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Development of a novel pink-eyed dilution mouse
model showing progressive darkening of the eyes
and coat hair with aging
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Abstract: Oca2r-°@s (oculocutaneous albinism Il; pink-eyed dilution castaneus) is a coat color mutant
gene on mouse chromosome 7 that arose spontaneously in wild Mus musculus castaneus mice. Mice
homozygous for Oca2r°as usually exhibit pink eyes and gray coat hair on the non-agouti genetic
background, and this ordinary phenotype remains unchanged throughout life. During breeding of a
mixed strain carrying this gene on the C57BL/6J background, we discovered a novel spontaneous
mutation that causes darkening of the eyes and coat hair with aging. In this study, we developed a
novel mouse model showing this unique phenotype. Gross observations revealed that the pink eyes
and gray coat hair of the novel mutant young mice became progressively darker in color by
approximately 3 months after birth. Light and transmission-electron microscopic observations revealed
a marked increase in melanin pigmentation of coat hair shafts and choroid of the eye in the novel
mice compared to that in the ordinary mice. Sequence analysis of Oca2P-¢as revealed a 4.1-kb deletion
involving exons 15 and 16 of its wild-type gene. However, there was no sequence difference between
the two types of mutant mice. Mating experiments suggested that the novel mutant phenotype was
not inherited in a simple fashion, due to incomplete penetrance. The novel spontaneous mutant
mouse is the first example of progressive hair darkening animals and is an essential animal model
for understanding of the regulation mechanisms of melanin biosynthesis with aging.
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Introduction

Many genetic loci affecting coat color in mice have
so far been reported [6, 26]. Oca2(oculocutaneous albi-
nism II) on mouse chromosome 7 is one of the oldest
coat color loci. At this locus, 88 alleles have so far been

reported, 20 spontaneous, 63 chemically and radiation
induced, one gene-trapped, one transgenic and three
targeted alleles [6]. Of these, Oca2? (oculocutaneous
albinism II; pink-eyed dilution, old symbol p) is the first
original spontaneous allele that arose in Japanese wild
mice (Mus musculus molossinus), and it was introduced
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Fig. 1. External appearances of novel and ordinary Oca2P“%/Oca2P-“* mutant mice on the non-agouti background.
(A) Young novel mutant mouse at one month after birth before becoming darker in color. (B) Young ordinary
mutant mouse at one month of age. (C) Adult novel mouse at 5 months of age (left side), which grew from
the young mouse shown in (A). The eyes and coat hair became darker than those of the unchanged ordinary

littermate (right side).

into common laboratory strains as a result of fancy
mouse trade in the 19th century [4]. Mice homozygous
for respective Oca? alleles are generally characterized
by hypopigmentation in both eyes and coat hair, the de-
gree of which varies among alleles. Chemical analysis
of melanin in Oca2? dorsal hair revealed that eumelanin
synthesis is greatly inhibited but that pheomelanin syn-
thesis is not inhibited [10]. Some specific alleles produce
cleft palate, reproductive, endocrine or neurological
disorders, and/or lethality [6].

In humans, OCA2 is one of several types of albinism
and it is caused by mutations in the human orthologous
OCA?2 of the mouse Oca2 gene [18, 23]. The functions
of the human OCA2 protein and also the mouse OCA2
protein are currently not clear. It has been suggested,
however, that OCA2 may be involved either in the sup-
ply of substrates to the tyrosinase enzyme in melanin
biosynthesis [2] or in the intracellular trafficking of this
enzyme during melanosome maturation [27]. The inac-
tivation of contiguous genes on human chromosome
15q11—ql3, a region syntenic with the mouse Oca2
chromosomal region, is associated with human Prader-
Willi syndrome (PWS) and Angelman syndrome (AS)

[7]. The Oca2r—39PU mouse carrying a large deletion
between Oca2 and Ipw loci, in which some candidate
genes for PWS are involved, is thought to be an excellent
animal model for PWS and related syndromes [22].

Oca2P<% (oculocutaneous albinism II; pink-eyed dilu-
tion castaneus) in mice is a spontaneous mutation that
arose in second-generation descendants produced from
brother-sister matings between wild M. m. castaneus
mice captured in Bandar Lampung City (Sumatra), In-
donesia [28]. Similar to the phenotype of the original
Oca?2P mice, mice homozygous for Oca2P¢* usually
exhibit pink eyes and gray coat hair on the non-agouti
genetic background, and this ordinary phenotype remains
unchanged throughout life. The homozygotes are fully
fertile and viable, and they display neither abnormal
behavior nor abnormal external appearance [28]. Surpris-
ingly, during breeding of a mixed strain (named B6;Cg-
Oca2P®) carrying Oca2P“* as a homozygous state on
the genetic background of the C57BL/6J inbred strain,
one of the authors (A. Ishikawa) discovered a novel
spontaneous mutation that causes progressive darkening
of the eye and coat colors with aging (Fig. 1).

