21) employ
a constant voltage. Also, other electroporators (as exemplified by GEB15 (BEX Co.,
Ltd.)) employ a constant current. Kobayashi et al. [98] explored the conditions allow-
ing the generation of a 100 mA current in C57BL/6 mice using two electroporators,
NEPA21 and GEB15. As a result, i-GONAD performed under conditions of average
resistance of 367 Q and average voltage of 116 mA resulted in the production of
genome-edited fetuses with efficiency of 39%.

7.8 Attempt to increase the efficiency of KI using i-GONAD

In our previous study using i-GONAD to produce GM rats and KO/KI rats, the
success rate of producing KI rats was lower than that of KI mice (5% vs. 60%, respec-
tively) when ssODNs were used as KI donors [91, 117]. To improve the efficiency of
i-GONAD in rats, Aoshima et al. [112] examined the effects of commercially available
KI-enhancing drugs (including SCR7, L755,507, RAD51-stimulatory compound 1 (RS-
1) and Alt-R® HDR Enhancer (HDR enhancer)), some of which have been known
to increase KI efficiency in culture cells and early embryos [140-143]. For example,
i-GONAD was applied to SD female rats (albino) using a solution containing RNP
complex (consisting of Cas9 protein and gRNA targeted Tyr locus), ssODN (used
as a KI donor oligodeoxynucleotide), and various amounts (5 or 15 uM) of L755,507
on Day 0.7 of pregnancy. Inspection of mid-gestational fetuses revealed that 12% of
fetuses obtained showed pigmented eyes when 5 pM L755,507 was used for i-GONAD,
suggesting successful KI [112]. In addition to L755,507, some drugs (e.g., SCR7 and
HDR enhancer) were found to be effective in i-GONAD in rats, but their effects were
limited.
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Schematic of knock-in (KI) experiment in vats towards the mutated tyrosinase gene (Tyr) locus performed by
Aoshima et al. [112]. The target sequence (exon 2 of Tyr) recognized by crRNA1, 2, and 3 is shown in green. PAM
sequences are underlined. Single-stranded oligodeoxynucleotide (ssODN) (containing wild-type nucleotide “G”
that corresponds to mutated nucleotide “A”) is shown in orange below the target sequence. The nucleotide “A/T”
marked in red is the mutation causing the albino phenotype. This figure was dvawn in-house, and reproduced
with permission from Aoshima et al., “Modification of improved-genome editing via oviductal nucleic acids
delivery (i-GONAD)-mediated knock-in in vats”; published by BioMed Central Ltd, 2021.

In a study by Aoshima et al. [112], three gRNAs (called crRNA1, crRNA2, and
crRNA3) were used. As shown in Figure 5, these gRNAs recognize different portions
of the target locus, but also overlap each other in the target locus. Surprisingly, the
KI efficiency in rat fetuses generated after i-GONAD with crRNA2 and ssODN was
significantly higher (24%) than crRNA1 (5%) or crRNA3 (0%). The KI efficiency of
i-GONAD with triple gRNAs was 11%. These findings demonstrated that the choice of
gRNA is important for determining KI efficiency.

7.9 Regulated timing of i-GONAD by administration of gonadotrophins

The i-GONAD experiment using C57BL/6 strain is always associated with the
difficulty in consistently obtaining pregnant females, because estrous females are not
always available. The administration of gonadotrophins has been frequently used for
inducing superovulation in many mouse strains to obtain a number of early embryos
[1]. This approach has an additional advantage in that it is capable of synchronizing
the estrous cycle of females; thus, the estrous cycle need not be examined through
smear testing or through visual inspection of the vagina.

Administration of higher dose (in this case, more than 5 international units (IU))
of gonadotrophins can induce superovulation, but often causes failure to deliver pups
[144-146]. Administering low doses (less than 5 IU) of gonadotrophins facilitates
ovulation of natural number of oocytes and successful delivery of pups [147, 148].
Notably, Sato et al. [53] reported that intraperitoneal (IP) administration of low-dose
(2-0.51U) serum gonadotrophin (PMSG) from a pregnant mare on 11:00, followed
by 5 IU of human chorionic gonadotrophin (hCG) 48 h later, is effective for inducing
natural ovulation before i-GONAD. In case of administration of 5 IU PMSG, females
having vaginal plug failed to deliver their pups. When females were inspected later,
some had dead fetuses in their uterus. When 2 or 0.5 IU PMSG was administered, all
females successfully delivered viable pups (average: 8 in each group). These findings
suggest that i-GONAD can be performed on 11:00 at Day 0.7 of pregnancy when
females were induced to ovulate by administering a low dose of PMSG. Indeed, Sato
et al. [97] demonstrated that --GONAD on 11:00 at Day 0.7 of pregnancy leads to
generation of genome-edited morulae.
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Unfortunately, the regime shown by Sato et al. [53] has only been used successfully
on B6C3F1 hybrid mice. Kobayashi et al. [98] examined whether the administration
of a single IP injection of low-dose PMSG (1.2 IU/10 g) is effective for synchronizing
the estrous cycle in C57BL/6 females. Consequently, approximately 51% of C57BL/6
females had plugs upon mating with males 2 days after PMSG administration, which
contrasts with the case (~26%) when C57BL/6 females were subjected to natural mat-
ing. Furthermore, 44% hormone-injected and plugged females delivered pups with
an average litter size of six, which was comparable to the rate obtained from females
that were not injected with hormones. These findings indicate that a single IP injec-
tion of low-dose PMSG increases the rate of acquiring plugged females before mating.
This is particularly beneficial for i-GONAD which always requires desired number of
plugged females obtained through a scheduled mating.

7.10 Combinational use of i-GONAD with anti-inhibin monoclonal antibodies
(AIMAs) treatment to increase the number of GM mice

Many attempts have been made to increase litter sizes (which is determined by the
number of oocytes naturally ovulated) using conventional superovulation regimens
(e.g., using PMSG/hCG), but had limited success because of unexpected decreases
in the numbers of embryos surviving to term, as mentioned in the Section 7-9.
Hasegawa et al. [115] attempted to overcome this problem using rat-derived AIMAs.
They administrated progesterone (P4) once a day for 2 days (days 1 and 2) to syn-
chronize the estrous cycle of female C57BL/6 mice, and AIMAs were injected into the
same animals at Day 4 followed by mating with male C57BL/6 mice. When ;-GONAD
targeting Tyr was applied to the AIMA-treated C57BL/6 female mice on the day of
vaginal plug formation during Days 6-8, a 1.5-fold increase in litter size was observed
(7.3 vs. 4.8 for the untreated control). Notably, genome editing efficiency did not
differ between these two groups. Therefore, AIMA treatment can reduce the number
of females used for the i-GONAD experiment, which will fulfill the 3R principles of
animal experimentation (i.e., Reduction, Replacement, and Refinement), and can be
applied to other mouse strains and animals.

