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CRISPR-Cas technology has enabled the rapid and effortless generation of genetically
modified mice. Specifically, mice and point mutant mice are readily produced by
electroporation of CRISPR factors (and single-stranded oligo DNA donors) into the
zygote. In contrast, gene cassette (>1 kb) knock-in and floxed mice are mainly
generated by microinjection of CRISPR factors and double-stranded DNA donors into
zygotes. Genome editing technologies have also increased the flexibility of genetically
modified mice production. It is now possible to introduce the intended mutations
in the target genomic regions in a number of beneficial inbred mouse strains. Our
team has produced over 200 gene cassette knock-in mouse lines, and over 110
floxed mouse lines by zygote microinjection of CRISPR-Cas9 following requests from
several countries, including Japan. Some of these genome editing used BALBI/c,
C3H/HeJ, and C57BL/6N inbred strains, however most used C57BL/6J. Unlike the
electroporation method, genome editing by zygote microinjection in various inbred
strains of mice is not that easy. However, gene cassette knock-in and floxed mice on
single inbred genetic backgrounds are as critical as genetic humanized, fluorescent
reporter, and conditional knockout mouse models. Therefore, this article presents the
protocol for the zygote microinjection of CRISPR factors and double-stranded DNA
donors in C57BL/6J mice for generating gene cassette knock-in and floxed mice. This
article exclusively focuses on nuclear injection rather than cytoplasmic injection. In
addition to zygote microinjection, we outline the timeline for the production process

and peripheral techniques such as induction of superovulation and embryo transfer.
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Introduction

Knock-in mice, in which the intended exogenous genes are
introduced at the target loci, are widely used in many in
vivo studies as gene humanized mice, fluorescent reporter
mice, and Cre driver mice’'2. When knock-in mutations
are induced by genome editing in mouse zygotes, single-
stranded DNA (single-stranded oligo DNA donors, ssODN)
or double-stranded DNA (dsDNA) is used as donor DNAZ:3.
ssODN is mainly used to knock-in relatively short gene
fragments of less than 200 bp4. It is possible to knock-
in fragments longer than 1 kb DNA using long ssODNs
(IsODN)5‘6, however their preparation is time-consuming.
When dsDNA donors are used, gene cassette (>1 kb) knock-
in mice can be generated without laborious donor DNA

preparation7.

The principal advantage of using ssODNs is that
electroporation8 can generate knock-in mice. However,
dsDNA donors must be introduced directly into the nucleus by
zygote microinjection. Simultaneous knock-in at two sites is
required to create floxed mice, in which each loxP sequence
is knocked-in upstream and downstream of the target gene.
There are two ways to generate floxed mice by genome
editing in mouse zygotes-using two independent ssODNSs,
each carrying a single loxP site, or using a single dsDNA
(or IsDNA) with a floxed sequence; the former is very
inefficient?:19:11. Genome editing using dsDNA donors is
the simplest approach to produce gene cassette knock-in

and floxed mice if the environment is conducive to zygote

microinjection.

Initially, mixtures of Cas9 mRNA and sgRNA or DNA vectors
encoding sgRNA and Cas9 are used for genome editing

in mouse zygotes12'13. Since high-quality and stable Cas9

proteins are now available at a low cost, the introduction of
crRNA-tracrRNA-Cas9 ribonucleoprotein (RNP) into mouse
zygotes14 has become popular. Recently, knock-in mice have
been generated with high efficiency by introducing the crRNA-
tracrRNA-Cas9 RNP and donor DNA into both pronuclei of
mouse zygotes in a cell cycle phase where knock-in is most
likely to occur™®. Therefore, the present protocol describes
techniques for producing various types of knock-in mice by

this method.

There are many useful inbred strains of laboratory mice®.

