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Rats (Rattus norvegicus) and mice (Mus musculus) belong to the same rodent family and have been the most widely used
models in biomedical research for many years. However, there are several differences between these two animals. For
example, the rat is larger (roughly about eight- to ten-fold) in size than the mouse, which provides a number of practical
advantages, as exemplified by easier and more rapid microsurgery, multiple sampling of larger blood and tissue volumes,
and precise injection of substances into blood vessels or the brain (reviewed by Kjell and Olson). Additionally, mice and
rats differ in their physiology, behavior, and neurology.
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| 1. Introduction

Rats (Rattus norvegicus) and mice (Mus musculus) belong to the same rodent family and have been the most widely used
models in biomedical research for many years. However, there are several differences between these two animals. For
example, the rat is larger (roughly about eight- to ten-fold) in size than the mouse, which provides a number of practical
advantages, as exemplified by easier and more rapid microsurgery, multiple sampling of larger blood and tissue volumes,
and precise injection of substances into blood vessels or the brain (reviewed by Kijell and Olson W). Additionally, mice and
rats differ in their physiology, behavior, and neurology. Therefore, rats are considered as useful animals suitable for
toxicological, neurobehavioral, and cardiovascular studies compared with other currently available experimental animals
(reviewed by Jacob ).

There are some examples for the production of genetically modified (GM) rats reported approximately 20 years ago.
These GM rats were transgenic (Tg) rats as a “gain of function” model to examine the role of plasma membrane
calmodulin-dependent calcium ATPase isoform 4 (PMCA4) cDNA under control of the cardiac-specific promoter & or
sarcoplasmic reticulum Ca%*-ATPase (SERCAZ2a) under control of the ubiquitous promoter @l Unfortunately, the
production of GM rats, as exemplified by knockout (KO) or knock-in (KI) rats, has not been possible until about 10 years
ago. The main reason for this is the inability to establish and maintain rat embryonic stem (ES) cells, which is much more
complicated when compared with establishing and maintaining mouse ES cells. For example, in mice, ES cells were
already available in the late 1980s B8l whereas rat ES cell production began in the late 2000s [ Since the
establishment of rat ES cells, ES cell-mediated gene targeting was performed in rats for the production of KO [IQ[11][12]
and Kl rats 181418 For cases in which ES cells are still absent, several alternative approaches, such as transposon-
mediated mutagenesis and chemical mutagenesis using N-ethyl-N-nitrosourea, have been developed to assess gene
function (reviewed by Zan et al. [18),

During the period of 2009 to 2013, genome editing (GE) technologies, such as zinc-finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENSs), and clustered regularly interspaced short palindromic repeat-associated
protein 9 (CRISPR/Cas9) nucleases systems, all of which can induce a double-stranded break (DSB) at a specific site in
the genome, appeared; since then, the production of GM rats was accelerated. Using these GE systems, many GM rats
have been produced using the direct microinjection (MI) of GE components (including engineered endonucleases) into the
cytoplasm or nucleus of a zygote (fertilized one-cell embryo), in vitro electroporation (EP) of isolated zygotes in the
presence of GE components, and in vivo EP after the instillation of GE components into the oviductal lumen of a pregnant
female (corresponding to zygote to the 2-cell stage), which is termed “genome-editing via oviductal nucleic acids delivery
(GONAD) (or improved GONAD (i-GONAD))". Furthermore, it has become possible to engineer the genome of cultured
spermatogonial stem cells (SSCs), precursor cells for spermatogenesis. The transplantation of these GM SSCs into the
recipient male rat testes and subsequent mating of these transplanted males with wild-type (WT) females led to the
production of GM rats.



| 2. Disease Models in Rats

For a decade, the advent of genetic engineering tools such as ZFNs, TALENs, and CRISPR/Cas9 has led to a revolution
in obtaining specific and targeted genetic mutations in rats for the study of human genetic diseases. Several important
genetic diseases have been modeled in rats. A brief description of the most useful models is provided below.