7.11 GONAD/i-GONAD as a useful tool to check in vivo gene correction event

As was shown previously, GONAD/i-GONAD enable gene delivery to early
embryos present within the oviductal lumen and to the epithelial cells facing the
lumen [37, 53, 139]. The success of gene delivery to the oviductal epithelial cells can
be easily judged through direct observation of fluorescence under a fluorescence
microscope [37, 53, 139]. Therefore, in vivo gene delivery approach targeting oviductal
epithelial cells are excellent for testing the function of the GOI.

Miura et al. [109] attempted to examine whether iz vivo CRISPR/Cas9-mediated
gene correction is possible using GONAD/i-GONAD technologies. They first gener-
ated AeGFP KO mouse strain through MI of a solution containing Cas9 mRNA and
gRNA (targeted eGFP cDNA) into zygotes from Tg mice carrying eGFP cDNA [85].
The resulting AeGFP KO mice failed to exhibit systemic eGFP expression, due to
frame-shift mutations in the coding region of eGFP cDNA that was chromosom-
ally integrated in their genome. Next, they injected a solution containing sgRNA
targeted to the mutation site, Cas9 protein, ssODN (as donor DNA sequence; in some
cases), and Fast Green FCF into the oviductal lumen of female AeGFP KO mouse.
Subsequently, the entire oviducts were electroporated, similar to that performed in
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GONAD/i-GONAD. Three to 13 days later, the eGFP fluorescence was inspected in the
oviducts dissected from the treated females. Consequently, fluorescence was detected
in a portion of an oviduct, suggesting gene editing at the mutated site in the eGFP
cDNA through HDR-mediated KI of ssODN or NHE]J-mediated indels. Molecular
biological analysis of the oviduct confirmed the above events. Notably, in this system,
editing of mutated site can be easily monitored by visually inspecting the gene-edited
oviducts under UV illumination.

712 GONAD/i-GONAD as a useful tool to generate mouse models for ovarian
cancer

As was mentioned previously, GONAD/i-GONAD could transfect both pre-
implantation embryos and the oviductal epithelium facing the oviductal lumen.
Ovarian cancer is the most lethal gynecologic cancer to date. High-grade serous
ovarian carcinoma (HGSOC) is the most common type of ovarian cancer and has
the lowest rate of survival. Teng et al. [149] recreated the mutations found in ovarian
cancer to generate somatic ovarian cancer mouse models, using an iz vivo oviductal
EP method similar to GONAD/i-GONAD. Using the CRISPR/Cas9 genome editing
approach, they mutated the tumor suppressor genes (transformation related protein
53 (Trp53), breast cancer susceptibility gene I (Brcal), neurofibromin 1 (NfI), and
phosphatase and tensin homolog (Pten)) to study how these genes contribute to
tumor development. When mutations were introduced in three of the four genes,
namely Trp53, Brcal, and either Nf1 or Pten, the sites transfected with the genome
editing reagents displayed effects that were similar to human HGSOC and changes
in chromosome number. Teng et al. [149] concluded that the iz vivo oviductal EP
method is highly useful for generating mouse models to advance the understanding
and treatment of ovarian cancer.

8. Challenges, limitations, concerns and future perspective
8.1 Challenges

GONAD/i-GONAD is performed by injecting a small amount (1-2 pL) of a
solution containing genome editing components into the specific site of an oviduct
(called ampulla) of a pregnant female at Day 0.7 to 1.4 of pregnancy, using oral
breath-controlled glass micropipette under a dissecting microscope. The genome
editing components introduced within an oviductal lumen exist around ZP-enclosed
early embryos (zygotes to 2-cell embryos), but are never incorporated into those
embryos in an intact state. However, iz vivo EP enables delivery of substances (pres-
ent outside the embryos) into the internal portion of an embryo, leading to genera-
tion of genome-edited embryos. Another method to induce genome editing in early
embryos in situ is viral transduction using rAAV. Unfortunately, EP requires expensive
apparatus such as an electroporator, and rAAV transduction requires labor-intensive
and time-consuming preparation of viral particles. In this context, the use of
ZP-penetrating agents (e.g., MWNT and VisFect) would be ideal, because it does not
require an electroporator or viral preparation. To date, there is no report on successful
genome editing in early embryos using these ZP-penetrating agents. We expect that
these agents could be useful for facilitating NA delivery to embryos and subsequent
induction of genome editing.
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Kaneko and Tanaka [100] demonstrated that pretreatment of early zygotes
(tightly surrounded by cumulus cells) with HA led to increased efficiency of genome
editing in those embryos after i-GONAD. This is based on the concept that cumulus
cells surrounding a zygote hamper rapid transfer of genome editing reagents to
zygotes [86]. In the previous approach using GONAD/i-GONAD, in vivo EP is applied
immediately after intraoviductal injection of NAs [84, 86, 116]. In this case, it is
highly likely that the reagents injected might not have been fully infiltrated between
the intercellular space connecting cumulus cells. Waiting for several minutes after
intraoviductal injection may permit sufficient infiltration of the reagents before in
vivo EP, leading to increased efficiency of genome editing. This line of experiment has
now been undertaken by Takabayashi and his colleagues.

8.2 Limitations

GONAD/i-GONAD can be applied to larger animals, as exemplified by its use
in pigs; the demand for GM pigs has been rising due to the needs of the biomedical
and agricultural fields [150, 151]. The current strategy for creating GM pigs is based
on “ex vivo handling of embryos,” where MI or EP is carried in vitro towards zygotes
collected from individuals or produced through IVF, following which the treated
embryos have to be subjected to ET to recipient females [138]. Similar to the case of
MI or in vitro EP-mediated production of GM mice and rats, creation of GM pigs
is highly costive, time-consuming, and labor-intensive. Additionally, it requires
recipient female pigs, which are also expensive. In this context, GONAD/i-GONAD
should be theoretically performed in more convenient and inexpensive manner,
since it does not require “ex vivo handling of embryos.” Notably, the porcine oviduct
is generally ca. 100 mm in length and their form is linear, unlike the spiral form
in rodents (mice and rats). Furthermore, it does not have an enlarged site called
“ampulla” where rodent zygotes always stay. As a result, porcine zygotes will exist
in a broad area throughout the oviduct. To perform GONAD/i-GONAD in pigs,
researchers must inject a large amount of fluid (probably over 1 mL) and electro-
porate towards several sites whenever tweezer-type electrodes are used. It remains
uncertain whether this is feasible. Therefore, GONAD/i-GONAD in pigs remains a
challenge.