Several mutants displaying progressive hair graying
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phenotypes with aging have been reported in animals
[25, 26]. For example, gray horses are born colored,
gradually lose hair pigmentation, and finally become
almost completely white by the age of 68 years. This
graying phenotype is inherited in an autosomal dominant
fashion and is caused by a 4.6-kb duplication in intron
6 of the STX!7(syntaxin 17) gene [21]. Similarly, pro-
gressive graying in dogs is characterized by a progressive
dilution of eumelanin from black to gray with age. This
phenotype is controlled by an autosomal dominant gene,
but its causative gene has not yet been identified [12].
The gray horses have a high incidence of melanomas
and vitiligo-like skin depigmentation [21], whereas the
gray dogs do not have such additional skin abnormalities
[12]. In mice, graying with aging is caused by melano-
cyte dysfunction resulting from maternal transmission
of murine leukemia viruses at pre- or early-postnatal
stages [19]. Bcl2(B cell leukemia/lymphoma 2) null mice
show hair graying in the second hair follicle cycle, due
to incomplete maintenance of melanocyte stem cells
[20]. On the other hand, no mutants becoming progres-
sively darker with age have so far been reported in ani-
mals. Hence, our novel spontaneous Oca2P<%/Oca2P-<*
mouse must be the only animal with a progressive dark-
ening phenotype and it could serve as an excellent animal
model for further understanding of the regulation mech-
anisms of melanin biosynthesis with aging.

In this study, we developed the novel Oca2P<%/Oca2p-<+
mouse model and described morphological and genetic
characteristics of the novel mutant phenotype. We also
characterized the Oca2P“* gene at the molecular level
because there has been no report on the nucleotide se-
quence of this gene.

Materials and Methods

Animals

All animal work was carried out in accordance with
the guidelines for the care and use of laboratory animals
of the Graduate School of Bioagricultural Sciences, Na-
goya University, Japan. C57BL/6JJcl (called B6 hereaf-
ter) mice were purchased from Clea Japan (Tokyo).
Novel and ordinary Oca2?P¢*/Oca2P* mutant mice
were maintained at the Laboratory of Animal Genetics,
Graduate School of Bioagricultural Sciences, Nagoya
University. For mating experiments, a novel mutant male
was crossed to B6 females and ordinary mutant females
were crossed to B6 males. Obtained F; mice were crossed

to each other to produce subsequent F,, F5 and other
generations. To phenotype the progenies obtained, their
eye and coat colors were checked twice a week by the
naked eye.

All mice were reared in an environment with a tem-
perature of 23 + 2°C and a light/dark cycle of 12:12.
Commercial chow pellets (CA-1, Clea Japan) and tap
water were provided ad libitum. Young mice were
weaned at about 3 weeks after birth.

Light microscopic analysis of coat hair

Coat hair samples were plucked out of the dorsal re-
gion of nine novel and five ordinary mutants and three
B6 mice at 16 days and about 4 months of age, and the
samples were wrapped in filter paper and stored at room
temperature. The hair samples were dehydrated in 90%,
95% and 99% ethanol for 30 min each time and then in
100% ethanol for 60 min. After that, they were cleared
in ethanol-xylene for 60 min and in xylene for 60 min
and then embedded in Canada balsam.

Light microscopic analysis of the eyes and skin

Five novel and four ordinary mutants and five B6 mice
at 4-6 months of age were anesthetized with Avertin and
euthanized by exsanguination. Fresh eyes and skin of
these mice were excised and immediately fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4.
The fixed tissue samples were embedded in paraffin.
Sample blocks were cut into 4-um-thick sections and
deparaffinized through the use of xylene and an ethanol
series. Some sections were dyed with hematoxylin-eosin
for structural examination of the eyes and skin, and oth-
ers were used for Fontana-Masson staining to identify
melanin in these samples. Fontana-Masson staining was
performed according to the method of Masson [16] with
slight modifications of the concentrations of ammonial
silver nitrate and sodium thiosulfate, being 0.5% and
0.12%, respectively.

Transmission electron microscopic analysis of the eyes
and skin

Under Avertin anaesthesia, three novel and three or-
dinary mutants and two B6 mice at about 5 months of
age were perfused with 0.9% saline followed by 5%
glutaraldehyde in 0.05M cacodylate buffer, pH 7.4. The
eyes and skin were excised, trimmed to about 1 mm?,
and immersed in the same glutaraldehyde solution. Tis-
sue samples were post-fixed with 1% osmium tetrox-
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ide/1.5% potassium ferrocyanide [24], dehydrated, and
embedded in epoxy resin. Ultrathin sections were cut
using an Ultracut N (Reichert-Nissei, Wein, Austria),
stained using uranyl acetate followed by lead citrate, and
examined using a Hitachi H-7650 transmission electron
microscope (Hitachi Ltd., Tokyo).

cDNA sequencing

After sacrificing novel mutant, ordinary mutant and
B6 control mice (two individuals each) by decapitation,
both eyes were immediately dissected and stored in
RNAlater (Life Technologies, Carlsbad, CA, USA). To-
tal RNA was extracted from the eyes using TRIzol re-
agent (Life Technologies), and 1 ug of total RNA was
used for first-strand cDNA synthesis with the Superscript
III First-Strand Synthesis System for RT-PCR (Life
Technologies) according to the manufacturer’s instruc-
tions.