2.1. Models for Cardiovascular Diseases

Monoallelic mutations in the gene encoding bone morphogenetic protein receptor 2 (Bmpr2) are the main genetic risk
factors for heritable pulmonary arterial hypertension (PAH) with incomplete penetrance. Several Bmpr2 Tg mice have
been reported to develop mild spontaneous PAH. Ranchoux et al. &4 generated Bmpr2 KO rats using the ZFN
technology. The resulting KO rats with a heterozygous 140 bp deletion in the first exon of Bmpr2 displayed intense
pulmonary vascular remodeling. The same group 8 also generated rat lines with mutations (deletion of 71 bp in exon 1
of Bmpr2) and showed that the heterozygous rats developed age-dependent spontaneous PAH with a low penetrance
(16—27%), similar to that in humans. They concluded that this new genetic rat model represents a promising tool to study
PAH pathogenesis. Concerning the pathogenesis of PAH, mutations in the potassium channel subfamily K member 3
(KCNK3) gene, which encodes an outward rectifier K+ channel, have been identified in PAH patients. Lambert et al. 12!
generated Kcnk3 KO rats through the CRISPR/Cas9 technology. The resulting rats developed age-dependent PAH
associated with low serum-albumin concentrations. Lambert et al. 22 concluded that KCNK3 loss of function is a key
event in PAH pathogenesis.

2.2. Models for Neurological Diseases

Animal models are required to understand the pathogenesis of autism spectrum disorder (ASD). Despite the apparent
advantages of mice for neural studies, rats have not been widely used for ASD studies, probably owing to the lack of
convenient genome manipulation tools. Hamilton et al. 29 generated two rat models for ASD, one syndromic and one
non-syndromic model, through the ZFN system, by destroying a gene (Fmrl) coding the Fragile X mental retardation
protein (FMRP), the protein responsible for the pathogenesis of Fragile X syndrome (FXS), or a gene (Ngin3) coding for
Neuroligin3 (NLGN3), a member of the neuroligin synaptic cell-adhesion protein family, respectively. Both FMRP and
NLGN3 have been implicated in the pathogenesis of human ASD. Both KO rat lines exhibited abnormalities in ASD-
relevant phenotypes including juvenile play, perseverative behaviors, and sensorimotor gating, suggesting the utility of
these rats as genetic models for investigating ASD-relevant genes. Later, Tian et al. 2 produced Fmr1 KO rats through
the CRISPR/Cas9 technology targeted to exon 4 of Fmrl1. Consistent with the previous reports, deletion of the Fmrl gene
in rats specifically impairs long-term synaptic plasticity and hippocampus-dependent learning in a manner resembling the
key symptoms of FXS.

DEP-domain containing 5 gene (Depdc5), encoding a repressor of the mechanistic target of rapamycin complex 1
(mTORC1) signaling pathway, has recently emerged as a major gene mutated in familial focal epilepsies and focal cortical
dysplasia. Marsan et al. 22 produced a Depdc5 KO rat using the TALEN technology. Homozygous KO embryos died from
Day 14.5 of pregnancy. Heterozygous KO rats developed normally and exhibited no spontaneous electroclinical seizures;
however, they showed altered cortical neuron excitability and firing patterns. This rat model is considered a relevant model
to study pathogenic mechanisms underlying those disorders.

One subtype of ASD is associated with mutations in the methyl-CpG-binding protein 2 (Mecp2) gene, causing an X-linked
neurodevelopmental disorder called Rett syndrome (RS). Patients with RS have cognitive defects and circadian clock
dysfunction, as exemplified by abnormal sleep patterns. According to Zhai et al. 23] there is an urgent need for new
animal models for RS because the existing Mecp2 KO mouse models fail to fully mimic the pathogenesis and symptoms
of patients with RS. Mecp2 KO rats were successfully produced by the two groups using ZFN 24 and CRISPR/Cas9 23!
technologies. The resulting KO rats exhibited significant abnormalities in growth (body weight loss) as well as behavioral
function (anxiety tendency and cognitive deficits) (231241, Because these phenotypes well recapitulate the major symptoms
of RS patients, these Mecp2 KO rats will provide an alternative tool for future studies of MeCP2 functions.