Genetic modification within the inbred background can
disregard the influence of genetic background on the
phenotype. This article describes a method for inducing gene
cassette knock-in and floxed mutations in the zygote of the
most commonly used inbred mouse line, the c57BL/6J 1.
Further, the timeline for the generation of genetically modified

mice and the peripheral techniques used are also discussed,

including the induction of superovulation and embryo transfer.

Protocol

All animal experiments were conducted humanely with
approval from the Institutional Animal Experiment Committee
of the University of Tsukuba, according to the Regulations
for Animal Experiments of the University of Tsukuba
and the Fundamental Guidelines for Proper Conduct of
Animal Experiments and Related Activities in Academic
Research Institutions under the jurisdiction of the Ministry
of Education, Culture, Sports, Science, and Technology of

Japan. C57BL/6J mice of both sexes, 10-25 weeks old, were

used as the zygote donor. ICR mice (older than 10 weeks)
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were used as the recipient mice. The mice were obtained from

commercial sources (see Table of Materials).

1. Confirmation of crRNA cleavage activity in a
cell-free system

NOTE: In rare cases, crRNAs with no cleavage activity
are observed. In such cases, it is recommended to

redesign the genome editing design.

2. Preparation of the mixture of crRNA, tracrRNA,

Cas9 protein, and donor DNA for zygote
microinjection

1. Dissolve 2 nmol of crRNA (dry) and 20 nmol of tracrRNA

(dry) in 25 pL and 250 pyL of RNase-free water, 1

respectively (see Table of Materials).

NOTE: CRISPR target sequences that were predicted
to have high cleavage activity and as few off-targets as
possible are selected using CRISPOR (see Table of
Materials). In the case of gene cassette knock-in, target
the sequence across the insertion site. The exon(s) to be
floxed were selected using the KOnezumi (see Table of

Materials).

2. Amplify the DNA fragment (approximately 0.5-1 kb)

containing the target site by genomic PCR®. Purify this
PCR amplicon with the common PCR product extraction

kit (see Table of Materials).

3. Prepare 10 yL of CRISPR mixture (100 ng/pL of crRNA,
150 ng/pL of tracrRNA, and 1 ng/uL of Cas9 in the Cas9
Nuclease Reaction Buffer, see Table of Materials). To
construct the CRISPR-Cas9 complex, place the CRISPR

mixture in a heat block at 37 °C for 30 min.

Prepare CRISPR solution (50 ng/uL of crRNA, 200 ng/
pL of tracrRNA, and 200 ng/uL of Cas9 in RNase-free
water). Prepare a donor DNA solution (20 ng/uL of self-

constructed plasmid DNA vector).

1. Filter the donor DNA solution through a sterile
syringe filter with a 0.22 ym pore size. Mix equal
volumes of CRISPR solution and filtered donor DNA
solution. Ensure that the final concentration of each
is 25 ng/uL of crRNA, 100 ng/uL of tracrRNA, 100 ng/
pL of Cas9, and 10 ng/uL of donor DNA. This mixture
will hereafter be referred to as RNPD.

NOTE: When cutting two sites, such as during floxed
mice production, the concentration of each crRNA
must be 25 ng/uL. The donor DNA is a circular
plasmid DNA and can be purified with a common
mini prep spin column kit (see Table of Materials).
The prepared solution must be placed on ice and

used for micro-injection as soon as possible.

4. Add the total volume (10 L) of CRISPR mixture to the 3. Obtaining mice zygotes by natural mating

PCR product (10 uL, 20 ng/uL) described in step 1.2 and

incubate at 37 °C for 1 h. Add 1 pL of RNase (500 ng/uL) 1.

to degrade the crRNA and tracrRNA at 37 °C for 30 min,
as RNAs must be absent during electrophoresis. Perform
electrophoresis of the above samples using loading dye

containing sodium dodecyl sulfate (2% wi/v).