Mouse Oca2 cDNA was amplified with eight pairs of
primers listed in Supplementary data 1, which were de-
signed on the basis of the cDNA sequence for B6
Oca2(NCBI Reference Sequence NM_021879.2). Poly-
merase chain reaction (PCR) was performed in a 25-ul
reaction volume containing 15 ng cDNA and 0.5 units
of KOD-Plus-Neo polymerase (TOYOBO, Osaka) under
the conditions of step-down cycles: initial denaturation
of 2 min at 94°C; 5 cycles of 98°C for 10 s and 74°C for
30 s/kb; 5 cycles of 98°C for 10 s and 72°C for 30 s/kb;
5 cycles 0f 98°C for 10 s and 70°C for 30 s/kb; 25 cycles
0of 98°C for 10 s and 68°C for 30 s/kb; and a final exten-
sion at 68°C for 7 min. The PCR products were purified
from agarose gels using a Gel-M gel extraction Kit (Vio-
gene, Umed, Sweden). Cycle sequencing was performed
with the Big Dye Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems, Tokyo) according to the manufac-
turer’s instructions. Nucleotide sequences were deter-
mined using an ABI PRISM 3100 Genetic Analyzer
(Applied Biosystems).

Genomic DNA sequencing

Genomic DNA was isolated from ear clips of the
novel and ordinary mutants and B6 (two individuals each)
by the standard phenol-chloroform method. Genomic
fragments around the promoter region of Oca2 and around
the deletion region revealed by the above-described
cDNA sequencing were amplified with primers (Supple-
mentary data 1) designed on the basis of the genomic
sequence of B6 chromosome 7 (Reference Sequence

NC_000073.5). PCR and sequence analyses were per-
formed as described in the above section. The sequence
data obtained were assembled with ATGC ver.5 sequence
assembly software (Genetyx Corporation, Tokyo).

Prediction of the effects of nonsynonymous substitutions
on protein function

Effects of nonsynonymous substitutions detected in
the above-described cDNA sequence analysis on func-
tion of the OCA2 protein were investigated with two
web-based computational software programs, SIFT [15]
and PolyPhen-2 [1]. SIFT predicts tolerated and delete-
rious substitutions for nonsynonymous substitutions
based on the evolutionary conservation of amino acids
within protein families [15]. PolyPhen-2 predicts pos-
sible impact of an amino acid substitution on the struc-
ture and function of a protein using straightforward
physical and comparative considerations [1]. Since
PolyPhen-2 was developed for human proteins, this soft-
ware was implemented after converting the positions of
amino acid substitutions in our mouse study to the cor-
responding positions of the human protein.

RT-qPCR analysis

Total RNA was extracted from the eyes of novel and
ordinary mutant males (three individuals each) and one
B6 control male using Trizol as described earlier. Ge-
nomic DNA contamination was removed by the gDNA
Eraser enzyme and then first-strand cDNA was synthe-
sized from 1 ug of total RNA by reverse transcription
using a PrimeScript® RT reagent Kit with gDNA Eraser
(Perfect Real Time) (Takara Bio, Otsu) according to the
manufacturer’s instructions. Quantitative real-time PCR
(RT-gPCR) was performed in a 10.0-ul reaction volume
on the StepOnePlus™ Real-Time PCR system (Applied
Biosystems) with SYBR® Premix Ex Taq™ II (Tli
RNaseH Plus) (Takara Bio). Primer sequences for Oca?2
and two endogenous control genes, Actb (actin, beta)
and B2m (beta-2 microglobulin), were designed with
Primer Express® version 3.0 (Applied Biosystems) and
are listed in Supplementary data 1. Cycle conditions were
95°C for 30 s and 40 cycles of 95°C for 5 s and 60°C for
30 s. All samples were analyzed in two duplicates. Quan-
titative relative standard curves for Oca2 and endogenous
genes, with four serial dilution points of the B6 control
cDNA (20 ng, 4 ng, 0.8 ng and 0.16 ng), were used to
determine the Oca?2 expression levels normalized to the
endogenous controls. Dissociation curves, PCR ampli-
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fication efficiencies and R? values were examined to
determine the precision of RT-qPCR.

Results

Origin

The Oca2P-<%/0ca2P-“* mutant mice had been main-
tained on the genetic background of the wild M. m. cas-
taneus mouse by inbreeding at the Laboratory of Animal
Genetics, Nagoya University [28]. As the mutant mice
faced extinction at around the F,5 generation of inbreed-
ing due to the poor breeding, a B6;Cg-Oca2P* mixed
strain was created using a cross-intercross system in
which the mutant mice were crossed to B6 and then wild-
type mice obtained were intercrossed to each other to
produce the recessive mutant phenotype. This cross-
intercross system was repeated at least 4 times, and
thereafter inbreeding was continued to fix the mutant
phenotype. During inbreeding of B6;Cg-Oca2P<%, the
mutant mice were again crossed to B6 because of the
poor breeding. The novel mutant mice becoming darker
in color with aging were first identified at the
F|s+N4+F+F; generation from the discovery of the
original Oca2P“*/Oca2P* mice.

