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cal rod domain of KRT71 plays an important role in forming
heteropolymers of a specific type I and type II cytokeratin
through interactions of these domains [4]. Mutations
located in the a-helical rod domain affected morphology of
the IRS, resulting in curly body hair. For example, mouse
mutations, such as Ca®" Ca’, Ca”, and Ca'¥, induce 1-
amino acid deletion at the position of 140-amino acid and
result in curly body hair [6]. Missense mutations at posi-
tions 143 and 146, such as Rcol2 and Rcol3, also result in
curly body hair [11]. A single nucleotide polymorphism
(SNP) causing a non-synonymous alteration (Argl51—Trp)
has been recently identified to be associated with curly hair
in dogs [3]. Deletion at the splicing acceptor site of Kr#71 in
KFRS5A/Kyo was deduced to induce the 6-amino acid dele-
tion in the a-helical rod of KRT71. Thus, we concluded that
the Re mutation was a 7-bp deletion at the splicing acceptor
site of Krt71. 1t is likely that the mutated KRT71 would
interact with its specific counterpart of type I keratin [13],
which might explain the dominant wavy coat phenotype.

In the current study, we demonstrated that phenotypes of
Re/Re rats were severer than Re/+ rats. In mice, phenotypes
of homozygotes for Krt7/ mutations have not been
described in the dominant-type mutations, while phenotype
of a recessive mutant mouse, Krt717°3/Krt717°3, have been
characterized as patchy alopecia [10]. Although Re muta-
tion induced only 6 amino acids deletion in KRT71, it seems
Re/Re phenotype would be severer than rco3/rco3 pheno-
type. The IRS-specific type II keratins form heterodimers
with the IRS-specific type I keratins and their expressions
are overlapped [8, 9, 13]. Among four known IRS-specific
type II keratins, KRT71 is dominantly expressed in the IRS
[9]. Thus, it is speculated that expression of Re-type KRT71
could form heterodimers with its type I keratin counterpart
and malformed hairs would be produced. Meanwhile, in
rco3/rco3 mice, severely reduced expression of KRT71
might be partially compensated by other IRS-specific type I
keratins.

Our current study demonstrates the importance of the a-
helical rod domain of KRT71 in hair formation in rats as
well as mice and dogs. Comparison of Kr¢7/ mutations in
various species may allow us to find association of pelage
phenotype with type of mutations, which leads better under-
standing of KRT71 functions. Moreover, this study sug-
gests a subset of curly hair and atrichia phenotype might be
associated with Kr¢7/ mutation in human as well as domes-
tic animals.
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Summary Levetiracetam (LEV) is a unique antiepileptic drug that preferentially interacts
Levetiracetam; with synaptic vesicle protein 2A (SV2A). To evaluate the antiepileptogenic action of LEV, we
Antiepileptic drugs; studied its effects on the development and acquisition of pentylenetetrazole (PTZ) kindling and
Kindling: | = compared them to those of sodium valproate (VPA). Anticonvulsive actions of LEV in PTZ-kindled
Ep_ﬂ ‘btogehes‘iﬁs; animals were also determined. LEV did not affect PTZ seizures in naive animals even at high

doses (~300mg/kg, i.p.). However, combined treatment of LEV (30 and 100 mg/kg, i.p.) with
PTZ significantly suppressed the development and acquisition of PTZ kindling. In addition, LEV at
relatively low doses (3—30mg/kg, i.p.) inhibited PTZ-evoked seizures in fully kindled animals.
In contrast to LEV, VPA at sub-anticonvulsive doses (30 and 100 mg/kg, i.p.) failed to prevent
the development of PTZ kindling and its anticonvulsive potency was similar in PTZ-kindled and
naive mice. The present study shows that LEV contrasts VPA by preventing the development of
PTZ kindling and inhibiting seizures selectively in kindled animals.

© 2010 Elsevier B.V. All rights reserved.

t

LEV is not active in the classical convulsion tests (i.e.,
maximal electroshock- and maximal pentylenetetrazole
(PTZ)-evoked seizures) (Loscher and Honack, 1993; Klitgaard
et al., 1998; Bastlund et al., 2005), but it inhibits seizures
in various animal models including kindled animals (e.g.,

Introduction

Levetiracetam (LEV) is a unique antiepileptic drug (AED)
which preferentially interacts with synaptic vesicle protein
2A (SV2A) without affecting activities of neurotransmit-

ter receptors or ion channels (Lynch et al., 2004; Sasa,
2006; Kaminski et al., 2008). Unlike conventional AEDs,

* Corresponding author. Tel.: +81 72 690 1052;
fax: +81 72 690 1053.
E-mail address: yohno@gly.oups.ac.jp (Y. Ohno).

corneal- and amygdala kindling) (Léscher and Honack, 1993;
Klitgaard et al., 1998; Loscher et al., 1998) and genet-
ically defined animal models of epilepsy (Gower et al.,
1995; Bouwman and van Rijn, 2004; Yan et al., 2005; Ji-
qun et al., 2005). In addition, previous studies demonstrated
that LEV can inhibit the development of amygdala kindling
in rats, suggesting that LEV has antiepileptogenic activi-

0920-1211/$ — see front matter © 2010 Elsevier B.V. All rights reserved.
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ties (Loscher et al., 1998; Husum et al., 2004; Gu et al.,
2004). Nonetheless, a recent study by Matveeva et al. (2008)
showed that LEV retarded the development of amygdala
kindling, but could not prevent kindling acquisition. Stud-
ies using animals with spontaneous recurrent seizures after
status epilepticus also demonstrated the lack of effective-
ness of LEV against the epileptogenesis (Brandt et al., 2007).
Thus, the antiepileptogenic potential of LEV is still unclear
and remains to be verified using different animal models.

In order to address this question further, we studied the
effects of LEV on the development and acquisition of PTZ-
induced kindling in mice, and compared them with those of
the typical AED sodium valproate (VPA).

=

-
4

, confidence limits.

% Inhibition

Methods

Male ddY mice (Japan SLC, Shizuoka, Japan) weighing 20—25 g were
used. Animals were housed in air-conditioned rooms under a 12-h
light/dark cycle (light on: 7:00 a.m.) and allowed ad libitum access
to food and water. The housing conditions of the mice and ani-
mal care methods complied with NIH guide for the care and use of
laboratory animals. The experimental protocols of this study were
approved by the Experimental Animal Research Committee at Osaka
University of Pharmaceutical Sciences.

In order to set the test doses of LEV and VPA for PTZ kindling,
we first determined their anticonvulsive actions against maximal
PTZ seizures using naive mice (Bastlund et al., 2005). Namely,
animals were first given with different doses of LEV or VPA, and
30min later, PTZ (70 mg/kg, i.p.) was injected. The incidence and
severity of seizures were evaluated over 15min immediately after
the PTZ injection, using a 4-point ranked scale (0: none; 1: occa-
sional head twitches; 2: myoclonic jerk or partial clonic seizure of
forepaws and/or upper body trunk; 3: generalized clonic seizures).
The observers were kept blind to the drug treatment, and the inci-
dence of PTZ-induced seizures was judged as positive when the
animal showed a score 2 or more.

PTZ kindling was induced as published previously (Ohno et al.,
2009). Briefly, animals were given a sub-convulsive dose of PTZ
(40 mg/kg, i.p.) every weekday for 12 days. For the evaluation of
antiepileptogenic activity, LEV or VPA at the doses which negligi-
bly affect PTZ seizures by themselves was repeatedly administered
to the animals 30 min before PTZ injection for 12 days. The inci-
dence and severity of the PTZ-evoked seizures were evaluated over
15 min immediately after the PTZ injection in the same manner as
described above.

We also determined the anticonvulsive actions of LEV and VPA in
PTZ-kindled animals. The mice were treated with PTZ (40 mg/kg,
i.p.) every weekday for 15 days, and only PTZ-kindled mice (exhibit-
ing seizures at least 3 successive days) were subjected to the
anticonvulsive test for LEV and VPA. On the day of experiments, ani-
mals were first given with different doses of LEV, VPA or the vehicle,
and 30min later, PTZ (40mg/kg, i.p.) was injected. Incidence and
severity of PTZ-evoked seizures were evaluated over 15 min imme-
diately after the PTZ injection in the same manner as described
previously.