Mutations in fused in sarcoma (Fus), a nuclear DNA/RNA-binding protein, cause familial ALS and occasionally
frontotemporal dementia. Zhang et al. 22 produced KI rats expressing a Fus point mutation (R521C) as a model for ALS
using the CRISPR/Cas9 technology. The mutant animals developed adult-onset learning and memory behavioral deficits,
with reduced spine density in the hippocampal neurons. Remarkably, the sleep—wake cycle and circadian abnormalities
preceded the onset of cognitive deficits. These results suggest a new role of Fus in sleep and circadian regulation and
demonstrate that functional changes in FUS could cause sleep—wake and circadian disturbances as early symptoms.



Emmert et al. 28 produced a novel rat model of X-linked hydrocephalus (XLH) by CRISPR-mediated mutation in the L1
cell-adhesion molecule (LIcam) gene on the X chromosome. Hemizygous male mutants developed hydrocephalus and
delayed development. The mutant rats did not show reactive gliosis, but exhibited hypomyelination and increased
extracellular fluid in the corpus callosum.

GABAergic dysfunctions have been implicated in the pathogenesis of schizophrenia, especially the associated cognitive
impairments. The level of the GABA synthetic enzyme glutamate decarboxylase 67 kDa isoform (GAD67) encoded by the
GAD1 gene is downregulated in the brains of schizophrenia patients. Furthermore, a schizophrenia patient harboring a
homozygous mutation of GAD1 has recently been discovered. Gadl KO mice exhibited perinatal lethality 24, which
precluded characterization at adult stages. Fujihara et al. [28] generated Gadl KO rats using the CRISPR/Cas9
technology. Surprisingly, 33% Gadl KO rats survived to adulthood, which made further characterization possible. The
Gad1 KO rats exhibited impairments in both spatial reference and working memory without affecting adult neurogenesis in
the hippocampus. In addition, Gadl KO rats showed a wide range of behavioral alterations, such as enhanced sensitivity
to an NMDA receptor antagonist, hypoactivity in a novel environment, and decreased preference for social novelty. These
results suggest that Gad1 KO rats could be a novel model for studying cognitive deficits. Furthermore, Fuijihara et al. [28]
claimed the necessity to check species differences in the mode of phenotype manifestation when animal models of
human diseases are considered.

Angelman syndrome (AS) is a rare genetic disorder characterized by severe intellectual disability, seizures, lack of
speech, and ataxia. The gene responsible for AS is the ubiquitin protein ligase E3A (Ube3a) gene, which encodes for
ubiquitin ligase E6-associated protein (E6AP). Dodge et al. 22 generated Ube3a KO rats using the CRISPR/Cas9 system.
The resulting KO rats phenotypically mirrored human AS with deficits in motor coordination as well as learning and
memory. This model can, thus, offer a new avenue for the study of AS.

Koster et al. BY produced a pigmented KO rat model for lecithin retinol acyltransferase (LRAT) using the CRISPR/Cas9
system. The introduced mutation (c.12delA) is based on a patient group harboring a homozygous frameshift mutation in
the Lrat gene (c.12delC), causing a dysfunctional visual (retinoid) cycle. The resulting KO rats exhibited progressively
reduced electroretinography potentials from two weeks of age onwards and overall retinal thinning. Vision-based
behavioral assays confirmed the reduced vision. These KO rats are a novel animal model for retinal dystrophy, especially
for early-onset retinal dystrophies.