Two new sublines, named B6;Cg-Oca2P<%/1Nga and
B6;Cg-Oca2r<*/2Nga, were created by inbreeding of
the progeny obtained from mating experiments (see be-
low). The latter subline was mostly fixed for the novel
darkening mutant phenotype and the former was mostly
fixed for the ordinary unchanged mutant phenotype.
Genotyping of microsatellite markers revealed that the
minimum introgressed interval derived from the wild M.
m. castaneus mouse is 6.71 cM between Saal (at 30.54
cM from the centromere of chromosome 7) and D7Mit277
(37.25 cM) and that the maximum introgressed interval
is 19.78 ¢cM between D7Mit247(23.90 cM) and D7Mit122
(43.68 cM) in which both sides of recombination regions
are included. There were no differences in lengths of
maximum and minimum introgressed intervals between
the two sublines.

External appearances

As shown in Fig. 1A, novel Oca2?P-<%/Oca2P“* young
mice had pink eyes and gray coat hair on the non-agou-
ti genetic background. These phenotypic characteristics
were not distinguishable by the naked eye from those of
ordinary Oca2P“*/Oca2P* young mice (Fig. 1B). Dur-
ing growth to adulthood, the eyes and coat hair of the
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Fig. 2. Cumulative frequency distribution of novel mutant mice
that displayed darkening of the eyes. A total of 70 mice
was observed.

novel mutant mice became progressively darker in color,
making a sharp contrast with the external appearance of
the ordinary mutants that remained unchanged through-
out life (Fig. 1C). Gross observations using the eye
color change as an indicator revealed that the novel
mutant mice gradually became dark by 41-88 days of
age (Fig. 2). No additional visible abnormalities such as
wavy hair and small body size were observed in the
novel mutant mice, although microphthalmia and cata-
racts of one or both eyes occasionally appeared in the
novel mutants as well as the ordinary mutants. There
were no clear sex differences in the above external ap-
pearances and also in histological appearances that are
described below.

Histological appearances

In mice, there are four types of coat hair: monotrich,
awl, auchene and zigzag [26]. We light-microscopically
examined melanin pigmentation of coat hair with a focus
on the awl and zigzag hairs because these hairs were
casily detectable in microscopic specimens by greater
numbers of those hairs than those of monotrich and
auchene hairs. The pigmentation of awl hairs in both
novel and ordinary mutant mice was markedly decreased
compared to the fully pigmented awl hair of B6 mice
(Fig. 3A). At 16 days of age, the awl hair of the novel
mutant mice (Fig. 3C) was similar in degree of pigmen-
tation to that of the ordinary mutant mice (data not
shown). At about 4 months of age, the degree of pigmen-
tation in the ordinary mice remained unchanged (Fig. 3B).
In contrast, the novel mice at 4 months of age showed
markedly increased pigmentation (Fig. 3D) but not as
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much as that of B6 mice (Fig. 3A). The same tendency
was observed for zigzag and other hair types (data not
shown). However, not all hairs in each hair type showed
increased pigmentation with aging. That is, the pigmen-
tation of some hairs remained unchanged, indicating the
incomplete penetrance of the causative gene (s) respon-
sible for the novel mutant phenotype.
Light-microscopic observations of the hematoxylin-
eosin-stained eyes obtained from adult mice at 4—6
months of age revealed that there was little pigmentation
in the regions composed of choroid and retinal pigment
epithelium in the ordinary mutant mice, whose eyes were
red in color (Fig. 4B), compared to those regions well
pigmented in B6 control mice with black eyes (Fig. 4A).
In contrast, the choroid of the novel mutant adults whose
eyes had already turned black in color appeared to be
slightly pigmented (Fig. 4C). Fontana-Masson staining
revealed that melanin staining was very strong in both
regions of choroid and retinal pigment epithelium in B6
mice (Fig. 4D) whereas it was weaker in those of both
types of mutant mice (Figs. 4E and F). The choroid of
the novel mutant mice appeared to be more heavily
stained than that of the ordinary mutant mice. However,
there seemed to be no pigmentation difference in retinal
pigment epithelium between the two types of mutant
mice (Figs. 4E and F). Light-microscopically, it remained
ambiguous whether pigmentation was truly increased in
one or both regions of choroid and retinal pigment epi-
thelium in the novel mice compared to those of the or-

Fig. 3.

Light micrographs of middle regions of dorsal awl hairs.
(A) B6 non-agouti control mouse at about 4 months of age.
(B) Ordinary Oca2P-¢*/Oca2P-“* mutant mouse at about 4
months of age. (C) Novel Oca2P-¢%/Oca2P-* mutant mouse
at 16 days of age. (D) The same novel mouse at about 4
months of age. Melanin pigmentation of the awl hair was
obviously increased with aging. Scale bar=10 xm.