Inject 5 IU of pregnant mare's serum gonadotropin
(PMSG, see Table of materials) subcutaneously into
C57BL/6J female mice (10-25 weeks old) 3 days before
microinjection. Approximately 46-48 h later, administer 5
IU of human chorionic gonadotropin (hCG, see Table of

materials) intraperitoneally. Co-house the PMSG- and
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hCG-treated female mice with male C57BL/6J mice and
check the vaginal plugs the following morning.

NOTE: Approximately 15-25 zygotes can be obtained
from one female C57BL/6J mouse. The timeline is shown

in Figure 1.

Prepare two 35 mm Petri dishes for zygote culture, as
shown in Figure 2. Place them in the incubator (37 °C,

5% COo) until use. These can be stored overnight.

Euthanize the female mice with confirmed vaginal plugs
by cervical dislocation and, using small scissors, incise
through the abdominal skin and muscle layer from the
midline of the lower abdomen to below the ribs.

NOTE: ethics committee

Follow local animal

recommendations for euthanasia.

Collect the oviducts and place themin a 20 uL drop of M2
medium containing 0.75 mg/mL of hyaluronidase (see
Table of Materials) on the lid of the Petri dish. Pick up
one oviduct with fine tip forceps and perfuse about 50 uL
of M2 medium with hyaluronidase through the fimbriae.

NOTE: At this time, the zygotes are loosely surrounded

by numerous cumulus cells.

After 30 s, pick up morphologically normal zygotes with a
small amount of medium using a glass capillary and wash
them by transferring them to fresh M16 medium droplets.
Transfer the washed zygotes into a Petri dish (Figure 2)
for pooling.

NOTE: The timeline is shown in Figure 1.
Morphologically normal zygotes have a male and female

pronucleus and two polar bodies that have not severely
compromised the spherical shape15. The morphology
of the zygote varies considerably among strains and

species.

Repeat steps 3.3 and 3.4 until all zygotes are retrieved.
About 100 zygotes can be pooled in one M16 drop in the
culture dish. Store the dish in the incubator (37 °C, 5%

COy) until microinjection.

4. Preparation of the microinjection needle

Pull some glass pipettes using the programmable pipette
puller (see Table of Materials).

NOTE: Microinjection needles must have a thin tip and
long taper. If the puller has a program for making needles
for intracytoplasmic sperm injection, the same program

can be used to make needles for microinjection.

Break the tip of the microinjection needle by hitting the
glass ball attached to the microforge tip. Ensure that the
tip size of the microinjection needle is around 1 ym in
diameter. Check the tip size under a microscope at 1000x

magnification.

Bend the microinjection needle at about 2-3 mm from the
tip using a microforge.

NOTE: The angle of the bend depends on the setup of
the micromanipulator. Too much bending will reduce the

effectiveness of the piezo pulse.

5. Zygote microinjection

Inject 1-1.5 cm of the operation liquid (inertia body that
is needed for the piezo effect to make holes as an
alternative to mercury, see Table of Materials) into the
center of the microinjection needle and attach it to the

manual microinjector holder with the piezo actuator.

1. Further, attach the holding needle to the opposite
manual microinjector holder. Move the operation

liquid to the microinjection needle tip with gradual
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pressure. Fix both the manual microinjector holders
on the micromanipulator.

NOTE: The operation liquid coming out of the tip
of the microinjection needle can be observed under
a microscope at 50x magnification. After adjusting
the amount of liquid emitted, the splashing of liquid
can be observed when the piezo pulses are applied,
confirming that the piezo pulses are effective. If this
cannot be confirmed, re-prepare the microinjection

needle.

Prepare an injection chamber with three droplets: (1) 10
pL of M2 medium; (2) 5 pL of 12% polyvinylpyrrolidone
(PVP) in M2 medium; and (3) a 5 uL mixture of crRNA,
tracrRNA, Cas9 protein, and the Donor DNA (RNPD)
solution. Cover the droplets with mineral oil in the same
manner as step 3.2 and set the injection chamber on the

inverted microscope stage.