2.3. Models for Muscular Diseases

Duchenne muscular dystrophy (DMD) is an X-linked lethal muscle disorder caused by mutations in the Duchenne
muscular dystrophy (Dmd) gene encoding dystrophin. DMD model animals, such as Mdx (X-linked muscular dystrophy)
mice and canine X-linked muscular dystrophy dogs, have been widely utilized in the development of a treatment for DMD.
However, according to Larcher et al. B large animal models such as dogs are expensive and difficult to handle. In
contrast, Mdx mice only partially mimic the human disease, with limited chronic muscular lesions and muscle weakness.
Their small size also imposes limitations on analyses. In this context, a rat model could represent a useful alternative
because rats are bigger than mice and could better reflect the lesions and functional abnormalities observed in DMD
patients.

Dmd KO rats were successfully produced by two groups using CRISPR/Cas9 technology targeting two exons of the rat
Dmd B2 or using TALENS targeting exon 23 Bl These resulting KO rats exhibited a decline in muscle strength and the
emergence of degenerative/regenerative phenotypes in the skeletal muscle, heart, and diaphragm. Furthermore, these
phenotypes were transmitted to the next generation B2, Notably, Dmd KO rats, but not mice, present cardiovascular
alterations close to those observed in humans, which are the main cause of death of patients 211,

Desminopathy is a clinically heterogeneous muscle disease caused by over 60 different mutations in the desmin (DES)
gene. The most common mutation with a clinical phenotype in humans is an exchange of arginine to proline at position
350 of desmin leading to p.R350P. Langer et al. 23! first produced a Kl rat model for a muscle disease through the
CRISPR/Cas9 technology using ssODN carrying the missense mutation Des ¢.1045-1046 (AGG > CCG) in exon 6 of Des.
While muscle weights did not differ between the mutant rats and WT rats, the levels of many muscle-related proteins such
as dystrophin, syntrophin, dysferlin, and annexin A2 increased in the mutant rats, showing the phenotype of
desminopathy. This rat model will be a useful tool for furthering understanding of the disease and testing therapeutic
approaches to delay disease progression.



2.4. Models for Pulmonary Diseases

Cystic fibrosis (CF) is characterized by airway and digestive pathology with a reduced life expectancy and is one of the
most common genetic diseases in western populations. The most common mutation is the missense mutation
p.Phe508del (or F508del) in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which leads to
abnormal CFTR function and mucus accumulation. Tuggle et al. 34 first generated Cftr KO rats using the ZFN technology.
The resulting KO rats lacked CFTR activity and exhibited abnormalities in the ileum and increased intracellular mucus in
the proximal nasal septa. Airway surface liquid and periciliary liquid depths were reduced, and the submucosal gland size
was abnormal. Similar results have also been observed in another Cftr KO rat developed by Dreano et al. 33 using the
CRISPR/Cas9 technology. Furthermore, Dreano et al. 2! produced another K rats (carrying F508del mutation). These
rats showed residual CFTR activity and milder phenotype than the Cftr KO rats. These findings suggest that these rat
models can be a CF animal model that recapitulates various aspects of the human disease. Notably, a humanized CF rat
strain expressing the G551D variant was produced through Kl of the human CFTR cDNA carrying the G551D mutation
downstream of the endogenous Cftr promoter using the ZFN technology [£€!,

2.5. Models for Metabolic Diseases

The low-density lipoprotein receptor (LDLR) and apolipoprotein E (APOE) genes control normal levels of cholesterol and
other forms of fat in the blood. A deficiency in ApoE is involved in several age-related fatty acid diseases. Wei et al. 27
established ApoE KO rats through TALEN-mediated gene targeting. After being fed with a high-cholesterol diet (HCD) for
12 weeks, the ApoE KO rats displayed typical dyslipidemia, although there was no obvious atherosclerotic lesion in the en
face aortas. Notably, partial ligation caused the formation of plaques consisting of lipids and macrophages in carotid
arteries from ApoE KO rats. Wei et al. 32 concluded that the ApoE KO rats can be a novel model for dyslipidemia. Lee et
al. 38 produced ApoE KO rats using Casl2a (previously named Cpfl), an RNA-guided endonuclease, as a part of the
CRISPR system. The resulting KO rats displayed hyperlipidemia and aortic lesions.