Fig. 4. Hematoxylin-eosin-strained (A-C) and Fontana-Masson-stained light micrographs (D-F) of eyes from adult mice. (A, D) B6 con-
trol. (B, E) Ordinary mutant. (C, F) Novel mutant. Arrowheads show retinal pigment epithelium. Ch: choroid; Scale bar=50 xm.
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Fig. 5. Transmission electron micrographs of eyes from adult mice. (A) B6 control. (B) Ordinary
mutant. (C) Novel mutant. Pigment accumulation (arrow) is visible in the choroid of the novel
mutant mouse in (C). Sc: sclera; Ch: choroid; Rp: retinal pigment epithelium; Scale bar=10 xum.
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Fig. 6. Light micrographs of tail skin from adult mice stained with hematoxylin and eosin (A—C) and stained with
Fontana and Masson (D-F). (A, D) B6 control. (B, E) Ordinary mutant. (C, F) Novel mutant. Insets indicate
hair follicles that were used as positive controls for Fontana-Masson staining. Arrows indicate melanin pig-
mentation in the two types of mutant mice. De: dermis; Ep: epidermis; Sc: stratum corneum; Scale bar=20 ym.

dinary mice.

To clarify this issue, we performed transmission elec-
tron microscopic analysis. In the B6 control mice, many
well-pigmented melanosomes were observed in both the
choroid and retinal pigment epithelium (Fig. SA). In the
ordinary mutants, fewer melanosomes were observed in
both regions (Fig. 5B). In contrast, little pigmentation
was seen in the retinal pigment epithelium, whereas ac-
cumulation of pigmentation occurred in the choroid of
the novel mutants. The number of the choroidal mela-
nosomes appeared to be intermediate between those of
the B6 and ordinary mice (Fig. 5C).

In adult mice, it is known that melanocytes, which
synthesize melanin pigments, are mostly confined to hair
follicles in the trunk skin sprouting coat hair, although
a few melanocytes remain in the epidermis of the hairy

trunk skin; in contrast, it is known that many melano-
cytes are present in the nonhairy skin of the tail, ears and
other regions [9]. We hence focused on histological
analysis of the tail skin.

Light-microscopically, no clear histological abnormal-
ity was observed in the hematoxylin-eosin-stained tail
skin of either type of mutant mice compared to that of
B6 control mice at 4—6 months of age (Figs. 6A—C). On
the other hand, Fontana-Masson staining revealed that
B6 mice had abundant epidermal melanin throughout
the epidermis (Fig. 6D). In contrast, melanin staining
was very weak in both types of mutant mice. There was
no obvious difference in degree of epidermal melanin
deposition between the two types of mutant mice
(Figs. 6E and F). However, the hair follicle of the novel
mutant (Fig. 6F inset) was more heavily stained than that
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Fig. 7. Transmission electron micrographs of tail epidermis from adult mice. (A, D) B6 control. (B, E) Ordinary mutant. (C, F) Novel
mutant. (D), (E) and (F) are magnified views of squared areas in (A), (B) and (C), respectively. Arrows show melanosomes. M:
melanocyte; K: keratinocyte; F: fibroblast; Pc: prickle cell; Bm: basal membrane; Mi: mitochondria; Scale bar=1 um.

of the ordinary mutant (Fig. 6E inset), coinciding with
the pigmentation difference in hair shafts between the
two types of mutant mice (Figs. 3B and D).

Transmission electron microscopic analysis of the B6
tail epidermis revealed well-pigmented melanosomes in
the melanocyte (Figs. 7A and D). However, as expected
from the above-described results of Fontana-Masson
staining, it was not easy to identify melanosomes in the
epidermis of both types of mutant mice (Figs. 7B, C and E).
A few melanosome-like granules were observed in the
novel mutant mice (Fig. 7F), although it was unclear
whether they were true melanosomes or not in the pres-
ent study.

Sequence analysis

To find SNPs or other nucleotide changes in the
Oca2P<% mutant gene, we first performed RT-PCR
analysis using eye cDNAs from the B6 wild-type control
mice and the two types of mutant mice as templates, with
eight pairs of primers (Supplementary data 1) covering
the entire coding sequence of the wild-type Oca2* gene.
When a primer set of mP-7 and mP-12 was used, RT-PCR
amplified a fragment in both types of mutant mice that

was approximately 300-bp smaller in size than that of
B6 mice (Fig. 8A), indicating that both types of mutant
mice had a deletion. Direct sequencing of the RT-PCR
products revealed a 281-bp deletion of exons 15 and 16
in the Oca2P<* mutant gene (Fig. 8B). This deletion
resulted in a reading frameshift and then creation of a
new stop codon on exon 18. Hence, a total number of
amino acids deduced from the Oca2P* cDNA sequence
was 549, contrasting to 833 in the wild-type Oca2*
cDNA (Supplementary data 2). To identify the break-
points of the deletion at the genomic DNA level, we
carried out PCR with primers that amplified the genom-
ic DNA region including the deletion region seen in
cDNA. Direct sequencing of the PCR products of
Oca2P<% revealed a 4140-bp deletion including the en-
tire exons 15 and 16 (Fig. 8C).

