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Abstract

The rabbit has been recognized as a valuable model in various biomedical and biological research fields
because of its intermediate size and phylogenetic proximity to primates. However, the technology for precise
genome manipulations in rabbit has been stalled for decades, severely limiting its applications in biomedical
research. Novel genome editing technologies, especially CRISPR/Cas9, have remarkably enhanced precise
genome manipulation in rabbits, and shown their superiority and promise for generating rabbit models of human
genetic diseases. In this review, we summarize the brief history of transgenic rabbit technology and the

development of novel genome editing technologies in rabbits.
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Introduction

Rabbit (Oryctolagus cuniculus) is a classic research
animal model and is increasingly becoming a
translational model of choice, serving to bridge the
gap between rodent models and larger animal
modelst!-51. Similar to rodents, the rabbit has several
advantages to be a classic research animal model, such
as relatively inexpensive housing, facile breeding,
short gestation (28 —32 days for New Zealand white
rabbit, NZW) and large litter size (4—10 kits per litter
for NZW). Additionally, rabbits share characteristics
with larger are phylogenetically,
physiologically, and anatomically closer to
humansl¢-7l. As early as the nineteenth century, rabbits

animals that

were used to develop the rabies vaccine by Louis
Pasteurl®! and also played a vital role in the discovery
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of Mycobacterium tuberculosis®). The rabbit model
has provided tremendous breakthroughs and insights
into understanding the molecular and cellular
mechanisms of atherosclerosis, including the
of low-density lipoprotein receptor
deficiency as a cause for human familial
hypercholesterolemial'l and statin, the most potent
lipid-lowering drugl!0-!1] which is prescribed annually
for more than 30 million hyperlipidemic patients
worldwide.

Both embryo transfer and in vitro fertilization, two
of the basic techniques for transgenic animal

discoveries

technology, were developed first in rabbitsl!2-131, A
transgenic animal carries an exogenous DNA cassette,
and the foreign DNA cassette that could be
transmitted through the germ line. Transgenic animals
represent unique models that are custom tailored to

CLC number: Q789, Document code: A
The authors reported no conflict of interests.

This is an open access article under the Creative Commons Attribu-
tion (CC BY 4.0) license, which permits others to distribute, remix,
adapt and build upon this work, for commercial use, provided the
original work is properly cited.

https://doi.org/10.7555/JBR.34.20190133


mailto:echenum@umich.edu
mailto:doyang@umich.edu

136

address specific biological questions. They therefore
provide a very powerful tool for dissecting complex
biological processes and systems and identifying
specific gene functions. Since the first transgenic
rabbit produced by Hammer and his colleagues!'4,
transgenic rabbit models have been generated by
different laboratories worldwide for different research
purposes: (a) human disease models, like infectious
diseasel*], cardiovascular diseasel>5], ophthalmic
diseasel!s), respiratory diseasel!®l, and nervous system
diseasel!”l; (b) production of human proteins as
mammary gland bioreactors!!8; (c) toxicity tests!!”] and
(d) antibody production!'8l. Most of these models were
produced by microinjection of DNA into fertilized
eggs which results in random integrations of the
exogenous DNA into the rabbit genome. This can lead
to multi-copy integration, unpredictable expression of
the transgene and inadvertent disruption of
neighboring genes or the gene at the insertion sitel!9l.
To solve this problem, gene targeting technology was
developed in mice, in which foreign DNA could be
targeted and integrated into a specific locus by
homologous recombination (HR) in pluripotent stem
cells (PSCs) followed by chimera production. Gene
targeting allowed precise manipulation of the genome
to avoid the problems caused by random insertion.
More importantly, it allowed scientists to study human
genetic diseases by removing or adding, specific
mutations in the animal genome in order to establish
the roles of individual genes in healthy and diseased
animals. In large animals such as pigs, sheep and
cattle, in which the germline competent PSCs are not
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available, gene targeting could be achieved by HR in
cultured somatic cells, followed by somatic cell
nuclear transfer (SCNT) (Fig. 1). However, due to
lack of germline competent PSC lines and the extreme
difficulty of SCNT in rabbits, the gene targeting
technology in rabbits lagged behind that in rodents as
well as in pigs.