8.3 Concerns

As was mentioned in Section 1, in the initial step of development of GONAD/i-
GONAD, gene delivery to early murine embryos using plasmid DNA were success-
ful when the T-820 electroporator from BTX Co. was used [28]. However, it was
impossible when the other electroporators such as NEPA21 and CUY21EDIT II were
employed (Sato, Ohtsuka, unpublished). Notably, Hakim et al. [54] recently checked
several in vitro EP parameters to seek optimal conditions enabling gene (plasmid
DNA) delivery into mouse follicles, oocytes, and early embryos. When they were
electroporated in the 1-mm gap cuvettes using Gene Pulser Mxcell System (Bio-rad
Laboratories, Hercules, CA, USA), EP under 3 pulses of 30 V of 1 ms each at an
interval of 10 s was ideal, with no need to weaken or loosen the ZP layer. This suggests
that exploration of optimal EP condition using the above apparatuses (NEPA21 and
CUY21EDIT II) may enable the transfection of ZP-intact embryos with plasmid DNA.
If it is realized, transgenesis via introduction of plasmid-based transposons (e.g.,
piggyBac (PB) transposon + PB transposase mRNA) may be possible.
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8.4 Future perspective

Preimplantation embryos at zygote to morula stages, all of which exist within
the oviductal lumen of a pregnant female, can be a target for gene delivery through
GONAD/i-GONAD. As cleavage embryos (at 2-cell to early 8-cell stages) are com-
prised of blastomeres, each of which is facing the outside environment, genome
editing at these stages may frequently result in the generation of mosaic offspring
containing edited and unedited cells. This mosaic nature is tedious for the research-
ers who want to produce GM animals with high efficiency, but in turn beneficial for
investigating the properties of embryonic lethal genes, because mosaic fetuses or
pups produced through MI of genome editing components into one blastomere of
two-cell embryos should be viable and carry heritable lethal mutations [152]. On the
other hand, in the case of compacted 8-cell embryos and morulae, only blastomeres
facing the external environment (but not the inner cells present inside an embryo)
can be susceptible to genome editing. The outer blastomeres of morulae are thought
to contribute to the formation of a trophectodermal cell, which is a cell involving
implantation and placenta formation. Therefore, the GONAD/i-GONAD-mediated
genome manipulation at these stages may be a novel tool to explore the molecular
mechanisms underlying implantation and placenta formation.

9. Conclusion

Seven years have passed since the first report [84] on the development of GONAD
using mice. During this period, successful genome editing was reported in other
animals including rats and hamsters. The genes targeted by GONAD/i-GONAD
technologies were eGFP cDNA (chromosomally integrated in the eGFP Tg mice)

[84, 109] and endogenous genes such as Acrosin, Agouti, Ak040954, ATF5, Axdnd

1, Cdknla, Cdkn2a, Clcf1, COL4A3, COL4A4, COL4A5, COL7A1, DIl1, eEF2, Fgf10,
Fosl1, Foxe3, Gbx2, GGTA1, Gm30413, Gm44386, Hprt, Kit, Klrc2, Mecp2, Mov10l1,
Nrsn2, Pafahlbl, Pax6, Pitx3, Plagll, Serpina3n, Tis21, Tprkb, and Tyr (Table1). All
these genes were disrupted by indel mutations (KO) or modified through HDR-
mediated KI using the CRISPR/Cas9 system. As for the components used for CRISPR/
Cas9-mediated genome editing, Cas9 mRNA was initially employed, but later Cas9
protein was mainly used. For KI experiments, ssODN or iz vitro synthesized long
ssDNA was used as donor DNA. The dye used for monitoring successful injection
process was also changed; while TB was initially employed, Fast Green FCF was used
for later experiments. According to Ohtsuka et al. [86], TB (but not Fast Green FCF)
often generates visible precipitates, when RNP is mixed with the dye. GONAD/i-
GONAD technologies are very simple systems that only require the intraoviductal
injection of NA-containing solution and subsequent iz vivo EP. EP is now recognized
as a powerful tool enabling efficient gene delivery, but often causes deleterious effects
on cell/embryo survival, leading to reduction in litter size, as suggested by Kaneko
and Tanaka [100]. Ohtsuka et al. [86] first demonstrated that the success of in vivo EP
depends on the mouse strains used. This was also true for generating GM rats using
i-GONAD [91]. Therefore, exploration of optimal EP conditions is required before
GONAD/i-GONAD experiments start using new strains.

GONAD/i-GONAD requires an expensive electroporator. Notably, the intraovi-
ductal injection of rAAV into a pregnant female mouse was also useful for the in
situ transduction of zygotes [92, 139]. Furthermore, it has already been shown that
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AAV-mediated genome editing at zygotes through AAV-based GONAD is powerful for
the convenient acquisition of GM animals [92]. In this AAV-based GONAD system,
the electroporator need not be used, although it is always associated with laborious
and time-consuming tasks such as viral vector preparation. For developing systems
that are simpler than the present GONAD/i-GONAD, the use of ZP-penetrating
reagents will be highly desirable.

Recently, new genome editing systems known as prime editing [153-156] and
base editing [157-159] were reported. These systems enable precise gene correction
at a single nucleotide level. To date, these reagents have not been used for GONAD/i-
GONAD-mediated production of GM animals. Future application of these new
genome editing systems to GONAD/i-GONAD is highly expected.
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Abstract

In this chapter, we will discuss the applications of CRISPR/Cas9 in the context of
clinical diagnostics. We will provide an overview of existing methods and their use
cases in the diagnostic field. Special attention will be given to selective sequencing
approaches using third-generation sequencing and PAM-site requirements. As target
sequences in an AT-rich environment cannot easily be accessed by the commercially
available SpCas9 due to rarity of NGG PAM-sites, new enzymes such as ScCas9 with
PAM-site requirements of NNG will be highlighted. Original research on CRISPR/
Cas9 systems to determine molecular glioma markers by enriching regions of
interest will be discussed in the context of potential future applications in clinical
diagnostics.

Keywords: CRISPR/Cas9, clinical diagnostics, selective sequencing, PAM site, cancer

1. Introduction
1.1 Current diagnostic context

Emerging infectious diseases such as COVID-19, acquired or hereditary genetic
defects causing cancer and other illnesses fuel the need for fast and cost-effective
diagnostic tools. Gold standard for many types of disease detection is the real-time
polymerase chain reaction (PCR) due to its robustness and sensitivity toward
molecular biomarkers associated with diseases. Especially, quantitative PCR (qPCR)
and reverse transcriptase qPCR have been staples of infectious disease diagnostics
to determine the presence of pathogens and viral loads [1, 2], but have also proven
their efficacy in tumor diagnostics due to high sensitivity and low input requirements
[3, 4]. Many next-generation sequencing (NGS) approaches are also used as diagnos-
tic tools. Whole exome and genome sequencing is used for the investigation of many
molecular markers. The benefits of NGS include the ability to screen a large amount
of possible target genes in tandem for comparatively low cost [5]. Furthermore, NGS
can be used for unbiased detection and species level determination of pathogens in
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septic patients. This removes the need for time-consuming blood cultures [6]. Other
well-established methods in diagnostics are based on antigen-antibody interaction,
such as the Enzyme-Linked Immunosorbent Assay (ELISA) or paper-based lateral
flow assays [7, 8].