As summarized in Table 1, RT-PCR analysis revealed
five synonymous and three nonsynonymous SNPs in the
coding region of the Oca2P* gene. Several additional
SNPs and a 24-bp deletion were found in the 5'- and
3'-untranslated regions. At eight of the SNP loci found,
the wild-type and mutant alleles were segregating with-
in the Oca2P<% gene of both types of mutant mice
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c¢DNAs from B6 control mice and ordinary and novel mutant mice with primers mP-7 and mP-12 (Supplementary data 1) indi-
cated by horizontal arrows. M: HyperLadder II (Bioline, London) molecular marker. (B) Schematic representation of the Oca 2P
deletion mutation shown on the cDNA sequence. Positions of the translation initiation codon (ATG) and stop codon (TAA) are
shown by black arrowheads. White boxes denote each exon. Twelve gray boxes denote putative transmembrane domains. Direct
sequencing of the RT-PCR products revealed a 281-bp deletion of exons 15 and 16. (C) Schematic representation of the Oca 2?4
deletion mutation shown on the genomic DNA sequence. Black arrowheads represent 5' and 3’ breakpoints of the deletion. Posi-
tions and directions of three primers, mP-17, mP-18 and mP-19 (Supplementary data 1), used for PCR amplification are indi-
cated by horizontal arrows. Direct sequencing of the PCR products revealed a 4,140-bp deletion including exons 15 and 16.

(Table 1). Potential effects of the amino acid substitu-
tions caused by the three nonsynonymous SNPs (Leu-
266Val, Val283Met and Ser296Phe) on function of the
OCA2 protein were investigated with two web-based
software programs, SIFT and PolyPhen-2. Both pro-
grams predicted that none of the amino acid substitutions
could inflict possible damage on OCA?2 protein function.

The mouse Oca2 promoter region has not yet been
characterized. Referring to the human OCA2 promoter
region positioned —435 to +80 upstream from its tran-
scriptional start site [5], we PCR-amplified an approxi-
mately 1-kb upstream region of the mouse Oca? tran-
scriptional start site using genomic DNAs from novel,
ordinary and B6 mice. Direct sequencing of the PCR
products revealed 28 SNPs (Supplementary data 3). In

the promoter region, four putative DNA binding motifs,
OSE?2 (osteoblast-specific cis-acting element 2), RUNX1
(runt-related transcription factor 1), zinc finger and ho-
meodomain, were identified. Among the 28 SNPs re-
vealed, one was found within the RUNX1 motif. In
addition, five-times CA repeats were inserted in the
Oca2P-* mutant allele. The total number of CA repeats
was 28 times in the mutant allele, whereas it was 23
times in the wild-type allele.

Taken together, a large number of nucleotide substitu-
tion mutations and structural mutations, consisting of
SNPs, deletions and insertions, were observed within the
Oca2P<* gene. It was noteworthy, however, that there
were no sequence differences in both the cDNA and
promoter region of Oca2P<% between novel and ordinary
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Table 1. Summary of nucleotide changes and deduced amino acid changes found

in Oca2P<* cDNA

Position in

Deduced amino

Exon j - i Nucleotide change . b)
cDNA?® Amino acid acid change
1 60 5’-UTR G -
1 80 5’-UTR >C -
5 691 187 T>T or C Ser
7 835 235 A>AorT Gly
8 926 266 C>Cor G Leu>Leu or Val
8 931 267 C>CorT Thr
8 977 283 G>GorA Val>Val or Met
9 1017 296 C>CorT Ser>Ser or Phe
9 1144 338 T>Tor A Thr
14 1489 453 A>G Glu
15-16 1,618-1,899 497-590 4,140-bp deletion Frameshift
18 2,059 643-644 Termination Stop codon
20 2,197 689 A>T 3’-UTR
23 2,510 794 A>C 3’-UTR
24 2,561 811 G>GorA 3’-UTR
24 2,675-2,698 3’-UTR 24-bp deletion -
24 2,744 3’-UTR C>T -

®Position in the mouse Oca2™ cDNA (NM_021879.2). The coding DNA sequence
is located at positions from 131 to 2632. Y’See Supplementary data 2 for detailed
amino acid alignments of the wild-type Oca2* and mutant Oca2P<% alleles. UTR:

untranslated region; —: not applied.

mutant mice. The cDNA and promoter sequences of
Oca2P<* were deposited in the DDBJ/EMBL/GenBank
databases with accession numbers AB716353 and
AB716354, respectively.

RT-qPCR analysis

As expected from the no sequence differences de-
scribed above, mRNA expression level of the Oca2P-<*
gene was not significantly different between novel and
ordinary mutant mice at P=0.404 (Supplementary
data 4). However, it was approximately 0.4-times high-
er that of the wild-type Oca2* gene of B6 control mice
(data not shown). Percent PCR efficiency and R? values
were 110.9% and 0.995 for Oca2, 94.4% and 0.999 for
Actb, and 98.9% and 0.999 for B2m, respectively.

Mating experiments

To investigate the mode of inheritance of the novel
mutant phenotype, we first crossed novel mutant mice
to B6 wild-type mice, producing 38 F; mice with the
wild-type phenotype only (Table 2). Crosses between
these wild-type F; mice produced 298 F, progeny in
which 231 wild-type, 51 ordinary and 16 novel mice
were segregated. This observed segregation ratio statis-
tically met with the expected ratio of 12:3:1 based on
assumptions that the novel mutant phenotype is con-

trolled by two autosomal recessive genes, Oca2 <% and
an unknown modifier gene, and that this phenotype is
recessive to the ordinary mutant phenotype. Subsequent
crosses between novel and ordinary mice and crosses
between ordinary mice at F, and F; generations unex-
pectedly produced some progeny displaying the novel-
like phenotype, in disagreement with the above assump-
tions. The emergence of these novel-like progeny might
be explained by the supposition that the ordinary mice
used for the crosses were carriers for the modifier gene,
though we did not carry out a progeny test to confirm
the genotype of the ordinary mice crossed. However, this
supposition was not able to explain why a notable num-
ber of progeny displaying the ordinary-like phenotype
still appeared in progenies from crosses between novel
mice at F, and Fg generations.