While the first success in rabbit pronuclear
microinjection was achieved within 5 years from the
first in mouse, it took 24 more years to achieve gene
targeting in rabbits after it was first reported in mouse
(Fig. 2). Due to the technical lagging, the
development and application of genetically engineered
rabbit models are much limited. Recently, with the
advent of gene editing nucleases, including, zinc
finger nuclease (ZFN), transcription activator-like
effector nuclease (TALEN), and clustered regularly
interspaced  short palindromic repeats/CRISPR-
associated protein-9 (CRISPR/Cas9), it is now
possible to modify the rabbit genome precisely and
efficiently. In this review, we summarize the brief
history of transgenic rabbit technology and the
progress of engineered endonuclease-mediated precise
genome editing in rabbits.

Development of traditional methods of
transgenic animal production in rabbits

There are mainly three traditional methods for
generation of transgenic animals, including DNA
microinjection-mediated transgenesis, PSCs-mediated
transgenesis and SCNT-mediated transgenesis (Fig. I).

Pronuclear microinjection PSCs mediated Somatic cell nuclear transfer
mediated transgenesis transgenesis mediated transgenesis
Somatic
& > Ml stage € D
Pronuclear stage PSCs w @ oocyte @ cells
embryo Transfection l Transfection l
and screening l and screening
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Fig. 1
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Three major approaches to generate transgenic animal models.
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Other methods of transgenic animal production like
sperm-mediated gene transfer?l, and viral-mediated
gene transfer), have also been reported, but these
methods have considerable problems with reproduci-
bility and transgene rearrangement as well as low
efficiencyl43-451,

DNA microinjection mediated transgenesis
in rabbits

In the early 1980s, the technology for generation of
transgenic mice was reported by several groups(2!-25),
which described the direct microinjection of the DNA
fragment of interest into the zygotic pronuclei. It was
the first effective technique to produce a transgenic
mammal, subsequently widely applied to generate
transgenic animals in a wide variety of species in the
following decades. In 1985, the first transgenic rabbit
was produced by Robet E. Hammer and colleagues!!'l.
They injected the pronuclear stage embryos with a
fusion gene consisting of the human growth hormone
driven by the mouse metallothionein-I promoter (MT-
hGH). The efficiency of MT-hGH integration into the
rabbit genome reached 12% and the foreign gene was
inherited through germline transmission. Afterwards,
due to the advantage of being straightforward and
reliable, the DNA microinjection method has been
used to establish numerous transgenic rabbit models
for research in cardiovascular disease, infectious
disease, bioreactors and so on(2!8], and the method

remained to be the most reliable and commonest
means of producing transgenic rabbits until recently.
Despite numerous attempts to improve the efficiency
of  microinjection-mediated  transgenic  animal
production!*¢), none of these efforts could solve one of
the most prominent disadvantages of the pronuclear
injection mediated transgenesis, that is, random

integration. Recently, with the development of
transposon mediated gene transfer technology,
pronuclear microinjection of Sleeping Beauty

transposons achieved promising results in rabbits,
with single copy, stable and reproducible gene
expression, though the integration site is still
uncontrollablel*7-48],