PTZ hydrochloride and VPA hydrochloride were purchased from
Sigma—Aldrich. LEV was a gift from UCB Japan (Tokyo, Japan). All
drugs were dissolved in saline and injected at a volume of 5ml/kg.
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Results

Anticonvulsive effects of LEV and VPA in PTZ-kindled and naive mice.
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In naive animals, LEV did not affect PTZ seizures even at high
doses up to 300 mg/kg (i.p.) while VPA inhibited the seizures
with an EDsq value of 229 mg/kg (i.p.) (Table 1). We there-
fore set the test doses of LEV and VPA at 30 and 100 mg/kg

" Number of animals in which PTZ-evoked seizures were inhibited/t

Seizures were evoked‘byf":IO'mg/ kg (i.p.) PTZ in naive mice and by 40

Table 1
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Figure 1  Effects of LEV and VPA on the development of PTZ kindling in mice. Animals were given 40mg/kg (i.p.) of PTZ for 12

days along with the 30 min-pretreatment with LEV at 30 mg/kg (i.p.) (A), 100mg/kg (i.p.) (B), or VPA (30 and 100 mg/kg, i.p.) (D).
Withdrawal experiments after 5 days-treatment with LEV were also conducted (C). The severity of seizures was evaluated for 15 min
immediately after the PTZ injection. Behavioral scores are expressed as the mean +S5.E.M., and analyzed by the Mann—Whitney test
(two groups-comparison: A—C) or the Kruskal—Wallis test followed by the Steel—Dwass test (three groups-comparison: D). *P<0.05,

**P<0.01, significantly different from the control values.

(i.p.), and these doses were repeatedly administered to the
animals 30 min before PTZ (40mg/kg, i.p.) injection for 12

days.
Repeated administration of sub-convulsive PTZ
(40mg/kg, i.p.) progressively increased seizure sus-

ceptibility in mice during the 12-day treatment (Fig. 1). The
number of kindled animals, which consistently exhibited
clonic seizures upon PTZ injection, increased and reached
usually about 90%, 10-12 days after the treatment.
However, LEV treatments at 30 and 100mg/kg markedly
inhibited the development of PTZ kindling in a dose-related
manner (Fig. 1A and B). The incidence rate of PTZ seizure
in animals treated with 100 mg/kg LEV was also suppressed
to about 20% at Day 12. We also examined the withdrawal
effects of LEV. LEV (100 mg/kg) was given daily along with
PTZ for the first 5 days, and then, LEV was withdrawn. Under
these conditions, LEV tended to prevent the development
of PTZ kindling in the early stage, but these effects did not
persist after cessation of the LEV administration (Fig. 1C).

301

In contrast to LEV, VPA at 30 and 100mg/kg failed
to prevent the development of PTZ kindling, although a
slight reduction in the seizure scores was observed at
the initial stage (~Day 5) of the treatment at 100 mg/kg
(Fig. 1D). Incidence rates of PTZ-evoked seizures at the
end of the treatment were comparable among groups
treated with VPA at 30, 100 mg/kg or the vehicle (data not
shown).

We next examined the anticonvulsive actions of LEV
and VPA against PTZ seizures in fully kindled animals.
In contrast to the naive animals, the PTZ-kindled mice
became responsive to LEV, in that, LEV at relatively low
doses (3—30mg/kg, i.p.) inhibited PTZ seizures in a dose-
related manner (Table 1). The inhibitory effects of LEV
were partial with a maximal inhibition rate of about
50% at 30mg/kg (i.p.). On the other hand, VPA inhib-
ited PTZ seizures in PTZ-kindled mice with potency (EDsg
value =227 mg/kg, i.p.) nearly identical to that in the naive
mice (Table 1).
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Discussion

The present study demonstrated that repeated treatments
with LEV effectively inhibited development and acquisition
of PTZ kindling. In addition, LEV showed a significant ability
to inhibit PTZ-evoked seizures specifically in kindled animals
while being inactive in naive animals. These characteristics
are different from those of VPA, which failed to prevent
the development of PTZ kindling and inhibited PTZ seizures
in fully kindled and naive animals at equipotent doses. Our
results revealed that antiepileptic actions of LEV, which pos-
sess a novel action site SV2A, are uniquely different from
those of conventional AEDs.

LEV inhibited the development and acquisition of PTZ kin-
dling at a dose range which negligibly affected PTZ seizures
in naive animals. In contrast, the typical AED VPA at sub-
anticonvulsive doses failed to prevent the development of
PTZ kindling. Thus, LEV differs from VPA by dissociating the
doses that provide acute seizure protection and preven-
tion against the epileptogenic kindling process. The present
results are consistent with previous findings (Loscher et al.,
1998; Husum et al., 2004; Gu et al., 2004) that LEV inhibits
the development of amygdala kindling in rats, and strongly
suggest that that LEV possesses antiepileptogenic activity.

Previous study (Loscher et al., 1998) showed that inhi-
bition of the development of amygdala kindling by LEV
persisted at least for several days after cessation of the LEV
treatment. We also showed that prophylactic LEV treatment
given before seizure appearance could prevent the seizure
development in a genetically defined spontaneous epileptic
rat, SER (Yan et al., 2005). However, the antiepileptogenic
action of LEV against PTZ kindling in this study disappeared
rapidly after its withdrawal. The reasons for above differ-
ences remain uncertain, but this might be due to a relatively
short period (5 days) of the LEV treatment before the with-
drawal (cf. 3 weeks in Loscher’s study). More extended
treatment with LEV seems to be required to assess the sus-
tained and/or prophylactic inhibition against PTZ kindling.

The present study confirmed that LEV is devoid of pro-
tective actions in acute convulsion models (e.g., maximal
PTZ seizures), but it selectively inhibits seizures in kin-
dled animals (Léscher and Honack, 1993; Klitgaard et al.,
1998; Bastlund et al., 2005). Since the kindling models are
expected to be more predictive of partial seizures in man
than acute models (Sato et al., 1990; Mody, 1993; Morimoto
et al., 2004), the latter actions of LEV seem to reflect its
broad-spectrum of efficacy in patients with partial epilepsy
(Ben-Menachem and Falter, 2000; Cereghino et al., 2000;
Glauser et al., 2006). We have recently shown that the hip-
pocampal level of SV2A, a primary action site of LEV, was
significantly elevated by PTZ kindling (Ohno et al., 2009).
Since the anticonvulsive action of LEV has been shown to be
closely associated with the expression level of SV2A in the
brain (Kaminski et al., 2009), the seizure inhibition selec-
tively observed in PTZ-kindled animals by LEV might be
related to the kindling-induced increase in the hippocampal
SV2A level.