1. Under the inverted microscope at a 50x
magnification, lower the microinjection pipette into
the 12% PVP drop. Aspirate and dispense 12% PVP
to clean the inside of the microinjection needle tip

and transfer it to the RNPD droplet.

Put the manual microinjector under negative pressure
and suck up the RNPD solution into the microinjection
needle. Wait for a few minutes until a sufficient volume
is aspirated; under a microscope magnified 50x, fill the

entire inside of the microinjection needle with liquid.

1. Stop the intake and allow the RNPD solution
to be expelled gradually by setting the manual
microinjector to positive pressure. Move the tip of the
microinjection needle into the oil.

NOTE: Turn the knob of the manual microinjector

counterclockwise for inhalation. To stop inhalation,

rotate the knob clockwise and gradually increase
the pressure while observing under a microscope.
The RNPD solution will be gradually drained. Liquid
level movement in the microinjection needle allows

confirmation of the outflow.

Put 50 zygotes in the M2 droplet and gently lower
the holding pipette into the same droplet. Transfer the
microinjection needle to the M2 drop containing zygotes.
Switch to a 20x objective and focus on the tip of the
microinjection pipette.

NOTE: Put as many zygotes that can be injected in 10

min.

Hold a zygote and focus on the pronucleus by moving
the micromanipulator. Insert the microinjection needle
into the zygote and bring the tip close to the pronucleus.
Once the tip reaches the pronucleus membrane, apply

the piezo pulse (intensity: 6-10, speed: 1) to pierce.

1. When the microinjection needle punctures the
pronucleus, inject the RNPD solution, and observe
the swelling of the pronucleus. Once the pronucleus
is fully inflated, quickly pull out the needle. Perform
the same procedure on both the female and male
pronuclei.

NOTE: The inflation of the pronucleus by injection
can be clearly seen under the microscope. The

degree of this inflation is difficult to verbalize but can

be confirmed by referring to previous reports15.

Move the injected zygote to another location within
the M2 droplet to identify the zygotes before and after
injection.

Repeat steps 5.5-5.6 until all the zygotes in the M2
droplet have been injected. After the injection, transfer

the zygotes into a fresh M16 dish.
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Select the survived zygotes 10 min after injection.
Remove the lysed zygotes which are damaged by the
injection and distribute survived zygotes to each droplet
in the M16 dish. Each droplet must contain 20-24 zygotes
for one pseudopregnant female. This reduces the time
the M16 dish is exposed to the environment outside the
incubator during embryo transfer.

NOTE: Under optimal injection conditions, the survival
rate is 90%-95%. This depends on the size of the needle
tip, the strength of the piezo pulse, and the outflow

pressure of the RNPD solution.

6. Embryo transfer into the oviduct

For obtaining pseudopregnant mice, mate each female
ICR mouse in the proestrus phase with a vasoligated
male ICR mouse. Check the plugs the following day.

NOTE: Approximately 15 pseudopregnant mice are

obtained from 20 mating pairs.

Administer three types of mixed anesthetic agents (0.2
mg/kg of medetomidine, 4.0 mg/kg of midazolam, and
2.5 mg/kg of butorphanol, see Table of Materials)
subcutaneously to the pseudopregnant female mice.
Confirm appropriate anesthesia by a decrease in
respiratory rate and disappearance of the tail-pinch and
hindlimb pedal withdrawal reflexes. Apply ophthalmic
ointment to lubricate the eyes as per local animal ethics

committee recommendations.

After razor-shaving the dorsal region of the mouse
in the prone position and disinfecting the surgical
area three times, alternating between an iodine or
chlorhexidine-based scrub and alcohol, incise the dorsal
skin approximately 1 cm along the spine with small

dissecting scissors.

4.

Shift the dorsal incision wound to one side ventrally,
incise the muscle layer through which the ovary can be
seen, grasp the fat above the ovary with tweezers, and

withdraw the ovary, oviduct, and uterus.

1. Secure the fat with a serrefine clamp (see Table of
Materials). Place the reproductive tissues on sterile

gauze to avoid direct contact with the coat.