PSCs-mediated gene transfer

Gene targeting is the process of creating designed
genomic modifications at a specific sequence in a
genome. Such modifications could be deletion,
insertion or replacement of endogenous sequence.
PSCs-mediated gene targeting in mice has
revolutionized the study of developmental biology and
human medicine. The PSCs can be derived from
preimplantation embryos (embryonic stem cells, ES
cells) or reprogrammed from differentiated cells
(induced pluripotent stem cells, iPS cells). The PSCs
possess robust proliferative ability and pluripotency
which makes the PSCs bear capability to differentiate
into various cell types, including germ cells. To
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precisely modify the endogenous gene or deliver a
foreign gene fragment into the target site, the PSCs in
culture were transfected to introduce the desired
modification via HR. After screening, the PSCs with
the desired modifications could be injected into a
blastocyst stage embryo, and the gene modified PSCs
will differentiate and incorporate into the host
germline. Then, following breeding could thus
generate the gene targeted animal model (Fig. I). In
1981, two groups of scientists successfully isolated
and cultured ES cells from the mousel49-591. These cells
were shown to be able to differentiate into multiple
cell types including germline and could generate
transgenic offspring when the genetically altered ES
cells were injected into mouse blastocysts[s'-52]. Since
HR events in ES cells could be screened and enriched
in a petri dish, ES cells have subsequently been widely
used as vehicles to produce gene-targeted mouse
modelsl3l. More recently, with the development of
iPS technologyls+%s], live pups were generated
using pluripotent iPS cells through tetraploid
complementation in different independent
laboratoriesls¢-581, indicating iPS cells could also be
used for generating gene targeted animal models.
Using PSCs-mediated gene targeting, genetically
modified mice have been produced to perform gain-
and loss-of-function genetic studies, to follow gene
expression or determine cell lineage, and/or to control
the effects of mutations spatially and temporally!.
This versatile technology has rendered the mouse a
powerful and indispensable experimental model in
fundamental basic and medical research and thus a
dominant animal species in the biomedical sciences.
Unfortunately, PSCs technology in rabbits has
lagged behind considerably compared to that in mice.
Although a number of groups!®0-¢¢l have reported the
successful establishment of rabbit ES cells and iPS
cells, which exhibit the characteristic features of
primed pluripotency similar to those of human
pluripotent stem cells, and some cell lines can be
passaged for at least 50 times or more than 1 year,
almost all of the established cell lines have low or no
chimeric competency, and no germline transmission
has been reported yet. Interested readers can refer to a
comprehensive review of rabbit PSCsle7],

SCNT-mediated transgenesis in rabbits

Since the first cloned sheep, Dolly, was reported in
199612¢], the technique of SCNT combined with
somatic cell gene modification provided an alternative
for gene targeting in mammals, especially in large
animal species that do not have germline competent
PCS lines availablels8-70, In this approach, the genetic

manipulation can be performed in cultured somatic
cells, and then single cell clones with the expected
modification are screened and transferred into
enucleated oocytes. The reconstituted embryos are
then transferred into the oviducts of surrogate females
for animal production (Fig. I). All cloned offspring
would have the same genotype as the donor cell.

The rabbit is one of the earliest mammals used for
nuclear transfer studies. In 1988, the first cloned rabbit
generated with embryonic blastomere nuclear transfer
was reported!7!l. In 2002, the first somatic cell cloned
rabbit was successfully produced by Renard's group in
France using freshly collected cumulus cells as
nuclear donor rather than cultured somatic cells28]. It
turned out that the SCNT in rabbits is extremely
difficult with high miscarriage rates and perinatal
mortality(72l. In 2006, Li et al produced cloned rabbits
from cultured adult fibroblasts’3, which enabled
genetic manipulation and screening before nuclear
transfer. After that, transgenic rabbits expressing
green fluorescent protein were cloned using in vitro
transfected adult fibroblasts(?] and mesenchymal stem
cellsio6741, In 2015, the first SCNT-mediated gene
knockout (KO) rabbit was finally reported’] using
recombinant adeno-associated virus-mediated HR and
SCNT. In the study, 18 cloned kits were born from 38
recipients with 784 embryos transferred, and only 5
cloned kits were alive at weaning. In addition, the
authors noted that delivery of the HR vectors to rabbit
fibroblasts is the major barrier, and no targeted
cellular clones were identified using electroporation-
and liposome-mediated DNA delivery. The limited
somatic cell proliferation and low frequency of HR in
adult fibroblasts and the extremely low efficiency of
SCNT in rabbits limited the application of SCNT in
rabbit gene targeting.