In conclusion, the present study demonstrated that LEV
contrasts VPA by preventing the development of PTZ kin-
dling and inhibiting seizures selectively in kindled animals,
supporting the notion that LEV possesses an antiepilepto-
genic potential. Nonetheless, we cannot completely deny a

possibility that the differences in pharmacokinetic proper-
ties between two drugs (e.g., relatively short half-life of
elimination for VPA) might influence upon those in their
pharmacological actions. Further studies will be required to
elucidate the mode and mechanism of the antiepileptogenic
actions of LEV.
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Introduction

Although several strategies are available for producing a wide
variety of genomic alterations in the mouse, the same cannot be said
of the rat. Rat ES cells [1,2] and induced pluripotent stem cells (iPS)
[3,4] are available, but the culture conditions for these cells and the
methodology for inducing homologous recombination are imperfect
[5]. Rat spermatogonial stem cells (SSC) have also been isolated and
cultivated i vitro but their yield proved unsatisfactory in terms of their
ability to undergo homologous recombination [6,7]. Besides these
methods which are based on the in vitro genetic engineering of
pluripotent stem cells, transposon-mediated mutagenesis [8] and N-
ethyl-N-nitrosourea (ENU) mutagenesis [9,10] have been used with
some success for producing mutations in the rat genome. We recently
reported on a high-throughput gene-driven strategy which uses the
mutagen ENU and the Mu-transposition reaction (MuT-POWER)
to rapidly detect induced mutations. This was in addition to our
investigation of intracytoplasmic sperm injection (ICSI) for recovering
heterozygous genotypes of interest out of a large sperm cell repository
[11,12]. However, even if a large number of mutant strains already
exists or may potentially be available, targeted modification or
disruption of specific DNA regions is difficult to achieve. Even in the
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case of our gene-driven strategy, X-linked mutations are impossible to
obtain because of the breeding protocol which is used [11].
Recently, a novel gene-targeting technology which employs
zinc-finger nucleases (ZFNs) has been proven to work successfully
in plants, Caenorhabditis elegans, frogs, drosophila, zebrafish, and
human ESCs and iPSCs [13,14,15]. ZFNs are chimeric proteins
that consist of a specific DNA-binding domain which is made of
tandem zinc finger-binding motifs that are fused to a non-specific
cleavage domain of the restriction endonuclease Fokl. ZFNs can
create site-specific double-stranded breaks which are repaired via
non-homologous end joining (NHE]), a process that results in the
arbitrary addition or deletion of base pairs. Consequently, repair
by NHE] is mutagenic and results in a knockout. Recently, it was
reported that a single injection of DNA or messenger RNA that
encodes specific ZFNs into one-cell transgenic rat embryos that
express GFP could lead to a high frequency of animals that do not
express the transgenic marker as a consequence of homologous
recombination at the GFP site [16]. Here, we report on an
experiment that involved using ZFN technology. The aim of the
experiment was to inactivate the gene that encodes the interleukin
2 receptor gamma ([l2rg), which is essential for signaling by
interleukins such as IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21. In
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addition, the gene is involved in the X-linked form of severe
combined immunodeficiency (X-SCID), one of the most common
forms of human SCID [17,18]. A major motivation for performing
this experiment was the observation that although SCID mouse
animal models are the most commonly used in research on drug
development, an X-SCID immunodeficient rat model would
complement mouse models through the additional advantage of
being employed for testing the pharmacodynamics and toxicity of
potential therapeutic compounds. Following the results of research
involving Prkdc SCID [19,20] and /i27g X-SCID mice [21,22,23],
1121g X-SCID rats should have a very low level of NK cell activity
and thereby make xenotransplantation more successful.

Results

Injection of /l2rg ZFN-encoding mRNA into rat embryos
Of 443 ZFN-injected embryos, 230 (51.9%) were transferred
into the oviducts of pseudopregnant female rats, and 54 (24.3%) of
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these embryos were successfully carried to term as shown in
Figure la, b and Table 1. Sequence analysis of the ZFN target site
of these 54 founder animals revealed that 5 males and 8 females
(24.1%) carried a variety of mutations including from 3 t01,097 bp
deletions and a 1 bp insertion in the region which overlapped the
ZFN target site as seen in Figure 1c and Figure S1. Four out of five
of the males carried different biallelic mutations at the //27g locus
despite them only having one X chromosome. This suggests that
mosaicism was induced by the ZFN treatment, a situation which is
frequently observed in the DNA of transgenic founders. Three of
the affected females had a monoallelic homozygous mutation, four
had heterologous or mosaicism biallelic mutations, and the
remainder had three different mosaic mutations. The normal
F344-allele was not found in the affected founder animals. Most of
these mutations were expressed as frameshifts or splicing errors
and resulted in no or very little IL2RG mRNA being expressed as
shown in Figure 1d probably due to nonsense-mediated decay.
Western blotting with antibodies against the C-terminal domain of
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Figure 1 Injection of /i2rg ZFN-encoding mRNA into rat embryos induced targeted loss-of-function mutations. (a) Schematic
representation of the rat /l2rg gene. Exons are represented as blue boxes. Regions used to design the ZFN templates are printed in red for the left ZFN
and green for the right ZFN. The magnified views illustrate the binding sites for the ZFN pairs. Please see Figure S4 for further details. (b) Schematic
representation of the method used for ZFN-targeted mutagenesis in rat embryos. (c) Sequencing assay for ZFN-induced mutations in the /l2rg-
targeted region. Multiple deletions or insertions depicted using red dashes or letters, respectively, are aligned along the wild-type sequences shown
on the top line. (d) RT-PCR analysis of IL2RG mRNA expression in the spleen of control F344, founder (G0), and G1 rats. GAPDH expression was used as
an internal control. (e) Western blotting for IL2RG protein in the spleen of control F344, founder (G0), and G1 rats. B-actin was used as a loading
control. (f) ELISA for serum IgG, IgA, and IgM levels in control F344, founder (G0), and G1 rats. *P<<0.01, **P<0.001, and ***P<<0.0001, indicated for
each group in comparison with control F344 for independent sample Student t-tests.

doi:10.1371/journal.pone.0008870.g001
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Table 1. Injection of ZFN-encoding mRNA into fertilized oocytes.

Strain

Injected oocytes

Transferred oocytes

(%) Born (%) Mutants (%)

Oocyte state

TM/Kyo

12 (44.4)

—

08,910 (31.6) Q2 (1.1)

o101 (16.7) o1 (50.0)

IL2RG did not reveal any protein in the founder animals as seen
in Figure le.

To clarify whether the ZFNs only induced mutations in the
targeted region, we checked 16 sites that showed a high rate of
similarity with the targeted site at the sequence level with no more
than 6 to 7 bp mismatches as illustrated in Table S1. Insertions or
deletions were not observed at any of these off-target sites among
the 13 ZFN-modified founders. This confirms that ZFNs can be
reliably and efficiently used to produce mutant alleles at loci of
interest. Although we cannot exclude the possibility that the ZFNs
may have cleaved unknown off-target sites, such undesired
mutations can subsequently be easily excluded from the genome
of the carrier animals by backcrossing to the parental strain or
another background strain.

Germ line transmission of ZFN-modified genetic changes

To assess the transmission of ZFN-modified genetic changes to
the next generation, we crossed the founder animals with the
background strain F344/Stm as depicted in Table S2. All 38
offspring consisting of 18 males and 20 females that were obtained
from the founder females mated with the F344 males had one of
the maternal mutations. This indicates that ZFN-induced
mutations were faithfully transmitted through the germ linc. In
the offspring that were obtained from the founder males, there
were two cases where only one of the paternal bialleles was
transmitted or both alleles were transmitted. This suggests that
mosaicism occurred not only in somatic cells but also in the germ
line of the founder animals. PCR analysis of genomic DNA
isolated from several types of tissues indicated that somatic
mosaicism occurred in the progenitors but not in their offspring as
shown in Figure S2.

We intercrossed the GO founders to produce hemizygous males
({i2rg~ /1) and homozygous females ([121rg /Ii21g") for the ZFN-
induced mutation listed in Table S3 to characterize the
immunodeficient phenotypes of the X-SCID rats. The hemizygous
males and homozygous females appeared normal at birth and
developed well as shown in Figure 2a. RT-PCR and Western blot
assays was performed on these G1 rats and the results showed a
complete loss of expression of the [l2rg gene as detailed in
Figures 1d, e. ELISA for serum immunoglobulin (Ig) levels
revealed reduced IgG, diminished IgA, and increased IgM levels
in the G1 rats as noted in Figure 1f.