A deficiency in LDLR is a cause of familial hypercholesterolemia (FH). Zhao et al. B and Lee et al. B8 created LdIr KO
rats. These ApoE and LdIr KO rats mimic pathological changes observed in hyperlipidemia and atherosclerosis in humans
with genetic deficiencies and in normal individuals, suggesting usefulness in the research of atherosclerosis.

Melanocortin-3 and -4 receptors (MC3R and MCA4R) regulate energy homeostasis. You et al. 44 generated Mc3r and
Mc4r single- and double-KO (DKO) rats using the CRISPR/Cas9 system. Mc3r KO rats displayed hypophagia and
decreased body weight, whereas Mc4r KO and DKO rats exhibited hyperphagia and increased body weight. All three
mutants showed increased white adipose tissue mass and adipocyte size. These mutant rats will be important in defining
the complicated signaling pathways of MC3R and MC4R. According to You et al. 49 both Mc4r KO and DKO rats are
good models for obesity and diabetes research.

Hereditary tyrosinemia type | (HT1) is caused by a deficiency in fumarylacetoacetate hydrolase (FAH) enzyme. Fah-
deficient mice and pigs are phenotypically analogous to human HT1, but do not recapitulate all chronic features of the
human disorder, especially liver fibrosis and cirrhosis. Zhang et al. ¥ produced Fah KO rats through Ml of CRISPR/Cas9
components to obtain HT1 models. The Fah KO rats faithfully represented hypertyrosinemia, liver failure, and renal
tubular damage. More importantly, they developed remarkable liver fibrosis and cirrhosis, which have not been observed
in Fah mutant mice or pigs. These data suggest that Fah KO rats may be used as an animal model of HT1 with liver
cirrhosis.

Pseudoxanthoma elasticum (PXE)—a heritable ectopic mineralization disorder—is caused by mutations in the ATP-
binding cassette subtype C number 6 (ABCC6) gene primarily expressed in the liver and kidneys. These mutations result
in generalized arterial calcification throughout the body in infancy. Li et al. 42 generated Abcc6 KO rats as models of PXE
using the ZFN technology. The plasma inorganic pyrophosphate (PPi) level was reduced (<30%), leading to a lowered
PPi/inorganic phosphate plasma ratio. When in situ liver and kidney perfusions were performed, the PPi levels in the
perfusates were significantly reduced, but those in the liver of WT rats remained high. Li et al. #2 speculate that hepatic
ABCC6 may play a critical role in contributing to plasma PPi levels, identifying the liver as a target of molecular correction
to counteract ectopic mineralization in PXE.

Wolfram syndrome (WS) is a rare autosomal-recessive disorder caused by mutations in the Wolfram syndrome 1 (WFS1)
gene and characterized by juvenile-onset diabetes, optic atrophy, hearing loss, and a number of other complications.
According to Plaas et al. 43 no mutant Wfs1 mice displayed fasting hyperglycemia. In other words, previous mouse
models of WS involved only partial diabetes and other disease symptoms. Plaas et al. ¥3! generated Wfs1 KO rats, in
which exon 5 of the Wfs1 gene was deleted, resulting in a loss of 27 amino acids from the WFS1 protein. The resulting



KO rats showed progressive glucose intolerance, glycosuria, hyperglycemia, and severe body weight loss by 12 months
of age. They also exhibited neuronal abnormality such as axonal degeneration and disorganization of the myelin. The
phenotype of these KO rats indicates that they have the core symptoms of WS.