A new addition to the diagnostic toolbox is clustered regularly interspaced short
palindromic repeats (CRISPR)-based diagnostics. CRISPR-associated (Cas) proteins
are RNA-guided endonucleases originally part of the adaptive immune system of
prokaryotes to ward off invading nucleic acids. Several types of CRISPR/Cas systems
have been discovered, and some have been used for diagnostic applications such
as Cas12 and Casl13 for methods such as DNA endonuclease-targeted CRISPR trans
reporter (DETECTR) and specific high-sensitivity enzymatic reporter unlocking
(SHERLOCK) and SHERLOCKv?2 [9], which were recently developed as potent tools
for COVID-19 detection. This chapter will focus on the utility of CRISPR/Cas9 in
clinical diagnostics.

1.2 CRISPR/Cas9

CRISPR RNAs (crRNA) provide the targeting mechanism for the Cas9 nuclease
activity. crRNAs are hybridized with trans-activating crRNA (tracrRNA), providing
a stem-loop structure that anchors the RNA-complex to the Cas9 protein. The crRNA
can be engineered to target a wide array of sequences rendering CRISPR/Cas9 a
powerful tool for targeted gene editing and recognition. Cas9 proteins are character-
ized by two nuclease domains forming the active center, HNH and RuvC [10]. HNH
is a single nuclease domain responsible for cleaving the DNA strand complementary
to the RNA guide. RuvC is split into three subdomains, with RuvC I at the N-terminus
of the protein and RuvC II/III flanking the HNH domain near the center of the amino
acid sequence [11]. The catalytic residues D10 (in RuvC I) and H840 (in HNH) can
be substituted to either limit nuclease activity in case of a single-site inactivation to
create a Cas9 nickase or to generate a catalytically inactive/dead Cas9 (dCas9) variant
in case of a double-site inactivation [12]. In addition to the nuclease domains, Cas9
possesses a protospacer adjacent motif (PAM)-interacting (PI) domain. The PAM is
a short nucleic acid sequence downstream of the crRNA conferred target sequence,
required for nuclease activity and target sequence interrogation [13]. It is thought to
have originated in prokaryotes so as not to target their own DNA and thus to prevent
an autoimmune response [14]. While the sequence to be cut can be easily defined via
crRNA, the obligatory requirement of a protospacer adjacent motif (PAM) sequence
next to the target sequence [15, 16] limits the applications of Cas9 in clinical diag-
nostics. Due to this limitation, regions of interest without matching PAM-site cannot
be cleaved and subsequently analyzed. Several variants of Cas9 enzymes have been
generated to partially circumvent those limitations with a relaxation of the PAM-site
requirement. The Cas9 from Streptococcus pyogenes (SpCas9) natively recognizes the
PAM 5’-NGG-3’ but was modified (termed xCas9) to accept a broad range of PAM
sites, including 5’-NG-3), 5’-GAA-3), and 5’-GAT-3’ [17]. Additionally, Cas9 enzymes
from different hosts such as the Cas9 from Streptococcus canis (ScCas9) were modified
to be more promiscuous regarding PAM site recognition (termed Cas9-SC++), now
accepting 5’-NNG-3’ as a PAM site [18]. A Cas9 homolog discovered in Francisella
novicida (FnCas9) also recognizes the 5’-NGG-3’ PAM but was successfully engi-
neered to accept a 5°-YG-3’ PAM [19].
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1.3 Cas9 in diagnostic methods

In the area of molecular diagnostics, CRISPR/Cas9 systems have proven to be
effective tools in distinguishing between different Zika virus strains. Pardee et al.
(2016) [20] used nucleic acid sequence-based amplification (NASBA) in combination
with Zika strain-specific sgRNA/Cas9 and toehold switches to create a colorimetric
assay to detect and differentiate African and American Zika virus strains. A toehold
switch is an RNA molecule combining a sensor and a reporter sequence. Without the
presence of the trigger, an RNA molecule complementary to the sensor sequence, a
hairpin structure is formed. It limits access to the ribosomal binding site and therefore
inhibits translation of the reporter. Due to strand displacement upon hybridization
with the trigger RNA, the hairpin structure is resolved, allowing the translation of the
reporter [21]. The toehold switch was designed to regulate lacZ expression and was
activated by the Zika virus RNA amplicons, which allowed for colorimetric in vitro
detection of the target RNA. Due to sequence differences, PAM site locations vary
between the strains, which was exploited for targeted truncation of RNA amplicons
of only one strain in a method termed NASBA-CRISPR Cleavage (NASBACC).
Truncated RNA amplicons could not activate the toehold switch, which allowed for
discrimination between the strains [20].

CRISPR-Cas9 nickase (SpCas9H840A nickase) strand displacement amplification
(CRISDA) is an ultrasensitive method to detect target DNA with single-nucleotide
accuracy and attomolar sensitivity. A pair of SpCas9 nickase ribonucleoproteins
(RNPs) introduce nicks in the flanking areas next to the region of interest. Initial
primers anneal to the nicked strands from where strand displacement amplification
begins. Biotin and Cy5-labeled peptide nucleic acid (PNAs) probes are introduced to
the amplification mix to detect and quantify amplicons. The PNA binds to the ampli-
cons and enables a pulldown using streptavidin-coated magnetic beads. Fluorescence
measurement of the pulled-down DNA allows for quantification of the generated
amplicons [22].

Another nucleic acid detection strategy is CRISPR/Cas9-triggered isothermal
exponential amplification reaction (CAS-EXPAR). It is based on CRISPR/Cas9 cleav-
age and nicking endonuclease (NEase)-mediated nucleic acids amplification. Cas9
cleavage of the target produces a primer for the CAS-EXPAR reaction, wherein the
target “X” hybridizes with a construct containing two sequences complementary to
the target (“X’”), which are connected via a PAMmer. Upon extension of the double
strand, Cas9 cleaves off the newly synthesized DNA, which in turn acts as a primer
itself. This strategy was shown to have a detection limit of 0.82 amol and high speci-
ficity, discriminating single-base mismatches [23].

Lateral flow assays are state of the art in point-of-care diagnostics. CRISPR/Cas9-
mediated lateral flow nucleic acid assay (CASLFA) combines the sensitivity of Cas9
endonuclease with the ease of use of lateral flow assays. CASLFA was developed for
the identification of Listeria monocytogenes, different genetically modified organisms
(GMOs), and the African swine fever virus (ASFV) [24].

FnCas9 editor-linked uniform detection assay (FELUDA) is a diagnostic tool
combining preamplification of a target sequence using biotinylated primers with
inactive FnCas9 to detect target sequences. The used tracrRNA is FAM-labeled
and can be recognized via antibodies, and the capture of target sequences is paired
with a lateral flow readout. The biotinylated amplicons bind to the test region via
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streptavidin interaction. If FnCas9 binds to the amplicon DNA, it will be retained in
the test region, allowing for antibody-based detection in the form of a visible band.
dFnCas9 was used for this assay, as it exhibits lower affinity toward sequences with
single-nucleotide mismatches to the crRNA used than SpCas9 [25].