Engineered nucleases
editing in rabbits

mediated genome

Recently ZFN, TALEN, and CRISPR/Cas9 have
emerged as powerful programmable tools for genome
editing!’6-77). These engineered endonucleases are
efficient in generating double-strand breaks (DSB) in
the specific genomic loci that can be repaired either by
error-prone, non-homologous end joining (NHEJ)
leading to frameshifts which may result in a functional
KO of the target gene or by homology directed repair
(HDR) to integrate a mutation or a DNA insert at a
specific locus. Thanks to the very high rates of targeted
DSB, gene targeted animals can be now readily
derived by direct injection of the engineered endonu-
cleases together with or without donor DNA into
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pronuclear stage embryos, bypassing the need for ger-
mline competent PSCs or highly efficient SCNT37.78],

Zinc-finger nucleases

The prototype enzymes for demonstrating DSB
stimulation of gene targeting were meganucleases, I-
Scel and HO, both of which recognize long DNA
target (18 bp for I-Scel, 24 bp for HO)™.. While they
provided very useful information on the efficiency and
mechanisms of DSB repair, they were limited in their
utility because it is difficult to alter their recognition
sequences, rendering them non-programmable. ZFNs
were the first generation of the programmable genome
editing nucleases. Kim et al, in 1996180, first designed
and cleaved target DNA in vitro using a ZFN pair that
consisted of two different zinc finger proteins (DNA-
binding domains) each linked with a Fok 1
endonuclease domain. Zinc finger domains can be
engineered to target specific DNA sequences and this
enables ZFNs to target unique sequences within
complex genomes. During the process of DNA-
protein recognition, zinc finger proteins recognize the
18 bp target sequence through 6 tandem fingers, each
of which primarily recognizes 3 bp of DNA. Once
both zinc finger proteins bind to target sites that lie in
inverted orientation, the two Fok I endonuclease
domains form a functional dimer to cleave the target
DNA sequence. Then, the DNA repair pathway is
subsequently triggered and the mutation is generated.

ZFNs were first applied to in vivo genome editing
in the fruit fly?7), and later widely used to modify
target genes in other organisms(3081-841, In rabbit, ZFNs
were first engineered to KO the immunoglobin gene
through pronuclear stage embryo microinjection with
ZFN mRNAB!I. The phenotypes of immunoglobin
locus KO were confirmed by serum IgM and IgG
deficiency and lack of IgM* and IgG* B lymphocytes.
The study also found that targeted sequence
replacement (knock-in, KI) occurred in the target site
with the presence of a linear DNA donor. Our lab and
others also employed ZFNs to generate rabbit models
for lipid metabolismi®! and atherosclerosis!86-8s]
studies. However, the expensive Zinc Finger library,
the laborious engineering and assembly process of
ZFNs and the complexity of ZF-DNA recognition
restrict its practical application in genome editing.
effector

Transcription activator-like

nucleases

TALENs are considered an upgraded version of
programmable nucleases that are similar to ZFNs but

much simpler to design and assemble. The DNA
binding domain in TALENs was derived from
Xanthomonas spp. bacterial®®-2), While TALENs
utilize the same Fok I endonuclease domain as ZFNs,
its DNA binding domain contains a repeated highly
conserved 33 —34 amino acid sequence with Repeat
Variable Diresidue (RVD) at 12% and 13% amino
acids, which recognizes specific nucleotides, for
example, NN for guanine, NI for adenine, HD for
cytosine and NG for thymine. This straightforward
relationship between amino acid sequence and DNA
recognition has allowed for easier engineering of
sequence specific binding domains than with
ZFNso1-92],

Since the TALEN domains allow for a more
predictable, modular creation of binding domains,
they gained immediate popularity after ZFNs. To date,
TALENs have already been utilized to introduce
various gene modifications in a large number of
organisms and cultured cell lines. In rabbits, this
technique was first used to target Ragl and Rag2
genes to generate immunodeficent rabbits by
microinjection of TALENs mRNA into single-cell
stage embryos¢l. In this study, extremely high
efficiency of KO, in both in vitro cultured embryos
and in offspring, were achieved in rabbits. The gene
targeted rabbits show typical pathological phenotypes,
such as absence of the thymus and consequent
deficiency of T and B Ilymphocytes, which are
consistent with those of immunodeficient patients.
Like ZFNs, TALENs rely on protein-DNA
recognition and thus need to be designed and
assembled according to each target, which is laborious
and time consuming.