On the other hand, crosses between wild-type F; mice
obtained from crosses of ordinary mutants and B6 pro-
duced progeny in which the segregation ratio of wild-
type to ordinary phenotypes was slightly skewed from
the expected ratio of 3:1 for an unknown reason (Table 2).
Crosses between ordinary F, mice unexpectedly pro-
duced six F; mice exhibiting the novel-like phenotype,
again in disagreement with the above assumptions for
the simple genetic control of the novel mutant phenotype.

As described earlier, both B6;Cg-Oca2P<%/2Nga and
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Table 2. Segregation of wild-type, ordinary-mutant and novel-mutant phenotypes in progenies at F;, F, and subsequent generations
obtained from crosses of ordinary and novel Oca2P-“**/Oca2P-“** mutant mice with B6 control mice

Cross ) Phenotype of progeny ¥ Expected segregation ratio )
No. of mice P
Female x Male Wild type  Ordinary Novel  Wild-type : Ordinary : Novel

C57BL/6J x Novel 38 38 0 0 1:0:0 - -
F; xF, 298 231 51 16 12:3:1 1.047  0.50<P<0.70
Ordinary F, x Ordinary F, 65 0 54 11 - - -
Ordinary F, x Novel F, 46 0 35 11 - - -
Novel F, x Ordinary F, 7 0 5 2 - - -
Novel F, x Novel F, 9 0 0 9 0:0:1 - -
Ordinary F3 x Ordinary F5 50 0 49 1 - - -
Ordinary F; x Novel Fj 8 0 8 0 - - -
Novel F; x Ordinary F; 11 0 8 3 - - -
Novel F5 x Novel F; 5 0 0 5 0:0:1 - -
Novel F; x Novel F; 44 0 14 30 0:0:1 - -
Novel Fg x Novel Fg 18 0 8 10 0:0:1 - -
Ordinary x C57BL/6J 33 33 0 0 1:0:0 - -
F; xF, 163 111 52 0 3:1:0 4.141  0.02<P<0.05
Ordinary F, x Ordinary F, 94 0 88 6 0:1:0 - -
Ordinary F; x Ordinary F 46 0 46 0 0:1:0 - -
Novel F; x Ordinary F 8 0 6 2 0:1:0 - -

9The phenotype was classified at 4 months after birth by eye color. P The expected segregation ratio is based on the hypothesis that the novel
mutant phenotype is controlled by two independent autosomal recessive genes, Oca2’“* and a modifier; some cases highlighted by bold

letters, however, did not meet the expected segregation ratio.

B6;Cg-Oca2P<%/1Nga sublines have been established
from the descendants of the above mating experiments.
In B6;Cg-Oca2P<9/2Nga, only mice with the novel mu-
tant phenotype were selected and inbred with each
other at each generation. Likewise, only mice displaying
the ordinary mutant phenotype were selected and inbred
in B6;Cg-Oca2P<%/1Nga. However, mice displaying the
opposite-like phenotype occasionally emerged in both
sublines (data not shown). Taken together, these results
suggested that the novel mutant phenotype is under ge-
netic control but that its mode of inheritance may be
complex in nature.

Discussion

We discovered a novel spontaneous mouse mutant,
the eyes and coat hair of which become progressively
darker in color by approximately 3 months of age, from
the B6;Cg-Oca2P¢% mixed strain carrying the Oca2P-<*
allele derived from wild M. m. castaneus mice. Our his-
tological analyses revealed that melanin pigmentation
of coat hair shafts was markedly increased in the novel
darkening mutant adults compared to that in ordinary
unchanged mutant adults. Interestingly, ocular pigmen-
tation in the novel adults was increased in the choroid,
whereas no change in pigmentation was observed in the

retinal pigment epithelium. Developmentally, it is well
known that cutaneous melanocytes of the coat hair are
derived from neural crest cells and that choroidal mela-
nocytes are also of neural crest origin [3]. Melanoblasts
that differentiate into these neural crest-derived melano-
cytes migrate from the neural tube to corresponding
target tissue sites. In contrast, retinal pigment epithelial
cells are derived from neuroectodermal cells of the de-
veloping embryo forebrain, and their precursor cells do
not migrate [3]. Thus, a great divergence in the devel-
opmental process of melanocytes exists between the
cutaneum/choroid and the retinal pigment epithelium.
This developmental divergence clearly explains our his-
tological results that an increase in melanin pigmentation
was restricted to the cutaneous/choroidal melanocytes.