Finding Low Abundance Sequences by Hybridization (FLASH) is a method
that combines Cas9 digestion, PCR, and Illumina sequencing to detect and identify
antimicrobial resistance in microbial DNA samples. Isolated DNA is dephosphorylated
before Cas9 digestion of target sequences. The double-strand breaks introduced by
Cas9 remain phosphorylated and are subsequently dA-tailed. Adapters are ligated to
the dA-tailed target sequences, which are then amplified via PCR. The resulting library
can be sequenced via Illumina sequencing and achieve sub-attomolar sensitivity [26].

Next to infectious disease detection, another field of interest for targeted Cas9
diagnostics is cancer, one of the world’s leading causes of premature death [27]. As
cancerous unregulated cell growth can be caused by a combination of genetic defects,
it is vital for prognosis and treatment to accurately diagnose its molecular cause.
Cancer diagnostics currently is often based on histological analysis of tumor tissue.
Because histology is predetermined by genetics, research efforts to quickly identify
aberrant tumor marker genes on the molecular level are being pursued.

One application to potentially target this challenge is CRISPR-Chip. This method uti-
lizes dCas9 immobilized on a graphene surface, acting as a conductor. The dCas9 is paired
with a specifically designed sgRNA to recognize its target. Upon binding target DNA, the
conductivity of the immobilized dCas9 changes, which can be measured via the graphene
surface. This allows for detection limits of 1.7 fM gDNA. Though it was demonstrated
with target sequences associated with Duchenne muscular dystrophy, it could be used for
any sequences as long as a suitable PAM-site is flanking the region of interest [28].

Another route to follow in molecular tumor diagnosis is the sequencing of tumor
marker genes. With the advent of second- and third-generation sequencing, the
feasibility of sequencing approaches in standard diagnostics is increasing due to
lower costs and shorter sequencing times. However, a combination with CRISPR/Cas
technology allows for a specific sequencing of the regions of interest, boosting the
output of relevant regions, and thus enabling a faster and very specific and sensitive
sequencing approach.

1.4 Tumor biomarker selection for Cas9-targeted sequencing

To maximize utility of Cas9-targeted sequencing, biomarkers such as mutations or
methylation patterns with defined locations are favorable. Because sequencing times
are determined by target sequence length, biomarkers such as defined SNPs allow for
higher throughput, as flanks of the targeted sequence can be chosen in close proxim-
ity to the region of interest. In our research we developed an amplification-indepen-
dent workflow to assess the tumor marker status of six relevant genes/regions in brain
tumors following the 2021 WHO Classification of Tumors of the Central Nervous
System [29]. These genes/regions, their function, and glioma-relevant mutations are
described in the following.

Isocitrate dehydrogenases 1 and 2 (IDH1, IDH2) are crucial enzymes that catalyze
the oxidative decarboxylation of isocitrate to a-ketoglutarate during the Krebs cycle.
Common mutations associated with glioma formation are related to codons 132 for
IDH1 and 172 for IDH2 causing aberrant enzymatic activity and in turn the accumula-
tion of 2-hydroxyglutarate, which inhibits many a-ketoglutarate dependent enzymes
such as DNA-demethylases, leading to DNA hypermethylation [30].
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Additionally, the promoter of telomerase reverse transcriptase (pTERT) represents
a clinically relevant target due to its close association with oncogenesis and immortal-
ization of cell lines [31]. The mutations C228T and C250T are commonly associated
with aberrant expression patterns as these mutations create de novo binding sites for
members of the E26 transformation-specific family of transcription factors [31].

H3F3A and Hist1H3B encode histone subunits H3.3 and H3.1, respectively. K27M
variants are observed in different cancer types, such as Diffuse Intrinsic Pontine
Glioma, and G34R/V substitution in H3.3 is also associated with young adult high-
grade astrocytoma [32, 33].

BRAF encodes a member of the Raf kinase family, B-Raf, and is a growth signal
transduction protein kinase that regulates pathways associated with cell division and
differentiation. The amino acid substitution V60OE of B-Raf increases its basal activ-
ity and stimulates cell division and differentiation pathways. This is associated with a
variety of different cancer types [34].

As mutation detection via sequencing is of interest, it is crucial to be aware of the
benefits and drawbacks of the used sequencing technologies for the development of a
medical diagnostic application.

1.5 Current sequencing technologies

Currently, the most widely used next-generation sequencing technologies on
the market are Illumina short-read sequencing, PacBio (also referred to as Single-
Molecule Real-Time (SMRT) sequencing), 454 pyrosequencing, ion-torrent/proton
sequencing, and nanopore sequencing by Oxford Nanopore Technologies (ONT) [35].
Illumina, 454, and ion-torrent sequencing technologies are referred to as second-
generation sequencing technologies. They deliver short reads of about 50-1000 bp in
length and their parallelization in sequencing reaction results in a high read through-
put (0.7-15 M reads per run) and an amount of sequence information of about 0.5-8.5
Gb per run [36]. PacBio and nanopore sequencing are referred to as third-generation
sequencing technologies. They usually deliver tens of kb per read up to several
Mb, but far fewer reads in total. For nanopore sequencing, the amount of sequence
information is strongly dependent on the flow cell. Depending on the nucleic acid
library preparation and its quality, up to 2.8 Gb per run is theoretically achievable on a
Flongle flow cell, 10-15 Gb on a MinION flow cell [37], and up to 153 Gb per run was
reported by using the PromethION flow cell [38]. PacBio sequencing utilizes SMRT
cells for sequencing, usually generating 55,000-365,000 reads per run with an average
read length of 10-16 kb [39] and 15-96 Gb per run [40].

Nanopore and PacBio sequencing allow for real-time sequencing with parallel base
calling of the steadily increasing raw sequencing information allowing direct usage of
the results during the run. In addition, both techniques allow detection of epigenetic
information of each nucleotide sequenced [41], which can be a piece of important
additional information in clinical cancer diagnostics and treatment [42-44]. While
methylation of a base directly impacts the raw signal of the nanopore sequencing and
thus can be distinguished from an unmodified nucleotide, PacBio detects methylation
by a change in DNA-polymerase kinetics during synthesis. Due to the “sequencing
by synthesis” technology of second-generation sequencing techniques, they can-
not detect epigenetic modification directly, but only via a pretreatment step such as
bisulfite treatment, endonuclease digestion, or affinity enrichment [45].

In summary, the selection of the sequencing technology used for clinical diagnos-
tics will be strongly dependent on requirements such as mode of analysis and time to
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Sequencing Real-time Average Typicalnumber Amount Methylation
technology sequence of reads sequence data status
length perrun detection
Mumina no 2 x 150 5 billion (HiSeq 1300-1500 Gb no
bp (HiSeq 4000) [39]
4000) [39]
2 x 300 bp 25 million 4.5-51Gb
(MiSeq) (MiSeq) [39]
[39]
454 pyro- no 400-1000 > 1 million [32] 35-450 Mb [46] no
sequencing bp [46]
Ion-torrent no 200-600 bp 2-130 million 0.3-50 Gb' no
PacBio yes 10-16 kb 55,000-365,000 15 Gb (Sequel) yes
[39] [25] [40]
96 Gb (Sequel IT)
[40]
Oxford yes 10-30 kb 200,000 Upto2.8 Gb yes
Nanopore (all flow (Flongle) [48] (Flongle)*
Czegsl\)/[;e;’;f 1,200,000 10-15Gb
. (MinION) [48] (MinION) [37]
Up to 250 Upto153 Gb
million (PromethION)
(PromethION)’ [38]

‘Specifications obtained from the respective company’s website (as of 01.06.2022).