Characterization of ll2rg-deficient X-SCID rats

Gross and microscopic analyses at five weeks of age showed that
the X-SCID rats underwent abnormal lymphoid development as
depicted in Figure 2. The thymus of X-SCID rats was extremely
hypoplastic as seen in Figure 2b and consisted of an epithelial
rudiment without any lymphocytes as seen in Figure 2d. The
spleen was moderately decreased in size as noted in Figure 2c, and

@ PLoS ONE | www.plosone.org

306

®Injected oocytes were cultured in KRB overnight and cryopreserved at the two-cell stage.
doi:10.1371/journal.pone.0008870.t001

the white pulp was severely hypoplastic and the red pulp contained
myeloid cells as shown in Figure 2f. Peripheral lymph nodes and
Peyer’s patches were not identified by necropscopy. In the
peripheral blood (PB) profiles, the numbers of white blood cells
(WBCs) was reduced compared to those of control rats as detailed
in Table S4. Differential counts of WBCs showed a dramatic
decrease in leukocytes in the X-SCID rats (Table S5). Flow
cytometry analysis of cell populations isolated from PB, bone
marrow (BM), and the spleen also revealed a dramatic decrease in
the number of the lymphocytes as seen in Figure 2h and Figure S3.
The number of CD4~CD8" T-cells was markedly diminished and
the number of CD4*CD8™ T-cells was decreased although some
cells were present in PB, BM and the spleen. The numbers of
CD3 CD45RA™ B-cells and CD3 CDI16la" NK cells were
markedly diminished in PB and BM, but some cells were present
in the spleen. Heterozygous females exhibited normal lymphoid
development and were indistinguishable from normal control
females (data not shown).

Xenotransplantation of human tumor cells

These immunodeficient phenotypes of the X-SCID rats were
very similar to those of the previously reported X-SCID mice and
were characterized by a nearly complete lack of T-cells, B-cells
and NK cells [21,22,23]. Since X-SCID mice cannot reject
transplanted tissues from other species including humans, we
tested //2rg-deficient rats as a host for xenotransplantation of
human ovarian cancer tumor cells. All X-SCID rats developed
tumors within 14 days after injection of the cells (6/6, 100%),
while control F344 rats showed no tumor growth (0/6, 0%) as seen
in Figure 3a, b. The tumors were confirmed by histological
analysis as depicted in Figure 3c and by PCR with primers that
were used to amplify the human MHC class I DOQB2 region (data
not shown). These observations illustrate the impaired immune
system function of X-SCID rats and suggest that the animals may
be important models for cancer and transplantation research.

Discussion

In this study, we proved that targeted gene disruption using
ZFN technology works well and provides for several advantages
and possibilities when used in rats. First and foremost, knockout
rats can be created in a four- to six-month time frame and with
high efficiency at more than 20%. This is more favorable than the
ES cell-based method for mice that usually takes 12-18 months.
Given the high rate of germ line transmission, preliminary
phenotypic analysis can be performed on Gl animals after
intercrossing the initial GO founders, thereby saving time and
cffort. Second, gene-targeting with ZFNs does not seem to be
strain-dependent (unpublished data) and accordingly can be
performed with any inbred strain. This is of great advantage
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XSCID 3

1|

Figure 2 Abnormal lymphoid development in X-SCID rats. (a) Photograph of five week-old male X-SCID (ll2rg™/Y) and F344 (+/Y) rats. (b)
Thymus of X-SCID and F344 rats. (c) Spleen of X-SCID and F344 rats. (d, e) Histological analysis of the thymus of X-SCID (X40) and F344 (X40) rats. The
thymus of the X-SCID rat was severely hypoplastic and consisted of an epithelial cell sheet. (f, g) Histological analysis of the spleen of X-SCID (X100)
and F344 (X100) rats. In the X-SCID spleen, the white pulp was virtually devoid of lymphocytes and the red pulp was occupied by a variety of myeloid
elements. (h) Dot plots representing CD3, CD45RA and CD161a for differentiation of T-, B- and NK cell sub-populations, and CD3, CD4 and CD8 for
demarcation of T-cell sub-populations in peripheral blood lymphocyte cells. The numbers shown in the quadrants are mean percentages. The circled

areas indicate cell populations that are referred to in the text.
doi:10.1371/journal.pone.0008870.g002

since other techniques like ENU mutagenesis differ in their
efficiency when used with different strains. This provides a straight
forward strategy for directly employing targeted gene disruption in
the existing strain, thereby bypassing tedious and time-consuming
backcrossing steps that generally take two to three years to
complete. Third, ZFNs can be used to induce a wide variety of
allelic changes covering small or wide deletions or insertions. They
may be used to produce frameshifts or small in-frame deletions
such as the 3-bp deletion that we observed. Given the reports on
successful ZFN-targeted gene modification or correction by
homologous recombination in mammalian cell cultures
[15,24,25], it should be feasible to archive targeted knock-in
technologies that have thus been far inaccessible without rat ES
cells. Finally, since ZFN technology does not rely on using species-
specific embryonic stem cell lines, it should be possible to adapt it
to other mammalian species such as pigs, cattle, and monkeys,
where it is possible to harvest and manipulate fertilized embryos.

The X-SCID rats established in this study provide not only a
valuable in vwo model for evaluating drug treatment or gene
therapy approaches, but also a system for assaying novel
anticarcinogenic effects on transplanted malignancies. There is a
growing need for animal models with which to carry out in 2o
studies using human cells, tissues or organs as chimeras such as
humanized models [26,27,28]. X-SCID and SCID mice homo-
zygous for Il2rg- and Prkdc- alleles with a non-obese diabetic
background are a powerful tool for the xenotransplantation of
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human tissues or potentially human ES/iPS cells. This could lead
to advances in our understanding of human hematopoiesis,
immunology, cancer biology, infectious diseases, and regenerative
medicine [29,30,31]. Humanized rats, if generated by ZFN
technology, could be powerful tools for pre-clinical testing during
drug development and be better models in various fields of
translational research.

Materials and Methods

Animals

All animal care and experiments conformed to the Guidelines
for Animal Experiments of Kyoto University, and were approved
by the Animal Research Committee of Kyoto University. F344-
N2gt™"®” X-SCID rats are deposited at the National Bio
Resource Project for the Rat in Japan (www.anim.med.kyoto-u.
ac.jp/nbr).

ZFN constructs

Custom-designed ZFNs plasmids for the rat /i27g gene were
obtained from Sigma-Aldrich. The design, cloning, and validation
of the ZFNs was performed by Sigma-Aldrich [32]. ZFN design
involved using an archive of pre-validated two-finger and one-
finger modules [32,33]. The target region was scanned for
positions where modules exist in the archive. This allowed the
fusion of two or three such molecules to generate a five-finger
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Figure 3 Tumor development from the xenotransplantation of
human ovarian cancer cells. (a) Growth curve of tumor develop-
ment after subcutaneous injection of A2780 human ovarian cancer cells
in F344 and X-SCID rats. *P<0.01, **P<0.001, and ***P<0.0001,
indicated in comparison with control F344. (b) The tumors became
large and grew quickly about 11 days after injection in X-SCID rats but
not in F344 rats. (c) Histology of the xenotransplanted tumors that
formed in X-SCID rats (X400). No lymphocytic infiltration was detected
in the tumors.

doi:10.1371/journal.pone.0008870.g003

protein that recognizes a 15 bp site on the top strand and the
fusion of two to three different modules that recognize a 15 bp site
on the bottom strand that lies 5-6 bp away. Measurements of
ZFNs for gene disruption activity were performed using the
Surveyor endonuclease (CEL-1) assay as described clsewhere [34].
Final candidate ZFNs were designed to recognize a site within the
boundary between exon 2 and intron 2 of the /127g gene as shown
in Figure S4.

Microinjection of ZFN mRNA

To prepare ZFN mRNA, ZFN-encoding expression plasmids
were linearized with Xhol and extracted with phenol-chloroform
by the standard method. Messenger RNA was transcribed in
vitro using a MessageMax™ T7 mRNA transcription kit
(Epicentre) and polyadenylated using a A-Plus™ Poly(A)
polymerase tailing kit (Epicentre). The resulting mRNA was
purified using a MEGACIlear™ kit (Epicentre) and finally
resuspended in RNase-free water at 10 ng/ul for each ZFN.
Approximately 2-3 pL of capped mRNA were injected into the
male pronuclei of zygotes by the same method that was used to
microinject DNA. Pronuclear stage embryos were collected
from F344/Stm and TM/Kyo females six weeks of age that had
been super-ovulated by injecting them with eCG (Serotropin,
Asuka Pharmaceutical Co.) and hCG (Gonatropin, Asuka
Pharmaceutical Co.). They were mated with males of the same
respective strain. The mRNA solution was injected and embryos
were cultured in KRB at 37.5°C with 5% CO, and 95%
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humidified air to promote their recovery. The embryos that
survived were transferred to the oviduct of pseudopregnant
females (Crlj:WI, 8—12wks).