Leptin is a cytokine-like hormone principally produced by white adipose tissues. Defects in leptin production cause severe
obesity. Leptin receptor (Lepr) encoded by the diabetes (db) gene is highly expressed in the choroid plexus. Bao et al. 44!
produced Lepr KO rats through the CRISPR/Cas9 technology. The resulting KO rats exhibited obesity, hyperphagia,
hyperglycemia, glucose intolerance, hyperinsulinemia, and dyslipidemia. In contrast, Chen et al. & generated Lepr KO
rats through the TALEN technology. These rat models could complement the existing models (db/db mice and Zucker
rats) (481471 and be useful for biomedical and pharmacological research in obesity and diabetes.

Angiopoietin-like protein 8 (ANGPTLS) is a liver- and adipocyte-derived protein that controls plasma triglyceride levels.
Izumi et al. 48] generated Angpt/8 KO rats through the CRISPR/Cas9 technology to clarify the roles of Angpt/8 in glucose
and lipid metabolism. The resulting KO rats exhibited decreased body weight and fat content, associated with impaired
lipogenesis in adipocytes. Izumi et al. 48] suggest that ANGPTL8 might be an important therapeutic target for obesity and
dyslipidemia.

Hereditary aceruloplasminemia (HA) is a genetic disease characterized by iron accumulation in the liver and brain. The
mutation of the ceruloplasmin (Cp gene is thought to be related to HA pathogenesis. Kenawi et al. 22 generated Cp KO
rats through the CRISPR/Cas9 system. The Cp KO rats exhibited decreased iron concentration, transferrin saturation,
plasma ceruloplasmin, and ferroxidase activity, which is considered essential for macrophage iron release. Thus, Cp KO
rats can mimic the iron hepatosplenic phenotype in HA, which will form the basis to understand and treat the disease.

2.6. Models for Kidney Diseases

The renin (REN)-angiotensin system plays an important role in the control of blood pressure and renal function. Moreno et
al. 89 produced Ren KO rats through ZFN-mediated GE system targeted to exon 5 of Ren. The resulting rats exhibited
reduced body weight, lower blood pressure, and abnormal renal morphology (as exemplified by cortical interstitial fibrosis
and abnormally shaped glomeruli). These results suggest the role of REN in the regulation of blood pressure and kidney
function.

Primary hyperoxaluria type 1 (PH1) is an inherited disease caused by mutations in the mitochondrial localized alanine-
glyoxylate aminotransferase (Agxt) gene, leading to abnormal metabolism of glyoxylic acid in the liver, subsequent
endogenous oxalate overproduction, and deposition of oxalate in multiple organs, mainly the kidney. Patients with PH1
often suffer from recurrent urinary tract stones and finally renal failure. There is no effective treatment other than
combined liver—kidney transplantation. Zheng et al. B produced Agxt KO rats as PH1 models through the CRISPR/Cas9
system. The resulting Agxt KO rats excreted more oxalate in the urine than WT animals and exhibited crystalluria with
mild fibrosis in the kidney. These data suggest that Agxt-deficiency in mitochondria impairs glyoxylic acid metabolism and
leads to PH1 in rats. This rat strain would be a valuable tool for developing innovative drugs and therapeutics.

Urate oxidase (uricase) encoded by UOX gene is a key enzyme whose disfunction causes hyperuricemia. Because of the
low survival rate of Uox-deficient mice B2, Yu et al. 28] generated Uox KO rats through the CRISPR/Cas9 system
targeting the exons 2 to 4 of Uox. The resulting Uox KO rats, called “Kunming-DY rats”, were apparently healthy, with
more than a 95% survival up to one year. The male rats’ serum uric acid increased at levels significantly higher than those
of WT rats. Kunming-DY rats exhibited histological renal changes including mild glomerular/tubular lesions, suggesting an
alternative model animal to study hyperuricemia and associated diseases mimicking human conditions.