Table 1.

Most widely used sequencing technologies and their characteristics.

results. The characteristics in this respect of each mentioned sequencing technology

are summarized in Table 1.

Next to [llumina sequencing-based methods such as FLASH, third-generation
sequencing can also be paired with Cas9 enrichment of target sequences. PacBio uses
a generic SMRT sequencing library, which is digested by Cas9. The digested sequences
are then ligated to a second set of adapters, which is used for magnetic-bead-based
separation of the targeted sequences, allowing for target sequence enrichment [49].

For ONT’s Cas9-targeted sequencing process (nCATS), DNA is dephosphorylated
before Cas9 digestion. Like FLASH, the phosphorylated ends of the cleaved DNA are
dA-tailed and ligated to sequencing adapters, allowing for selective sequencing [50].
A similar approach was pursued in the following experimental section to develop a
CRISPR/Cas, third-generation sequencing assay for diagnosis of. Utilizing the prom-
ising properties of nanopore and Cas9-dependent target enrichment, we developed
an amplification-independent workflow to assess glioma biomarkers.

2. Development of a CRISPR/Cas9-targeted sequencing approach

2.1 Material and methods

To test the feasibility of nanopore sequencing in brain tumor marker detection,
we used pUCS57 vectors containing 2 kb target sequence of a given tumor marker as
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either wild-type or containing a clinically relevant mutation. Cas9-RNP populations
were prepared to cleave the DNA upstream and downstream of a given mutation
site. The excised double-stranded DNA was used for sequencing library preparation
using the SQK-CS9109 Cas9 sequencing Kit from ONT. Flongle flow cells (version
R.9.4.1) were used for sequencing. Sequences were assessed using a minimap?2 [51]
alignment followed by custom SNP calling using python scripts. As tumor treatment
is very time-sensitive [52], the possibility of intra-surgical diagnostics could alleviate
an unmet clinical need. Therefore, we evaluated the results not only by accuracy but
also regarding time to results. In addition to the complete sequencing data acquired a
subset generated during the first 15 min of sequencing was also used for analysis.

2.2 Cas9-RNP preparation

Alt-R® S.p. Cas9 Nuclease V3 including tracrRNA and crRNAs were purchased
from Integrated DNA Technologies (Coralville, IA, USA). The crRNAs were designed
to target at least 200 bp upstream and downstream of each mutation site resulting in
at least 1000 bp of excised dsDNA in total. crRNAs were designed for IDH1, IDH2,
pTERT, H3F3A, Hist1H3B, and BRAF. All sequences of used crRNAs are given in
Table 2. To anneal crRNA and tracrRNA, 8 pL Duplex Buffer (IDT), 1 pL tracrRNA
(100 pM), and 1 pL crRNA Pool (100 pM, equimolar) were assembled in 0.2 mL thin-
walled PCR tubes and incubated at 95 °C in a thermal cycler. The mix was allowed to
cool to room temperature (RT) afterward. The annealed crRNA/tracrRNA (10 M)
was added to 79.2 pL nuclease-free water, 10 pL Reaction buffer (SQK-CS9109 Kit),
and 0.8 uL Alt-R® S.p. Cas9 Nuclease V3 (62 pM) and mixed thoroughly by flicking.
The RNPs were formed by incubation at RT for 30 min and stored at 4°C until needed.
Two different RNP populations were prepared with different crRNAs. Population 1
included all crRNAs described in Table 2, whereas population 2 was prepared with
only the two crRNAs targeting IDHI.

2.3 Cas9 digestion of pUC57 plasmids

The pUCS57 vectors containing tumor marker sequences used as target DNA for
Cas9 digestion were purchased from GenScript (Piscataway, NJ, USA). For DNA
digestion and library preparation, the SQK-CS9109 Cas9 sequencing kit from ONT
(Oxford, UK). DNA digestion was set up by adding template plasmids to Cas9 RNPs,
reaction buffer, dATP, and Taq DNA-polymerase. One digestion was performed with

Target crRNA Seq fw (5°-3’) crRNA Seqrv (5°-3’) Fragment size [bp]
IDH1 ATGTTTAATACAATCTTTGG GCTTCCCATTACAAGAGGAG 1062
IDH2 AGTGCACACGATGTTTCTGC TCGTCCTCACGACAACACTT 1601
pTERT CTCCCTGACGCTATGGTTCC GTCAAGGAGCCCAAGTCGCG 1443
H3F3A AATTTGACTCGACCTTCCAG TATTTGCGGAGGCTAAGTCT 1081
Hist1H3B GCATTCCTAACTATCTTGAA CATAGTCTAATGCTTTCCGG 1334
BRAF GACCCTCTAAAACGGTGTGA GCATGCATGTATAGGAGAGC 1584
Table 2.

List of crRNAs used for enzymatic excision of tumor marker DNA from pUCs57 vectors containing tavget gene

fragments.
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Digestion 1 Digestion 2
pUC57:IDH1_Wt (80 ng/uL) — 2L
pUC57:IDH1_R132C (80 ng/uL) 14l —
pUC57:IDH1_R132H (80 ng/uL) — 2L
pUCS7:IDH2_ Wt (80 ng/uL) 1L —
pUC57:pTERT Wt (80 ng/uL) 1puL —
pUCS57:H3F3A_Wt (80 ng/uL) 1uL —
pUCS57:Hist1H3B_Wt (80 ng/pL) 1puL —
pUCS7:BRAF Wt (80 ng/uL) 1L —
ddH20 21pL 23pL
Cas9 RNPs (Population 1) (10 pM) 10 pL —
Cas9 RNPs (Population 2) (10 pM) — 10 pL
Reaction Buffer 3uL 3uL
dATP 1pL 1uL
Taq Polymerase 1pL 1uL

Table 3.
Setup for digestion of different pUCsy7 plasmid mixtures using different Cas9-RNP populations.

a mixture of six plasmids (80 ng each), each containing a different marker, in order
to test multiplexing. Another digestion was set up with a mixture of two plasmids
(160 ng each) containing different mutations of the same marker, IDH1, in order
to test variant calling capabilities. The different reaction mixtures were prepared as
shown in Table 3.

The reaction mixtures were incubated for 30 min at 37°C for Cas9 cleavage.
Subsequently it was incubated at 72°C for 5 min for Taq Polymerase facilitated dA-
tailing of cleaved fragments.