In the following order, place a small amount of culture
medium (M2 or M16), some air bubbles as a marker, and
the zygotes in a pipette for transfer.

NOTE: Transfer approximately 10-12 zygotes per

oviduct.

Make an incision using a micro shear (see Table of
Materials) between the ampulla and the fimbriae of
the oviduct (just long enough to allow the glass pipette
to enter), introduce the zygotes into the incision, and
simultaneously confirm that the air bubble has been

introduced.

Perform the implantation into the other oviduct similarly

(step 6.6).

Suture the outer skin with autoclips (see Table of
Materials).

NOTE: Do not suture the incised muscle layer unless the
incision wound is unavoidably large. The ideal size of the
incised muscle layer should be less than 2-3 mm. If the
incision is greater than 5 mm, the muscle layer should be
sutured using a sterilized suture needle and thread (see

Table of Materials).

7. Animal recovery

1.

Administer atipamezole hydrochloride (0.3 mg/kg)

subcutaneously to mice.
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NOTE: Follow local animal ethics committee

recommendations for post-operative analgesia.

2. Then, place the mice in cages and keep them warm on

a hot plate at 37 °C.

3. After the mice are awakened, keep them warm for about
2 h. After confirming no abnormal behavior of the mice,

return the cages to the breeding rack.

Representative Results

The production outcomes of gene cassette knock-in and
floxed mice using this protocol are shown in Table 1
and Table 2. The target genes were not stated because
each genome-edited mouse line is currently being used
in an independent, unpublished project. Instead, the target

chromosomal regions were described.

The genotyping analyses were performed using a previously
reported method'8. In this genotyping method, mice in which
the donor DNA is inserted into unintended chromosomal sites
are not counted as positive individuals, even if the desired
genome editing is induced. Hence, the production efficiency

of the founder mice that are truly useful for actual purposes

was shown, rather than the efficiency of the genome editing

itself.

The median production efficiency of 13 independent gene
cassette knock-in mice was 20.8%, with a maximum of
39.5% and a minimum of 7.9% (Table 1). This efficiency was
considered to be sufficiently practical. Any lethal embryonic
genes were not targeted during the gene cassette knock-in.
The median birth rate under this non-lethal gene targeting
condition was 34.0% (maximum 43.3% and minimum 15.9%).
Since this is comparable to the birth rate in embryo transfer
without genetic manipulation, we considered that the toxicity
of the introduced genome editing elements and the physical
damage of zygote microinjection was unlikely to affect

embryonic development.

The median production efficiency of the 10 independent
floxed mice was 7.7%, with a maximum of 20.7% and a
minimum of 2.1% (Table 2). Although the functions of several
target genes were unknown, the median birth rate was 30.2%,
with a maximum of 43.8% and a minimum of 17.3%. This
rate was comparable to that of gene cassette knock-in mice,
suggesting that the micro-injection operation has a negligible

effect on the embryonic development of floxed mice.

3.00 i 3
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(C57BL/6J) ]
9:00 L 9:00 s:ljo |
PMSG hCG->Mate Plug Check 9:00~
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Figure 1: Timeline of zygote microinjection. White and dark color shows the light and dark cycle, respectively. The mice
were maintained under a 14 h light/10 h dark cycle. PMSG: pregnant mare's serum gonadotropin; hCG: human chorionic

gonadotropin Please click here to view a larger version of this figure.