Analysis of genome editing at ZFN target sites

Genomic DNA was extracted from the tail, brain, heart, and
liver using a GENEXTRACTOR TA-100 automatic DNA
purification system (Takara). PCR for each was carried out in a
total volume of 15 pl under the following conditions for 35 cycles:
94°C for 3 min for 1 cycle, 94°C for 30 sec, 60°C for 30 sec, and
72°C for 1 min. The final reaction mixture for each contained
100 ng of genomic DNA, 200 uM of each dNTP, 1.0 mM MgCl,,
0.66 uM of each primer, and 0.4 U of Taq DNA polymerase
(GibcoBRL).

For editing the ZFN cleavage site in the genome at the //2rg
locus, three primer sets were designed to amplify small 292-bp,
middle 1509-bp, and large 3158-bp fragments as shown in Figure
S4. The PCR products were directly sequenced using the BigDye
terminator v3.1 cycle sequencing mix and the standard protocol
for an Applied Biosystems 3130 DNA Sequencer. The products
were also subcloned into the pCR4-TOPO vector (Invitrogen),
and plasmid DNA was prepared and sequenced on a 3130 DNA
Sequencer. All new sequence data is deposited in GenBank

(GU294902-GU294925).

Off-target site analysis

Off-target sites with the highest degree of similarity were
identified by searching the rat genome (RGSCv3.4) for matches
with the consensus sequence of each ZFP with appropriate spacing
of 56 bp. A list of these target sites is provided in Supplementary
Table 1. PCR primers were designed to flank the off-target sites as
detailed in Table S6. Reactions were performed for the founder
animals and the PCR products were directly sequenced on the
3130 DNA Sequencer.

RT-PCR and Western blotting

Total RNA was extracted using Isogen reagent (Nippon Gene)
from the spleen of five week-old rats. First strand cDNA was
synthesized from 5 pg of total RNA that had been treated using
DNase by using the oligo(d1)12-18 primer and Superscriptll
reverse transcriptase (Invitrogen). PCR was performed with the
primers for //2rg described in Figure S4 and with the Gapdh 5'-
GGCACAGTCAAGGCTGAGAATG-3" and 5'-ATGGTGGT-
GAAGACGCCAGTA-3'. Western blotting was carried out using
the cell lysates from the spleens of five week-old rats by the
standard method. Signals were detected with antibodies against rat
IL2RG (M-20, Santa Cruz Biotechnology) and B-actin (AC-40,
Sigma Aldrich).

Immunofluorescence and histological analyses

Complete necroscopy examinations were performed on five
week-old [l2rg-deficient and wild-type male and female rats.
Peripheral blood specimens were collected from the caudal vena
cava. Serum immunoglobulin (Ig) levels were measured by
enzyme-linked immunosorbent assay (ELISA) using Rat IgG,
IgA and IgM ELISA Quantitation kits (Bethyl Laboratories).
Blood parameters for a complete blood cell count, a WBC
differential, and a reticulocyte count were measured using ADVIA
2120 flow cytometry (Block Scientific). For histopathology, tissues
were fixed in Bouin’s fluid and embedded in paraffin. The
embedded tissues were then sectioned at 5-7 pum thickness at
room temperature and stained with hematoxylin and cosin to
permit evaluation by light microscopy.
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Flow cytometric analyses of cell populations isolated from
bone marrow, the spleen and peripheral blood were carried out
using IOTest Anti-Rat CD3-FITC/CD45RA-PC7/CD161a-APC
(Beckman Coulter) to differentiate T-, B- and NKcell sub-
populations and IOTest Anti-Rat CD3-FITC/CD4-PC7/CD8-
APC (Beckman Coulter) to enumerate T-cell sub-populations.
Anti-CD45 monoclonal antibodies (Beckman Coulter) were used
for the intracellular staining of lymphocytes. Mouse IgM, [gG1
and IgG2a antibodies (Beckman Coulter) were used as isotype-
matched controls. The cell samples were treated with FcR-
blocking reagent (Miltenyi Biotec) for 10 minutes, stained with the
fluorochrome-conjugated antibodies for 30 minutes, and washed
three times with PBS/10% FCS. Stained cell samples were
analyzed with a four-color FACS flow cytometer (FACSCalibur,
Becton Dickinsen) using CellQuest software (Becton Dickinson).

Tumor cell xenotransplantation

The human ovarian cancer cell line A2780 was purchased from
the European Collection of Cell Cultures (ECACC). Cells were
cultured in RPMI1640 medium (GIBCO) with 10% heat-
inactivated FBS (Hyclone). Subcutaneous injections of 2x10°
A2780 cells with Matrigel (Becton Dickinson) were performed on
five week-old female rats. Tumeors were measured by length () and
width () in millimeters using calipers, and tumor volumes (¥} were
calculated according to the relationship V= gb?/2, where a was the
longer of the two measurements. Human-specific PCR primers
were designed to amplify major histocompatibility complex class I
DQ beta 2 (HLA-DQB?2) at exon 4 as follows: 5'-CCTAGG-
GTGGTCAGACTGGA-3’ and 3'-AAAATCCCCCAAAACA-
AAGG-3'.

Supporting Information

Figure S1 PCR analysis of 13 mutant founders for the zinc-
finger nuclease (ZFN) target site. For the analysis of the ZFN target
site at the #/2rg locus, three primer sets were used to amplify small
(a, 292-bp), middle (b, 1509-bp), and large (c, 3158-bp) fragments
for PCR. See Figure S4 for further details. PCR fragments were
clectrophoresed through a 1-4% agarose gel. M: DNA molecular
weight marker ¢X174-Heelll digest.

Found at: doi:10.1371/journal.pone.0008870.s001 (9.19 MB

TIF)

Figure 82 PCR analysis of genomic DNA isolated from several
tissues. Three primer sets were used to amplify small (a, 292-bp),
middle (b, 1509-bp), and large (c, 3158-bp) [ragments for PCR.
See Figure 54 for further details. Genomic DNA (T tail, B: brain,
H: heart, L: liver) was used as a template for PCR in zinc-finger
nuclease-modified founders (numbers 28, 35, 40, and 53) and G1
rats. PCR fragments were electrophoresed through a 1-4%
agarose gel. M: DNA molecular weight marker ¢pX174-Haelll
digest or Lambda DNA-HindIlII digest.

Found at: doi:10.1371/journal.pone.0008870.s002 (6.28 MB
TIF)
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Genetic Analyses of Fancy Rat-Derived Mutations
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.- stract: To collect rat mutations and increase the value of the rat mode! system, we introduced
fa:icy-derived mutations to the laboratory and carried out genetic analyses. Six fancy rats
were shipped from a fancy rat colony in the USA and used as founders. After initial crosses
wiih a laboratory strain, TM/Kyo or PVG/Seac, inbreeding started and 6 partially inbred lines,
including 2 sublines, were produced as Kyoto Fancy Rat Stock (KFRS) strains. During
inbreeding, we isolated 9 mutations: 5 coat colors, American mink (am), Black eye (Be), grey
{g’, Pearl (Pel), siamese (sia); 1 coat pattern, head spot (hs); 2 coat textures, Rex (Re), satin
(sat); and an ear pinnae malformation, dumbo (dmbo). Genetic analyses mapped 7 mutations
to narticular regions of the rat chromosomes (Chr): amto Chr 1, sia to Chr 1, satto Chr 3, Re
to Chr 7, g to Chr 8, dmbo to Chr 14, and hs to Chr 15. Candidate gene analysis revealed
that a missense mutation in the tyrosinase gene, Ser79Pro, was responsible for sia. From
mutant phenotypes and mapping positions, it is likely that all mutations isolated in this study
were unique to the fancy rat. These findings suggest that fancy rat colonies are a good source
for collecting rat mutations. The fancy-derived mutations, made available to biomedical

research in the current study, will increase the scientific value of laboratory rats.
Key words: bioresource, coat color, genetic mapping, inbreeding, mutation

Introduction

Genetic analyses of common diseases in humans have
revealed that gene mutations are involved in diseases.
Genome sequ2ncing projects of various mammalian spe-
cies followed by comparative genome analyses have
revealed that 2 large number of genes are shared among
species. Thus, it is thought that mutations found in
model animais and animals carrying such mutations can
contribute to the better understanding of human dis-
eases.