CRISPR/Cas9

The CRISPR/Cas9 technology is the most recent
version of the programmable genome editing
nucleases, and is even more rapid and modular than
the TALEN platform. Cas9 is an endonuclease
enzyme playing a protective role against foreign
nucleic acids in the CRISPR adaptive immune system
in bacteria. The feature of bacterial CRISPR immune
system is that genetic materials taken up from
previous invasive elements are expressed in crRNA,
which could direct the Cas9 endonuclease to cut
foreign DNA eclements containing the same
sequencel33-34l. Therefore, to modify the sequence of
the eukaryotic genome, the CRISPR/Cas9 system has
been remolded from bacterial immune system to
genome editing tool, using a designed guide RNA to
target Cas9 nuclease to a specific DNA sequencel*3l.
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Binding of Cas9 nuclease on a specific protospacer
adjacent motif (PAM) sequence on the genome (NGG
for spCas9) will unwind the adjacent sequence,
allowing the RNA: DNA pairing, which activates the
nuclease domains in Cas9 to cut DNA double strands.
While ZFNs and TALENs rely on protein-DNA
recognition, which is less predictable for design and
more labor and time consuming for assembly because
of the difficulties of protein construction, synthesis,
purification and validation, the CRISPR/Cas9 system
relies on the RNA—-DNA recognition, which is much
simpler and more predictable.

In 2014, our lab was first to report CRISPR/Cas9
system mediated gene targeting in rabbitsi3” (Fig. 3).
In this study, we found that the efficiency of KO
introduced by CRISPR/Cas9 was up to 100% in rabbit
embryos and 84% in rabbit kits, and no off-target
effects were detected at bioinformatically predicted
off-target sites in the offspring. We refer the interested
readers to detailed protocols for this technology in
rabbitsl®¥. In the years since, more than a dozen of
genetically modified rabbits were reported through
CRISPR/Cas9 system (Table 1), among which, human
disease models are dominant, including models for
hyperlipidemial®”l, Marfan syndromel®d), muscular
dystrophy!®7-%81,  immunodeficiencyl!'4115] congenital
cataractsl®-100 Wilson diseasel!!!l; tyrosinemia type
11 and premature aging syndromel!?’l. Using
CRISPR/Cas9 technology, most of the complex
genetic manipulations, including point mutation, large
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fragment replacement, large deletion, conditional KO,
etc., that were previously only achievable in rodents
could now be fulfilled in rabbits. For example, two
groups efficiently introduced disease causing point
mutations in rabbits using CRISPR/Cas9 system
combined with single-strand oligodeoxyribonucleotide
(ssODNs) as donor to establish rabbit model of
oculocutaneous albinism and Wilson disease,
respectivelyl!!'-1121. To find a safe harbor locus in
rabbit genome for the KI of transgenes and its stable
expression, we identified and characterized the rabbit
Rosa26 locus (rbRosa26), and achieved highly
efficient KI rates and constitutive, ubiquitous foreign
gene expressionl!!8l. To improve large fragment KI
efficiency, we found that an HDR enhancer, RS-1, is
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employed to target the rabbit genome, and up to 105
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By attaching functional domains
inactive Cas9, it is possible to target many
functionalities to a specific genomic location.
Recently, a series of targeted base editing technologies
were developed by fusion of cytidine deaminase
or adenine deaminase with nuclease inactive
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Fig. 3 Procedure for rabbit genome editing using CRISPR/Cas9.
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Table 1 Summary of genetically modified rabbits using engineered nucleases