(A) (B)

M16 medium

Mineral oil

Figure 2: Preparation of culture dishes. (A) Culture dish for the zygotes before the injection. Place two drops of M16
medium (20-25 L for each) in a 35 mm plastic Petri dish. (B) Culture dish for the zygotes after the injection. Place 10 drops
(10-20 pL for each drop) of M16 in a 35 mm plastic Petri dish. Drops are covered with mineral oil (3 mL). Please click here to

view a larger version of this figure.
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Targeted Number of Knock-in Homology arm length (kb)
Chromosomal Embryos Newborns Examined Knock-in TGS insertion
Reglon injected transferred (weanings) wio rTG tength (0 5'arm 3"arm
2qE2 349 331 114 (34.4%)° 114 9 (7_9%)b 5 (4_4%)d 1.0 1.0 1.0
2qE2 231 215 78 (36.3%)? 74 15 (20.3%)° | 23 (31.1%)¢ 22 1.0 1.1
5qG2 288 262 90 (34.4%) 81 19 (23.5%)° | 18 22.2%) 1.6 2.0 2.0
6qB1 278 259 58 (22.4%)° 46 11 23.9%)° | 11 23.9%) 4.2 1.2 1.0
69E3 295 277 97 (35.0%)? 23 2 (8.7%)b 4 (17.4%)d 6.5 1.1 3.0
[ROSA26]
6qE3 246 219 87 (39.7%)° 83 22 26.5%)° | 18 (21.7%)° 5.8 1.1 3.0
[ROSA26]
7aFs 219 268 116 (43.3%)° 14 45 (39.5%)° | 44 (38.6%)° 14 34 10
11qB4 405 353 56 (15.9%)° 47 8(17.0%)P | 12 25.5%)° 1.7 1.0 0.8
119D 310 294 100 (34.4%)° %8 15 (15.3%)° | 76 (77.6%)" 10 18 24
12qE 368 320 86 (26.9%)? 84 12 (14.3%)° | 19 (22.6%) 34 1.1 1.3
12qF1 315 265 76 (28.7%)° 72 17 (23.6%)° | 28 (38.9%)° 1.0 1.1 1.1
14qE5 256 215 48 (22.3%)° 48 11 22.9%)° | 21 43.8%) 3.1 1.0 0.9
14qE5 287 285 85 (29.8%)° 72 15 (20.8%)° | 19 (26.4%) 26 1.0 0.9

Table 1: Knock-in mice production by micro-injection. The table shows the birth rate and the efficiency of producing mice
that carry the intended knock-in allele without (W/O) random integration (rTG) of the donor DNA. It was possible to obtain
mice with the intended knock-in allele in all projects. a: Number of Newborns/Number of transferred embryos; b: Number

of knock-in alleles carried mice/number of examined mice; c: it is not certain if there is an intended allele; d: Number of rTG

allele carried mice/number of examined mice; rTG: random integration of donor vector. W/O: without.
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Targeted Number of floxed Homology arm length (kb)
Chromosomal Embryos Newborns Examined floxed length (kb)

Reglon injected transferred (weanings) Wio rTG 5'arm 3'arm
3qC 325 313 93 (29.7%)2 87 9 (10_3%)b 1.3 1.2 1.1
4qB1 210 200 36 (18.0%)2 29 6 (20.7%)b 1.6 1.2 0.9
4qC4 272 256 112 (43.8%)2 100 5 (5_0%)b 24 1.0 1.4
5qF 143 137 40 (29.2%)? 40 6 (15.0%)b 1.8 1.0 1.1
5qF 255 227 80 (35.2%)2 76 2 (2.6%)b 1.3 1.1 0.9

9qE3.1 289 261 80 (30.7%)2 77 9 (11 .7%)b 1.2 1.2 1.2
109B3 284 269 88 (32.7%)? 78 3 (3.8%)b 1.3 1.1 0.9
10gC1 243 231 40 (17.3%)2 38 4 (10.5%)b 2.1 1.0 1.3
149E5 390 372 139 (37.4%)? 135 5 (3.7%)b 1.1 0.8 0.9

179A3.3 383 374 99 (26.5%)2 95 2 (2.1 %)b 21 0.6 0.8

Table 2: Floxed mice production by micro-injection. The table shows the birth rate and the efficiency of producing mice

that carry the intended flox allele without (W/O) random integration (rTG) of the donor DNA. It was possible to obtain mice

with the intended flox allele in all projects. a: Number of newborns/number of transferred embryos; b: number of flox allele

carried mice/number of examined mice. rTG: random integration of or donor vector; W/O: without.