2.4 Library preparation

For sequencing adapter ligation to the dA-tailed fragments, the digested and
dA-tailed DNA was added to a mixture of 20 pL Ligation Buffer, 3 pL nuclease-
free water, 10 pL T4 Ligase, and 5 pL Adapter Mix. The ligation components were
mixed by flicking, spun down, and incubated at RT for 10 min. DNA was purified
using AMPure XP beads (Beckman Coulter, Brea, CA, USA). In total, 48 pL of
magnetic beads was added to each sample and mixed by inversion. The samples
were incubated for 10 min at RT without agitation. Afterward, samples were spun
down, and beads were separated magnetically. The supernatant was discarded,
and the pellet washed twice with 250 puL Short Fragment Buffer (SFB). The wash
step consisted of resuspension in SFB and subsequent magnetic separation of the
washed beads. After the supernatant was removed, the pellet was resuspended in 13
pL 50 °C Elution Buffer. The elution mixture was incubated at 50 °C and 1000 rpm
in a heater shaker for 10 min. After magnetic separation, 13 pL of the eluate was
removed, and DNA content and purity were analyzed via Nanodrop. Sequencing
libraries were created by combining 37.5 pL Sequencing Buffer, 25.5 pL Loading
Beads, and 12 pL DNA Library.

136



Applications of CRISPR/Cas9 for Selective Sequencing and Clinical Diagnostics
DOI: http://dx.doi.org/10.5772/intechopen.106548

2.5 Nanopore sequencing

In total, 37.5 pL of each library was used for sequencing on a Flongle flow Cell
(R9.4.1). DNA contents were 48.6 ng for sample 1, containing fragments of all six
plasmids, and 17.4 ng for sample 2, containing fragments of two plasmids, resembling
two IDH]1 variants. Sequencing was concluded after 18 h, and a subset of sequences
generated during the first 15 min was separated.

2.6 In silico analysis

To analyze the possible mutation sites bioinformatically, alignment references
of the tumor marker sequences were created. In the reference sequences, the pos-
sible mutation site was deleted; therefore, alignment of each generated sequence
produced an insertion mutation during variant calling. The bases recognized as
insertions were used to distinguish wild-type and mutated sequences. Each gener-
ated sequence was aligned with all possible target references using minimap2 [51].
Subsequently, paftools. js was used for variant-calling [51] and custom scripts
accumulated the numbers of wild-type and mutant reads in real time. To ensure the
highest possible accuracy, matches between generated sequences and references
were split into mapped generated sequences and sequences with tumor marker informa-
tion. Because truncated sequences or erroneously sequenced DNA molecules can be
aligned to a given reference but yield no tumor marker information, only generated
sequences that can unambiguously be identified as a tumor marker variant were used
for analysis.

2.7 Results and discussion
Creating a sequencing library from a mixture of six plasmids containing different

tumor marker genes enabled us to identify each target with high accuracy, as seen in
Table 4. These results were achieved after 18 h of sequencing with a library containing

Target Inspected Mapped Sequences with Correctly Identified
variation generated tumor marker Sequence variants [%]
Sequences information
IDH1_R132C R132 128416 74002 99.57
IDH2 Wt R172 196040 151329 97.59
pTERT Wt C228 48932 32613 99.45
C250 34689 99.61
H3F3A_Wt K27 39232 21899 99.11
G34 22308 97.50
Hist1H3B_Wt K27 45560 19458 99.66
BRAF Wt V600 52387 35354 98.36
Table 4.

A sequencing library was prepared from tumor marker DNA excised from synthetic plasmids. Equal amounts of
plasmid were used for each target. Mapped sequences were identified as a given marker sequence via minimapz,
but only sequences with tumor marker information were able to be used for SNP calling. Shown is the
cumulative output after 18 h of sequencing on a Flongle flow cell.
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Target Inspected Mapped Sequences with Correctly Identified
variation generated tumor marker Sequence variants
Sequences information [%]
IDH1_R132C R132 914 604 99.50
IDH2 Wt R172 894 757 98.94
pTERT Wt C228 348 257 100
C250 269 100
H3F3A_Wt K27 239 157 100
G34 166 96.99
Hist1H3B_Wt K27 292 143 100
BRAF Wt V600 246 185 100
Table 5.

A sequencing library was prepared from tumor marker DNA excised from synthetic plasmids. Equal amounts of
plasmid were used for each target. Mapped sequences were identified as a given marker sequence via minimapz,
but only sequences with tumor marker information were able to be used for SNP calling. Shown is the
cumulative output after 15 min of sequencing on a Flongle flow cell.

48.6 ng of plasmid DNA. Overall yield of sequences was high with 39000 generated
reads for all markers. IDH1 and IDH2 were outliers in this regard as they yielded 128416
and 196040 reads, respectively. As expected, not all generated sequences carried tumor
marker information. The ratio of sequences with tumor marker information to all
mapped sequences was 42-77%, depending on the given marker (Table 4). The ratio
of correctly annotated tumor marker variants was >97% in all cases. We demonstrated
the specificity of Cas9 cleavage by including a plasmid without target sequences as
background in separate control experiments. No sequences derived from this control
plasmid were generated during subsequent ONT sequencing.

Accuracy for simulated homozygosity and coverage of each marker after 18 h
was very high. As time-to-result is a central parameter in clinical diagnostics, these
results were examined regarding the coverage and accuracy after 15 min of sequenc-
ing time. This subset revealed a coverage for each marker of >200x after 15 min.
Ratios of sequences with tumor marker information out of all generated sequences
were similar after 15 min as compared with 18 h. They ranged from 48 to 84%,
depending on the observed marker. Accuracy regarding the identification of the
tumor marker sequence was also comparably high in this data subset. Between 96.99
and 100% of sequences with tumor marker information were annotated correctly, as
shown in Table 5.

As these results were achieved with one variant per marker, no conclusions
regarding heterozygosity detection were possible. Most mutations are heterozygous.
Therefore, a subsequent experiment was performed to assess the analysis accuracy
when including a simulated heterozygous mutation. For this experiment, a mixture
of equal amounts of pUC57:IDH1_Wt and pUC57:IDH1_R132H was used for Cas9
sequencing. In total, 174 ng of plasmid DNA contained in the library was loaded onto
the Flongle flow cell. Results shown in Table 6 were achieved after 18 h of sequenc-
ing, with a subset of sequences generated during the first 15 min of sequencing being
evaluated separately. In total, 625 reads were generated after 15 min of which 490
(72%) yielded tumor marker information. After 18 h, 29072 reads were generated and
20875 (78%) yielded tumor marker information. It was found that both IDH1 variants
present in the digested plasmid mix were detected during sequencing. The expected
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Sequencing time 15 min Sequencing time 18 h
Mapped generated sequences 625 29072
Sequences with tumor marker information 490 20875
Expected ratio (Wt/R132H/other IDH1) [%] 50/50/0 50/50/0
Achieved ratio (Wt/R132H/other IDH1) [%] 40.2/59.59/0.21 38.49/61.4/0.01

Table 6.