The laboratory rat (Rattus norvegicus) has been wide-
ly used as an animal model of human diseases, because
its size is suitable for manipulation [1, 27]. Sequencing
of the rat genome has shown that the rat has about 20,000
predicted genes and shares as many as 90% with humans
[2]. Sofar, atleast 70 mutations have been identified as
causative genes of specific diseases and rat strains car-
rying such mutations can be used as good animal models
for these diseases; however, considering the high number
of rat genes predicted |9], more mutations will be re-
quired to investigate the full range of diseases. Thus,
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collecting rat mutations and making rats carrying these
mutations available as bioresources would enhance the
scientific value of rats as an animal model for human
diseases.

There are several approaches to collecting rat muta-
tions. They include discovering naturally occurring
mutations and inducing mutations by random mutagen-
esis [21]. In addition, attempts have been made to collect
mutations outside of the laboratory, from the field or
fancy rat colonies; indeed, some inbred strains have been
established from wild captured rats [11]. However,
fancy rats have not been surveyed as a source of muta-
tions, with a few exceptions [26].

Fancy rat colonies have potential as a source for col-
lecting novel rat mutations, because various mutations
are considered to persist only in fancy rats, largely coat
and eye color mutations, and coat pattern mutations.
Thus, when they are available in laboratory rats, most
will provide opportunities to study the function of mel-
anocytes, which are not only responsible for pigment
synthesis in the skin and hair, but are also involved in
inner ear and eye functions |30]. In addition, in human.
dysfunctions of melanocytes result in skin disorders such
as oculocutaneous albinism, piebaldism and skin cancers
112, 291, prompting us to introduce mutations found in
the current fancy rat colonies to the laboratory and es-
tablish them as novel bioresources available for bio-
medical resexrch.

In this stucly, we imported 6 fancy rats from a fancy
rat colony in the USA to our laboratory. We tried to
isolate fancy mutations and establish inbred strains car-
rying them. During inbreeding, we isolated 9 mutations,
of which 7 were mapped to particular genomic regions
of rat chromosomes. A coat color mutation, siamese,
was identified as a missense mutation in the rat tyrosi-
nase gene.

Materials and Methods

Animals

In July, 2005, 6 fancy rats were imported from a
fancy rat colony named Spoiled Ratten Rattery (SRR)
kept by Ms. Z=. Brooks in Kansas City, Missouri, USA
(http://www.spoiledratten.com/index html). These rats
(SRRO1-06) were used as founders to establish fancy-
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derived strains. SRR0O1 was female and the others were
males. It was known that these founders carried the
following mutations (Table 1): SRRO1 carried dumbo
(dmbo),Rex (Re), and satin (sar); SRRO2 carried sat and
siamese (sia); SRRO3 carried American mink (am), grey
(g), and Pearl (Pel); SRRO4 carried dumbo (dmbo);
SRROS5 carried Re; and SRR06 carried Black eye (Be).
TM/Kyo and PVG/Seac rats were selected as mating
partners to obtain progeny from the founder fancy rats,
because they are homozygous for nonagouti (a/a) and
hooded (A/h) recessive mutations. SRR01, SRR05, and
SRRO6 were crossed with the TM/Kyo strain and SRR02,
SRRO3, and SRR04 were crossed with the PVG/Seac
strain. Following caesarean operations, F, hybrids were
introduced to specific pathogen-free (SPF) facilities in
our institute. Brother-sister mating was carried out to
establish fancy rat-derived strains for each founder. At
each generation during inbreeding, rats showing the
mutant phenotypes were selected. When different mu-
tant phenotypes were found in an inbreeding line, sub-
lines were separated.

To map the mutations isolated from fancy rats,a male
rat representing each strain was used to make F, hybrids
with BN/SsNSle (BN) or WTC/Kyo (WTC) female rats.

Animal care and experimental procedures were ap-
proved by the Animal Research Committee, Kyoto Uni-
versity and were conducted according to the Regulation
on Animal Experimentation at Kyoto University.

Genetic mapping

To map sat and sia mutations, SRR02 (F5) was mated
with BN rats and 82 backcross progeny (BCP) were
produced (cross 1). To map amn, SRRO3-am (F6) was
mated with BN rats and 98 BCP were produced (cross
2). To map g and Pel, SRRO3-g, Pel (F6) was mated with
BN rats and 87 BCP were produced (cross 3). To map
dmbo and hs, SRR04 (F5) was mated with BN rats and
99 BCP were produced (cross 4). To map Re, SRRO5 (F3)
was mated with BN rats and 50 BCP were produced (cross
5). To map Be, SRRO6 (F6) was mated with BN and WTC
rats, and 48 and 67 BCP were produced (crosses 6 and
7).

Genotyping was performed as described previously
116] with a set of highly informative simple sequence
length polymorphism (SSLP) markers |20].
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Table 1. Mutations isolated from fancy rats
Mutation ~ MP term Characteristic Origin® KFRS  Mode of Mapped Candidate  Mutant phenotype of
{symbol) {MP id)" strain inheri-  position in rats  gene name  candidate gene in mice
tance (Gene
Chr  Physical symbol)
posi-
tion”
American diluted coat  Light brown body hair  Unknown. KFRS3A/ recessive 1 95.5-  Herman-  Mice Homozygous for
mink color [26] Diftferent from Kyo 103 Mb?  sky- Hps5 mutation
{am) (0000371) the original Pudlak (ruby-2) have
mink described syndrom5  hypopigmented eyes
by Robinson (Hps5) and hair [33]
Black eye diluted coat Cream coat with Laboratory KFRS¢/  domi- ND ND
{Be) color pigmented eyes colony at Kyo nant
{0000371) Edinburgh
University in
Scotland in
1998 — Breeder
in England
dumbo  abnormal Ears are set lower on Fancy rats KFRS4/  recessive 14 79.0-  H6 homeo Mice carrying Himx!
(dmbo)  outer ear the head, and are larger somewhere in Kyo 84.7Mb  box | mutations exhibit
morphol- and rounder. the northwest (Hmxli) enlarged ear pinnae
ogy Uus with a distinctive
{0002177) ) ventrolateral shift [23] i
grey (g)  diluted coat  Light grey body hair Maybe Russian  KFRS3B/ recessive 8 57.3-  RB27A, Gene defects produce
color blue. From Kyo 952Mb  member abnormal pigmenta-
(0000371) fancies of east RAS tion and a gray or
coast US. oncogene  diluted coat color in
family ashen or dilute mice
{Rab27a) [22,32] and dop rats
myosin VA [8].
(MyoSa)
head spot  head head ~ White spotting on the Unknown KFRS4/  recessive 15 84.6-  endothelin  Mice homozygous for
(he) spot head Kyo 91.2Mb  receptor the Ednrbs mutation
(0002939) type B show irregular white
(Ednrb) spotting, depending on
the genetic back-
ground [25]
Pearle diluted coat  Lighter coat color English fancy KFRS3A/ domi- ND ND
(Pel) color expressed on mink or [26] Kyo nant
(0000371), grey. Homozygotes die KFRS3B/
embryonic  inthe embryonic period Kyo
lethality (E10-E12)
(0008762) )
Rex (Re) wavy hair  Heterozygotes show England — KFRS5/  domi- 7 135-143 keratin7l  Mouse mutations in
(0000410), wavy body hair, while  Breeder in Kyo nant Mb® (Krt71) the Krt71 gene,
nude homozygotes lose body  California caracul (Ca), cause
(0003815),  hair after the first molt. wavy coat hairs in
wavy Both heterozygotes and Cal+ heterozygous
vibrissae homozygotes show mice [14]
{0001279) wavy vibrissae.
satin (saf) abnormal Longer hair and Fancy rats kept ~ KFRS2/ recessive 3 105.8—-  fibroblast Mice lacking the Fgf7
coat shiny-looking “greasy” by a breederin ~ Kyo 1149  growth gene develop a matted
appearance  hair. Vibrissae are bent  California Mb factor 7 coat [10]
(0001510), downward. (Fgf7)
curly
vibrissae
(0001274)
siamese  diluted coat Homozygotes show Laboratory in KFRS2/  recessive 1 140.6-  tyrosinase  Mice homozygous for
(sia) color light body hair, but their  France in the Kyo 1455 (Tyr) Tvr** show light coat
(0000371}  ears. nose, tail, and 19805 — Mb color and darkened
scromum are dark, as in  Breeder in UK ears, nose, and
Siamese cats. Eyesare  —» breeders in scrotum. [18]
slightly pigmented and  California
appear red.