Discussion

In the present study, fresh (not frozen-thawed) C57BL/6J
mouse zygotes, obtained from natural mating, were used
for genome editing mouse production. By injecting crRNA-
tracrRNA-Cas9 and donor DNA (RNPD) into both pronuclei
of these zygotes in a cell cycle phase where knock-in is most
likely to occur, gene cassette knock-in and floxed mice were
generated with a high birth rate and sufficient genome editing
efficiency. The current study strengthens the extensibility of

the SPRINT-CRISPR method15, where it ensures sufficient

knock-in efficiency even in the C57BL/6J genetic background,

and can be applied to the production of floxed mice.

Electroporation is a highly generalized method of producing
genome-edited mice because of the low cost of the
experimental devices and the ease of learning the
techniques. Furthermore, the i-GONAD method'®, in which
genome editing is done with preimplantation embryos existing
in the oviduct, does not require a recipient mouse. Compared
to these methods, the present method presented here is

costly and time-consuming when preparing and maintaining
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an experimental environment in terms of both hardware and
software. However, once the experimental facilities are set
up, complex gene cassette knock-in and floxed mice can be
produced with only commercially available CRISPR elements
(crRNA, tracrRNA, and Cas9 protein) and a simple, small
amount of circular plasmid vector to be used as donor DNA.
This means that many complex genome-edited mouse lines
can be produced without the need for time-consuming (or
relatively expensive) ISODN®:8 or adeno-associated virus

vectors20 to prepare.

Unlike the original SPRINT-CRISPR method 9, fresh (frozen-
thawed) zygotes were used. When obtaining fresh zygotes
by natural mating, the technical errors can be ignored that
may occur during in vitro fertilization or freezing and thawing.
Also, the embryo manipulation process can be completed
in approximately half a day (Figure 1) following the current
approach. On the other hand, some limitations of the present
method include the requirement of many male mice, the loose
control of the fertilization timing, and the limited ability to
completely predict the number of zygotes for microinjection.
Compared to the original SPRINT-CRISPR method, this
method may have a higher birth rate (Table 1). Despite this,
it cannot be concluded that the present method is better
in terms of birth rate because of the differences in the
experiment conductors, target genes, genetic backgrounds,

and timing of embryo confirmation.

As shown in Table 1, a large number of mice in most of
the gene cassette knock-in projects had random integration
alleles. Random integration must be eliminated because it
can lead to unintended disruption of endogenous genes and
ectopic expression of transgenes. The challenge for the future

is to find experimental conditions that reduce the number of

random integration events while maintaining sufficient knock-

in efficiency.

Almost all mouse zygote genome editing using genome
editing effectors that result in DNA double-strand breaks is
likely to induce unintended mutations at on-target sites?:21.
The results of these unintended on-target mutations are not
described here because we are not in a situation in which the
next generation of mice can be managed in order to present
clear evidence of them. The best way to rule out the concern
of confusion caused by unintended on-target mutagenesis is
to obtain the next generation of mice by mating founders with
wild-type mice rather than intercrossing founders. In principle,
the N1 mice resulting from this cross are wild-type (WT)
on one side of the allele, so if the intended knock-in (KI)
allele is detected, they are WT/KI heterozygous. Therefore,
the on-target mutagenesis is not a critical problem in the
laboratory mouse, which has a relatively fast life cycle and
is a prolific animal. However, further improvement will be
necessary when this technology is applied to relatively large

mammals.

It has been confirmed that this technology can produce gene
cassette knock-in mice in inbred strains other than C57BL/6J,
but a sufficient number of projects are not secured, and the
data are highly variable. For this reason, this information is
not included in the present study. It is believed that further
studies on this subject will be necessary to advance mouse

genetics and disease model research.
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