A sequencing library was prepared from tumor marker DNA excised from synthetic plasmids. Equal amounts of
plasmid were used for each target. Mapped sequences were identified as a given marker sequence via minimap2,
but only sequences with tumor marker information could be used for SNP calling. Shown is the cumulative
output after 15 min and 18 h of sequencing on a Flongle flow cell.

ratio of these variants was 50% IDH1_Wt and 50% IDH1_R132H, but an approxi-
mated 40%/60% split was observed after 15 min and 18 h.

Although Cas9 selective sequencing focuses on the sequence of interest and
thus may lead to faster and more accurate results as compared with a whole genome
sequencing approach, there exist some challenges. In a direct sequencing approach,
there is no amplification step involved when analyzing only a single mutated base or
area. Thus, one complete genome delivers only one read of the desired area, which
in case of carcinoma mutations is mainly haploidic. Therefore, a huge amount of
highly pure, high molecular weight, genomic DNA must be prepared and used, which
depending on the amount of sample and method of nucleic acid preparation may be a
limitation. Typically, the usage of 1-10 pg of human genomic DNA for Cas9 digestion
is suggested (nCATS, [50]), corresponding to 150.000-1.500.000 copies of a diploid
(female) genome, ideally resulting in the same number of reads. However, one must
consider inefficiencies in Cas9 digestion, nucleic acid purification, and library prepa-
ration together with possible off-target digestion effects. Further on, there exists an
intrinsic error rate of each sequencing method used and in case of cancerous tissue, it
may consist of a mixture of wild-type and mutated cells depending on tumor hetero-
geneity and the general quality of tissue sampling. This may result in a general low
number of reads, possibly beyond the coverage needed to safely identify a mutation.

Despite these drawbacks, we believe an nCATS-based approach to intra-surgical
determination of a molecular tumor marker panel is justified, as it allows for live
detection of marker variants including epigenetic information [50]. Preamplification
of the targets might alleviate the high input DNA requirements but removes the ability
to determine epigenetic properties of the sequences. That would render the effective
analysis of markers such as MGMT methylation status, a predictive biomarker for
efficacy of chemotherapy [53], impossible. PCR-based approaches such as qPCR would
be very sensitive, as even a few copies of target DNA can produce a positive signal [54],
but primer sets that incorporate the putative mutation site would be necessary to distin-
guish between wild-type and mutant sequences. This is a drawback in comparison to the
chosen nCATS approach as this only detects anticipated mutations. Immunodetection
of possible auto-antibodies (e.g., with ELISA) has been reported to be prone to false
positives [55] and even though nanopore sequencing itself is prone to sequencing
errors, they are distributed across the sequence, which leads to high consensus accuracy
[56]. Drawbacks are the low resolution of homopolymers, which are prone to sequenc-
ing errors with the current flow cell generations. Second-generation sequencing would
allow for high sensitivity and accuracy and is well-established but delivers only short
sequences. Due to its sequencing by synthesis approach, epigenetic information is lost
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Diagnostic tool Mode of action Advantages Challenges Accuracy Sensitivity
nCATS [50] Excision of Native Large input DNA Medium, Medium
target sequences  sequencing— requirements, off-target
from genome epigenetic possible off- digestions
and subsequent profile target sequencing  possible [58];
sequencing accessible, Nanopore
real-time sequencing,
basecalling high intrinsic
error rate
[56]
(Reverse Detection by Quantitative Reliant on primer ~ Very high Very high
transcriptase) amplification sequencing, specificity,
real-time PCR well- affected by
[3, 4] established mutations in
method binding regions
of primer probes
ELISA [7, 59] Immuno- Can detect a Prone to false Low-medium Medium
detection wide range of positives [55]
antigens and
antibodies
2nd Gen. Sequencing by Established Short read Very high Very high
Sequencing synthesis methods, high sequencing, high
[57, 60] read count number of reads
needed for contig
generation
3rd Gen. ONT: electrical Long read High intrinsic Medium Medium
Sequencing current sequencing, error rate (single
[37, 61] changes PacBio: easy assembly sequence), low
Fluorescence of long contigs homopolymer
detection resolution

Table7.
Comparison of current diagnostic tools with nCATS.

in this case as well [57]. A comparison between mode of action, advantages and disad-
vantages, accuracy and sensitivity of those diagnostic tools is shown in Table 7 below.

3. Conclusion

Considering the number of reads generated in 15 min using Flongle flow cells,
the process might be sped up with the use of MinION flow cells. This would increase
cost but cut sequencing time in a trade-off to be considered on a case-by-case basis.
We demonstrated that the defined plasmid sequences could be analyzed via the
described workflow. As the described experiments represent a work in progress, the
use of isolated gDNA with significantly lower target sequence density as a template
must be demonstrated. Previous works used either amplification-independent whole-
genome sequencing (WGS) or amplicon sequencing to assess brain tumor marker
variants. The WGS alternative is significantly slower due to the excess of non-target
sequences generated but yielded additional epigenetic information for the regions
of interest [62]. Enrichment of target sequences via PCR yields more favorable
library compositions but eliminates epigenetic information [62]. As shown here, our
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CRISPR/Cas9-based approach to enrich native target sequences might be able to
combine the advantages of both previous strategies.

The results of the simulated heterozygosity were ~10% off from the expected 50%
distribution of IDH1 Wt/IDH1 R132H, as shown in Table 6, but the fact that negli-
gible amounts of other IDH1 mutations and no other tumor marker sequences were
found is promising toward applications in clinical environments.

Ultimately, the goal of such a workflow should be a time-to-result below the time
required for a neurosurgical tumor resection via craniotomy. This way, neurosurgeons
could make informed decisions about the extent of the ongoing surgery and initi-
ate personalized therapeutic modalities based on clinically actionable prognostic
biomarkers [63]. Provided the RNPs are prepared in advance, the workflow described
using the ONT Cas9 Sequencing kit, including 15 min time required for sequencing,
would take 1:45 h altogether. Assuming gDNA extraction and preparative dephos-
phorylation add another 30-45 min [64], the total time-to-results may be as low as
2.5 h. Considering the lower abundancy of target sequences in gDNA compared with
synthetic plasmids, sequencing times would likely increase to generate the same cov-
erage, which must be accounted for. But this could partly be mitigated by the usage
of a MinION flow cell instead of a Flongle flow cell. The analyzed marker panel can
be amended by adding or subtracting crRNAs to target different sequences. A prereq-
uisite for this approach is the presence of PAM sites in the vicinity of the new target
genes. Mutations in AT-rich regions might be hard to access via SpCas9 because of its
PAM-site requirement of 5’-NGG-3’ For this reason, different Cas9 proteins might
be suitable candidates for amended workflows, such as xCas9, ScCas9-SC++, or an
engineered FnCas9 [17-19]. In summary, these proof-of-concept results suggest that
Cas9-aided targeted sequencing can generate diagnostically relevant tumor marker
information in a short period of time and therefore might be a feasible diagnostic
method for intra-surgical tumor diagnostics.
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