: Mutant phenotypes are classified by mammalian phenotype ontology. - Provided by Ms. E. Brooks.

distance between wn or Re and non-recombinant markers. Physical distance corresponding to 1 cM was expected to be 1 Mb.
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Direct sequencing of the Tyr gene of Black-eyed and
Siamese rats

Direct sequencing was performed as described previ-
ously [17]. Rat Tyr exons were amplified with the follow-
ing 6 sets of primers: rTyr-1&2 (exon 1,463 bp),
5’-TGTTTGAGCAGATCTTGTACGG-3" and
5’-TGTTTTGCCAAAGTGAGGTAA-3’; rTyr-3&11
(exon 1,633 bp) 5’-GCGGAAACTGTAAGTTTGGA-3’
and 5’-AAGGTTCCTTTTCTGTGCTGA-3’;1Tyr-12&13
(exon 2,398 bp), 5'-TTTCATTCATATGTAAGTCCCT-
TG-3’ and 5’-GCTTAGCATTGCAAAACTCACA-3’;
rTyr-14&15 (exon 3,384 bp), 5’-TTGTTTATTTAAAATT-
AGGCTTACCTC-3" and 5’-TCTCAAAATAGAG-
AACCACCACAA-3’; rTyr-16&17 (exon 4,488 bp),
5’ -AAAGTTTGAAGATAGTCAGCATTTGA-3’ and
5'-TTTAGCTGTACAAAATATCCTTGAAA-3’; rTyr-
18&10 (exon 5489 bp), 5'-GCACTCAAACCCAAGC-
ATCT-3’ and 5’-TTCCTTAGAAACTGGGACGTG-3.

Examination of fetuses at cesarean section

Six wild-type SRRO3 females (+/+) and six Pel-
heterozygous female SRRO3 (Pel/+) rats were mated
with the Pel-beterozygous SRRO3 males (Pel/+). At P20,
fetuses were removed by cesarean section. The numbers
of corpora lutea, live fetuses, and embryo-fetal deaths
were counted. Embryo-fetal deaths were categorized
into early death (implantation sites, resorbed embryos,
and placental remnants) and late death (early macerated
fetuses, late macerated fetuses, and dead fetuses). The
number of implantations was calculated from the sum
of the number of live fetuses and the number of embryo-
fetal deaths.

Statistical analysis

To determine the mode of inheritance and linkage
relationship, chi-square tests were performed. When the
P value of chi-square for 1:1 was more than 0.05, the
nmutation was thought to be an autosomal single gene.
When the P value of chi-square for linkage was less than
0.05, the linkage relationship between loci was thought
to be significant. For statistical analysis of embryo-fetal
deaths found in the Pearl mutant, Student’s /-test was
performed using Microsoft Excel.

Results

Fancy rat-derived strains

We isolated 9 mutations during inbreeding and as-
signed “Mammalian Phenotype terms (MP)” to their
mutant phenotypes to make it easy to understand them
{31] (Table 1). They involved 5 coat color mutations
(am, Be, g, Pel, and sia), 1 coat pattern mutation (ks), 2
coat texture mutaions (Re and saz), and an ear pinnae
malformation mutation (dmbo). The Pearl phenotype
manifested in conjunction with homozygous status for
amt or g.

During inbreeding, the line originating from SRRO1
became extinct. Although inbreeding was not fully com-
pleted, we tentatively named the derived lines Kyoto
Fancy Rat Stock (KFRS). Each strain was defined with
a number representing the names of the founder rats, and
sublines were defined by the addition of a letter after the
number. Six lines, including sublines, were produced
and their strain names, mutations they carried, and gen-
erations at the end of February, 2010 were as follows:
KFRS2/Kyo carrying sat and sia (F18), KFRS3A/Kyo
carrying am and Pel (F19), KFRS3B/Kyo carrying g and
Pel (F20), KFRS4/Kyo carrying dmbo and hs (F18),
KFRS5A/Kyo carrying Re (F19), and KFRS6/Kyo car-
rying Be (F17) (Fig. 1 and Table 1).

Mode of inheritance and genetically mapped region of
Jancy mutations

In cross 1, 40 had satin-type body hair and 42 had
normal body hair. Thirty-six had a siamese coat color,
while forty-six had normal coat color. These findings
indicated that both the sat and sia mutations were auto-
somal recessive. The linkage map including sar was
D3Got76 ~1.2cM — D3Got69, sat — 1.2 ¢cM — D3Mco?2.
The sat locus spanned the 9.1-Mb region defined by
D3Got76 and D3Mco2. The linkage map including sia
was DIRai273 — 2.4 ¢cM — sia — 2.4 ¢cM - DIRat138.
The sia locus spanned the 4.9-Mb region defined by
DI1Rat273 and D1Rat138.

In cross 2,47 had American mink-type body hair and
51 had normal body hair, indicating the am nutation was
autosomal recessive. The am showed no recombination
with DIRat214 and DIMgh35 in 98 meioses, which
indicated that am was located <3.0 cM away from these
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Fig. 1. Kyoto Fancy Rat Stock (KRFS) strains. (A) KFRS2/Kyo, 2 months of age, sat/sat,
sia/sia. (B) KFRS2/Kyo, 3 weeks of age, Left; sat/+, sia/sia. Right; sat/sat, sia/sia.
Note that siamese marking of the nose is apparent in the adult sia/sia rat, compared
with the young rat. (C) KFRS3A/Kyo, am/am. (D) KFRS3B/Kyo. Upper; g/g. Pel/+.
Lower; g/g. (E) KFRS4/Kyo,dmbo/dmbo, hs/hs. (F) KFRS5/Kyo, Re/+. (G) KFRS6/
Kyo, Be/Be, c/c. All strains are homozygous for a.

markers with 95% probability [7]. somal recessive. The linkage map including g was
In cross 3, 46 had grey-type body hair and 41 had ~ D8Rat36 - 6.9 cM — D8Rat182, g—149cM -D8Rat131.
normal body hair, indicating the g mutation was auto-  The g locus spanned the 37.9-Mb region defined by
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D8Rat36 and D8Rat131.

In cross 4, 55 had dumbo-type ears and 44 had normal
ears. Forty-five had white spots on their head and fifty-
four had no head spots. These findings indicated that
both dmbo and hs mutations were autosomal recessive.
The linkage map including dmbo was DI14Arb10 - 1.0
cM - D14Rat37,dmbo — 6.1 cM — D14Rat57. The dmbo
locus spanned the 5.7-Mb region defined by DI4Ratl10
and DI4Rat57. The linkage map including hs was
D15Got78 =5 ctM — hs — 12 ¢cM — D15Rat26. The hs
locus spanned the 6.6-Mb region defined by D15Got78
and DI5Rat26.