Nucleases Genes Modification Components Injected site  Application Reference
ZFN IGM KO/KI ZFN mRNA Cytoplasm  Immunology
APOCIII KO ZFN mRNA Cytoplasm  Lipid metabolism and [85]
atherosclerosis
APOE KO ZFN mRNA Pronuclear  Lipid metabolism and [86]
atherosclerosis
CETP KO ZFN mRNA Cytoplasm  Lipid metabolism and [88]
atherosclerosis
TALENs RAGI KO TALEN mRNA Cytoplasm  Immunodeficiency [36]
RAG2 KO
FAH KO TALEN mRNA Cytoplasm  Hereditary tyrosinemia type 1 [95]
CRISPR/ FBNI KO Cas9 mRNA, sgRNA Cytoplasm  Marfanoid-progeroid- [96]
Cas9 lipodystrophy syndrome
DMD KO Cas9 mRNA, sgRNA Cytoplasm  Duchenne muscular dystrophy  [97]
ANOS KO Cas9 mRNA, sgRNA Cytoplasm  Muscular dystrophy [98]
aA-Crystallin -~ KO Cas9 mRNA, dual sgRNA Cytoplasm  Congenital cataracts [99]
GJAS KO Cas9 mRNA, dual sgRNA Cytoplasm  Congenital cataracts [100]
APOE KO Cas9 mRNA, sgRNA Cytoplasm  Lipid metabolism and [37]
atherosclerosis
LDLR KO
CD36 KO
RYR2 KO Cas9 mRNA, sgRNA Cytoplasm  Heart arrhythmia.
LDLR KO Cas9 mRNA, sgRNA Cytoplasm  Lipid metabolism and [101]
atherosclerosis
MSTN KO Cas9 mRNA, sgRNA Cytoplasm  Muscle hypertrophy [102—-103]
SRY KO Cas9 mRNA, sgRNA Cytoplasm  Sex reversal syndromes and [104-105]
hermaphroditism syndromes
PHEX KO Cas9 mRNA, dual sgRNA Cytoplasm  X-linked hypophosphatemia [106]
LMNA KO Cas9 mRNA, sgRNA Cytoplasm  Premature aging syndrome [107]
WRN KO Cpfl mRNA, sgRNA Cytoplasm  Werner syndrome [108]
TYR KO Circular plasmid Pronuclear  Coat color [109]
TYR KO Cas9 mRNA, dual sgRNAs Cytoplasm  Coat color [110]
ATP7B Precision point Cas9 mRNA, 2sgRNA, Cytoplasm  Wilson Disease [111]
mutation ssODN
TYR Precision point Cas9 mRNA, sgRNA, Cytoplasm  Coat color [112]
mutation ssODN
TYR KO, large fragment ~ Cas9 mRNA, dual sgRNAs Cytoplasm  Coat color [113]
deletion
FOXNI Multiplex gene KO Cas9 mRNA, sgRNA Cytoplasm  Immunodeficiency [114-115]
PRKDC
RAGI Multiplex gene KO Cas9 mRNA, sgRNA Cytoplasm  Immunodeficiency [114-116]
RAG2
IL2RG
TIKII Multiplex gene KO Cas9 mRNA, sgRNA Cytoplasm  Head development [28]
ALB Serum albumin
FUTI Multiplex gene KO Cas9 mRNA, sgRNA Cytoplasm  Fucosyltransferases enzymes [117]
9 using activity
L a single sgRNA

SECI
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Table 1 Summary of genetically modified rabbits using engineered nucleases (Continued)
Nucleases Genes Modification Components Injected site  Application Reference
ROSA 26 KI Cas9 mRNA, sgRNA, Cytoplasm  Safe harbor gene [118-119]
dsDNA .. .
APOAI Cytoplasm  Lipid metabolism and
atherosclerosis
Base MSTN Base editing BE3 mRNA Cytoplasm  Muscle hypertrophy [41]
editor . . .
LMNA Hutchinson—Gilford progeria
syndrome
TYR Coat color
DMD Base editing ABE7.10 mRNA Cytoplasm  Duchenne muscular dystrophy
KO: knock-out; KI: knock-in.