2.7. Models for Ophthalmology Diseases

The aryl hydrocarbon receptor (AHR) is a ligand-activated transcription factor which plays a role in the development of
multiple tissues and is activated by a large number of ligands, including 2,3,7,8-tetrachlorodibenzo-p-dioxin. To examine
the roles of the AHR in both normal biological development and response to environmental chemicals, Harrill et al. 54
produced Ahr KO rats through the ZFN technology targeting exon 2 of the Ahr and compared with an existing Ahr KO
mouse model. Ahr KO rats, but not Ahr KO mice, displayed pathological alterations to the urinary tract, as exemplified by
bilateral renal dilation (hydronephrosis). In contrast, abnormalities in vascular development were observed in Ahr KO
mice, but not in rats. These findings suggest the differences in the role of AHR in tissue development, homeostasis, and
toxicity between rats and mice.



2.8. Models for Hematological Systems

Hemophilia A is a genetic bleeding disorder resulting from factor VIII (FVIII or F8) deficiency. In preclinical hemophilia
research, an animal model that reflects both the phenotype and pathology of the disease is required. Nielsen et al. 23
produced KO rats lacking detectable F8 activity through the ZFN technology targeting exon 16 of the F8 gene. Episodes
of spontaneous bleeding requiring treatments were observed in 70% of F8 KO rats. Shi et al. B8 produced F8 KO rats in
which nearly the entire rat F8 gene was inverted, causing translational stop six amino acids after the signal sequence,
through the CRISPR/Cas9 technology to examine whether platelet F8 expression can prevent severe spontaneous
bleeding in F8 KO rats. They showed that the severe spontaneous bleeding phenotype in F8 KO rats was successfully
rescued by platelet-specific F8 expression through bone marrow cell transplantation.

Autoimmune regulator (AIRE) deficiency in humans induces a life-threatening generalized autoimmune disease called
autoimmune polyendocrinopathy—candidiasis—ectodermal dystrophy (APECED), and no curative treatments are available.
Several models of AIRE-deficient mice have been generated; although they have been useful in understanding the role of
AIRE in central tolerance, they do not reproduce the APECED symptoms accurately and, thus, there is still a need for an
animal model displaying APECED-like disease. Ossart et al. 4 produced an Aire KO rat model using ZFN technology.
The resulting KO rats exhibited several of the key symptoms of APECED disease, including alopecia, skin
depigmentation, and nail dystrophy, which are much more pronounced than those in Aire KO mice and closer to
manifestations in humans.

2.9. Others

Estrogens play pivotal roles in the development and function of many organ systems, including the reproductive system.
Rumi et al. 58] generated estrogen receptor 1 (Esrl) KO rats using the ZFN system targeting exon 3 of Esrl. Both male
and female Esrl KO rats were infertile. Esr1 KO males had small testes with distended and dysplastic STs, whereas Esr1
KO females possessed large polycystic ovaries, thread-like uteri, and poorly developed mammary glands. In addition, the
uteri of Esrl KO rats failed to 17p-estradiol treatment. This rat model provides a new experimental tool for investigating
the pathophysiology of estrogen action.

The forkhead box N1 (FOXN1) gene is known as a critical factor for the differentiation of thymic and skin epithelial cells.
Goto et al. B9 generated Foxnl KO rats through the CRISPR/Cas9 technology. The resulting Foxn1 KO rats exhibited
thymus deficiency and incomplete hairless, which was characterized by splicing variants.

Multidrug resistance 1 (MDR1; also known as P-glycoprotein) is a key efflux transporter that plays an important role not
only in the transport of endogenous and exogenous substances, but also in tumor MDR, one of the most important
impediments to the effective chemotherapy of cancer. In rodents, two isoforms, Mdrla and Mdrlb, encode MDR1. Liang
et al. 89 produced DKO rats (in which both Mdria and Mdrib had been disrupted) through the CRISPR/Cas9 system.
Pharmacokinetic studies of digoxin, a typical substrate of MDR1, confirmed the deficiency of MDR1 in resulting KO rats.
This rat model is a useful tool for studying the function of MDR1 in drug absorption, tumor MDR, and drug-target
validation.
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