In cross 5, 24 had Rex-type body hair and 26 had
normal body hair, indicating that the Re mutation was
autosomal dominant. Re showed no recombination with
D7Mit] and D7Rat80 in 50 meioses, indicating that Re
was located <5.8 cM from these markers with 95% prob-
ability [7].

Using crosses 6 and 7, we carried out genetic analysis
of the Be mutation. In rat fanciers, it is known that the
Be mutation masks the coat color only in combination
with the albino mutation. This combination produces
rats with a pale creamy white coat color and black eyes.
To elucidate the inheritance pattern of the black eye, we
first crossed a SRR06 male with BN/SsNSlc (a/a, b/b.,
C/C) rats. Since all (BN/SsNSIc x SRRO6)F rats had a
black coat and pigmented eyes, we backcrossed F; fe-
males to SRR06 males. In cross 6,27 had a white coat
with black eyes, and 21 had a colored coat with black
eyes. The phenotype of the white coat with black eyes
was completely cosegregated with a missense mutation
at Tyr, Arg299His, found in the albino Wistar rat [4].
Direct sequencing of the Tyr gene of the SRR06 genome
demonstrated that SRRO6 also harbored the Arg299His
missense mutation (data not shown).

To elucidate the inheritance pattern of the black eye
on the albino background, we crossed a SRR0O6 male
with albino WTC/Kyo (a/a, B/B, c/c) rats. All (WTC/
Kyo x SRRO6)F, rats had a white coat and black eyes.
We then backcrossed the F; females to WTC/Kyo males.
In cross 7, 29 had a white coat with black eyes, and 38
had a colored coat with black eyes. These findings in-
dicated that the Be mutation was a single autosomal
mutation and manifested dominantly only in the presence
of the albino mutation in the homozygous state.
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Table 2. Number of embryo-fetal deaths found in Pearl mu-
tants

Stage of embryo-fetal death Cross to produce embryos

+/+ x Pell+ Pell+ x Pell+

Implantation site 00+0.0 00+£00
Resorbed embryo 02+04 3.0 £0.6%*
Placental remnant 00+0.0 0.5 £0.5%
Early macerated fetus 0.0+00 00+00
Late macerated fetus 00+00 00+£00
Dead fetus 0000 0000

Total 02+04 3.5+0.8%*

*: P<0.05, **: P<0.01.

Embryonic lethality of the Pearl (Pel) mutation

There were no significant differences in the numbers
of corpora lutea [12.5 + 1.6 vs. 12.7 £ 0.8 (mean = SD),
P=0.42] and implantations (12.2 + 1.6 vs. 11.7 £ 0.5,
P=0.25) between wild-type (+/+) and Pearl (Pel/+) fe-
males both crossed with Pearl (Pe//+) males. Meanwhile,
embryo-fetus deaths were significantly higher in (Pel/+
x Pel/+)F, embryos than in (+/+ x Pel/+)F, embryos: 3.5
+ 0.8 vs. 0.2 £ 0.4, P<0.01 (Table 2). Embryo-fetus
deaths found in (Pel/+ x Pel/+)F, embryos included re-
sorbed embryos (3.0 = 0.6) and placental remnant (0.5
+0.5). The proportion of embryo-fetus deaths with re-
gard to the number of corpora lutea in (Pel/+ x Pel/+)F,
was 27.5%, which agreed with 25% embryo-fetus death
when homozygous lethality occurred in Pel/Pel em-
bryos.

Identification of siamese as a mnissense mutation in the
Tyrosinase gene

Tyrosinase (Tyr) was thought to be a good candidate
for sia, because mouse himalayan mutation (h) at the
Tyr locus showed an extremely similar coat color phe-
notype to the siamese rat. Direct sequencing revealed a
missense mutation (c. 235 T>C, p. Ser79Pro) in exon 1
of the tyrosinase gene in the sia/sia homozygous genome
(Fig.2). This missense mutation was completely coseg-
ragated with the siamese coat phenotype in 82 (BN x
SRRO2)F; x SRR02 BCP and was not found among 34
rat inbred strains (data not shown).
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Fig. 2. Identification of siamese mutation. Se-
quence analysis of Tyr cDNA from wild-
type and sia/sia rats. In the sia/sia rat. a
nucleotide conversion T to C (red) was
found at the position of nucleotide 253 of
rat 7vr cDNA. The sia mutation converts
the amino acid residue at codon 79 from
serine (Ser) to proline (Pro).

Discussion

From mapped positions and phenotype resemblances
to existing mutations of rats or mice, we selected candi-
date genes for the fancy mutations (Table 1). For Myo5a
and Ednrb, rat mutations have been identified: dilute-
opisthotonus (dop) mutation in Myo5a (8] and spotting
lethal (s{) mutation in Ednrb {15]. We confirmed the
absence of these mutations in grey-homozygous
KFRS3B/Kyo and head spot-homozygous KFRS4/Kyo
rats (data not shown). Therefore, all the fancy mutations
isolated were likely to be unique and our study has made
them available to the laboratory.

The Ser79Pro missense mutation was completely
cosegregated with the siamese phenotype and was spe-
cific to KFRS2/Kyo. Missense mutations around the
79th amino acid of TYR provoke albinism in mice and
humans, suggesting that this region plays an important
role in hair and skin pigmentation [3, 24]. Therefore,
we concluded that the S79P missense mutation is respon-
sible for the siamese phenotype in rats. Tyrosinase is
the key enzyme involved in the melanin biosynthetic
pathway and is responsible for the rate limiting step [5].
Mutations in the TYR gene cause human oculocutaneous
albinism 1 (OCA1) [24]. Although there are more than
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100 mutations in the mouse Tyr locus, such as albino
(Arg77Leu), himalayan (His420Arg), and chinchilla
(Ala482Thr) |3]. increasing the range of Tyr mutations
will provide a wealth of information on the biology of
tyrosinase and lead to better understanding of the patho-
genesis of OCAL.

In addition to previous work on the Pearl phenotype
[26], we revealed that approx. 25% embryos were large-
ly resorbed, suggesting that Pel/Pel embryos die in the
early stage of organogenesis (gestation days 10 to 12)
[6]. There is a close relationship between Pel and ago-
uti (A) [26]. In the current study, we carried out pre-
liminary genetic analysis using 46 g-homozygous rats
from cross 3. However, we failed to find a linkage re-
lationship between Pel and D3Mit2, a SSLP marker
located 2 cM apart from A, which suggests that multiple
genetic determinants might be involved in the expression
of Pel.

To our knowledge, this study is the first report on the
systemic introduction of fancy-derived mutations to the
laboratory. Fancy rats are considered to be a good source
for developing a new bioresource of rats. They allow us
to isolate rat mutations effectively. Usually, the rate at
which new mutations arise spontaneously is exceed-
ingly low: it is known that, on average, only one gamete
in 100,000 is likely to carry a detectable mutation at any
single locus naturally occurring mutation rate [28], which
means that the discovery of mutations depends on chance.
In this study, we could isolate 9 unique mutations from
only 6 founder rats, and it took only a few generations
to isolate them. Moreover, fancy rats are usually kept
by outbreeding, so when they are subjected to inbreedin g
in the laboratory, hidden mutations sometimes manifest.
Actually, we observed the cataract and sterile pheno-
types, which were unknown in the SRR, at several gen-

erations after starting inbreeding (data not shown).

Fancy rat colonies are thought to be maintained rela-
tively independent of laboratory rats and have unique
breeding histories different from the laboratory rats [2].
Therefore, it is expected that the fancy-derived KFRS
strains will retain their unique genetic background dif-
ferent from laboratory rats, although almost half of them
are derived from laboratory rats. The IS/Kyo strain
originates from a cross of a wild captured male rat with
Wistar female rats [13] and shows a clearly different