Cas9 or Cas9 nickase, the deaminase converts target
C:G-to-T:A or A:T-to-G:C, which holds great promise
to treat various genetic diseases caused by point
mutations. In rabbits[4!l, the cytidine base editor (CBE)
and adenine base editor (ABE) were reported to highly
induce site-specific conversion of C:G-to-T:A or A:T-
to-G:C with efficiency rates of 53%-88% or
449%-100%, respectively. The CBE and ABE systems
provide a powerful route to efficiently introduce point
mutations, with much less off-target effects than the
DSB-based HR method, and could be effective
methods to create rabbit models of human genetic
diseases associated with single nucleotide variants.

Concerns of using engineered nucleases
mediated genome editing in rabbits

The development of the programmable nucleases
such as ZFNs, TALENs and the powerful
CRISPR/Cas9 system has revolutionized the field of
genome editing in rabbits. Meanwhile, challenges still
remain that need to be overcome. A major concern
and potential limitation of the genome editing
nuclease system is the off-target effects, that is the
mutations induced at sites other than the intended on-
target site, which may lead to genetic instability and
disrupt normal gene functions!'23l, Although the off-
target events reported so far are relatively very low in
frequency, these studies do nevertheless serve as a
timely reminder of the need for caution when the
technology is proposed for human therapy. In animal
model production, the off-target concerns are not as
critical as in human therapy. Most studies in rabbits so
far detected no or only minimal off-target mutations in
the predicted sites, and the unintended mutations, if
any, may be diluted by a serial breeding program. In a
recent study, Keith Joung's lab proved that
appropriately designed guide RNAs can direct
efficient in vivo gene editing in mouse livers with no

detectable off-target mutations as examined by deep
sequencingl'2+125,  Key tools and strategies for
optimizing CRISPR-Cas9 genome editing specificity
have been summarized in a reviewl!26-128] New
mutation detection methods were employed to predict
and analyze the potential off-target sites!'28. With
carefully designed guide RNA and new versions of
Cas9 protein with higher specificity, combined with a
well-designed breeding program, off-target effects
could be effectively avoided in rabbit model
production.

In addition to the classic off-target events, which
are caused by inaccurate recognition of the target
sequence, a recent study!'?°! has found that the use of
CRISPR-Cas9 had caused unintended on-target large
deletions or rearrangements in as long as several
thousand base pairs range, which may affect non-
target genes or regulatory sequences around the target
gene. These on-target large deletions or
rearrangements, though in low frequency, may require
carefully designed characterization to determine the
exact nature of the mutation in the target gene. In
animal models, using lines from different founder
animals could minimize the potential effects of the
unwanted on-target mutations, though it's a challenge
in rabbit models due to cost. If possible, using tools
that avoid DSB formation, such as base editors, may
avoid these unwanted on-target damages. Engineered
nucleases have been widely used to disrupt gene
function by creating premature stop codons in target
genes. Recently, several studies have reported
unexpected exon skipping in gene-edited cells and
mice generated with the CRISPR/Cas9 system, which
partially preserve the wild-type gene function!!30-1321,
By analyzing 22 gene-edited rabbit lines generated
with CRISPR/Cas9, Tingting Sui et al found evidence
of exon skipping at relatively high frequency in
rabbits, suggesting that CRISPR-mediated exon
skipping depends on exon location!(!33]. In one of our
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KO rabbit model, although a specific small deletion of
10 bp on the first exon resulted in a premature stop
codon, this small deletion made an upstream out-of-
frame ATG to become in frame and produce a
transcript that is only slightly different from the wild-
type transcript at the 5" end (unpublished data). These
studies suggest the necessity of carefully performed
genotyping, including sequencing, and expression
validation of the rabbit models produced by nuclease
mediated genome targeting.

Conclusions

The precise genome editing in rabbits has boomed
within the past 4 years thanks to the newly developed
CRISPR/Cas9 technology. The availability of the
rabbit whole genome sequencel#®-134] combined with
the versatility of rabbit genome editing technology has
greatly increased their value to biomedicine, motiv-
ating efforts to develop novel rabbit models that better
replicate human disease to help 'bridge the gap between
bench and bedside'. In the future, novel genomic
engineered rabbit models will sustain the promise for
understanding the pathophysiology of human disease
and for development of new therapeutics.
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