Our nucleotide sequence analyses revealed a variety
of base substitution mutations, consisting of synonymous
and nonsynonymous SNPs, insertions and deletions, in
the promoter and coding regions of the Oca2P* gene.
Of these, the most serious mutation that would defi-
nitely affect OCA2 protein function is a large deletion
of the genomic region involving the entire exons 15 and
16. The OCA2 protein is predicted to have 12 transmem-
brane domains [7, 23]. This large deletion led to the
deficiency of the 6th transmembrane domain and fur-
thermore caused a reading frameshift. This frameshift
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created a new stop codon on the 7th transmembrane
domain, and hence it produced many amino acid substi-
tutions between the 7th and 12th transmembrane do-
mains. The OCA2P“* protein would surely have no
normal biological function.

In humans, it has been reported that the noncoding
region around the SNP rs12913832, which is located in
intron 86 of the nonpigment gene HERC2(hect (homol-
ogous to the E6-AP (UBE3A) carboxyl terminus) domain
and RCC1 (CHC1)-like domain (RLD) 2), acts as a
melanocyte-specific enhancer and that a long-range chro-
matin loop between this enhancer and the OCA2 pro-
moter regulates OCA2 expression [29]. This scenario
would be true in the case of the mouse Herc2 gene. Herc2
is contained in the wild-derived, introgressed interval of
both B6;Cg-Oca2P<*/1Nga and B6;Cg-Oca2P<*/2Nga
sublines that we developed in this study. Our RT-qRCR
analysis revealed no significant difference in Oca2P<*
expression between novel and ordinary mutant mice,
suggesting that the sequence difference in Herc2 en-
hancer is unlikely to be found between the two types of
mutant mice.

We found an SNP within the RUNX1 binding site on
the Oca2P<* promoter. Very recently, genome-wide stud-
ies using chromatin immunoprecipitation followed by
sequencing (ChIP-seq) in both human lymphoblastoid
cell lines [13, 14, 17] and mouse macrophages [8] have
shown that SNPs within transcription factor binding sites
can cause histone modifications and that these histone
modifications influence gene expression, finally resulting
in phenotypic differences between individuals, although
not all regulatory variants will lead to differences in traits
and/or gene expression levels. It is thus likely that the
RUNXI1 SNP causes differential expression between the
wild-type Oca2" allele and the mutant Oca2?P~<% allele
observed in this study. Alternatively, since the Herc2
gene of B6 is of M. m. domesticus origin (examined by
Mouse Phylogeny Viewer [30]) and that of the mutant
mice is derived from M. m. castaneus, a sequence dif-
ference in Herc2 enhancer between the two subspecies
may cause the differential expression between the two
alleles by reason of the above-mentioned chromatin-loop
formation.

The segregation pattern of the novel darkening phe-
notype at the F, generations in our mating experiments,
at first, suggested that this phenotype was controlled by
two unlinked autosomal recessive genes: one is Oca2P-“*
and the other is an unknown gene. However, this simple

recessive mode of inheritance cannot explain why un-
expected novel- or ordinary-like mutant phenotypes
emerged at F5 and subsequent generations and also why
mutant phenotypic variation still appeared within each
of the B6;Cg-Oca2P<*/1Nga and B6;Cg-Oca2P“*/2Nga
sublines. Since histone modifications influencing gene
expression have been reported to be heritable across
generations [8, 13, 14, 17], we speculate that the emer-
gence of the unexpected phenotypes was caused by some
epigenetic factors such as histone modification and DNA
methylation. We believe that the expression of an un-
known recessive gene, not Oca2P<%, controlling the
novel mutant phenotype was subjected to epigenetic
modification because results of the present study and a
previous mating experiment [28] demonstrated that
Oca2P<% has no phenotypic modification caused by epi-
genetic or other environmental factors. Genome-wide
epigenetic analyses of mice in both sublines may provide
some evidence for this expectation.

As the B6;Cg-Oca2P<% strain, in which the novel
mutant mice were found, and subsequent sublines
(B6;Cg-Oca2r<*/1Nga and B6;Cg-Oca2P<*/2Nga) are
mixed strains, we cannot rule out the possibility that, in
addition to the target regions, these strains may have
some genomic regions derived from wild M. m. casta-
neus. It is unclear whether the unknown recessive gene
is originated from wild M. m. castaneus or B6 in the
present study. However, it is likely that this unknown
recessive gene is originated from wild M. m. castaneus
because it has been demonstrated that many novel natu-
ral variant genes still remain undiscovered in a gene pool
of M. m. castaneus [11]. In addition, the unknown reces-
sive gene must have incomplete penetrance because not
all hairs of the novel mice appeared to show the darken-
ing behavior. We are now planning to map the unknown
gene by a combined approach of next-generation se-
quencing analysis of mice in both sublines and mating
experiments between them.

In conclusion, our novel mouse mutant that spontane-
ously occurred in the B6;Cg-Oca2P-“* mixed strain car-
rying the Oca2P* gene derived from wild M. m. casta-
neus is the first example of progressive hair darkening
animals. Melanin pigmentation of the cutaneous and
choroidal melanocytes was increased by approximately
three months after birth. Oca2P* had a deletion of the
4.1-kb genomic DNA region involving entire exons 15
and 16 of the wild-type Oca?2 gene, resulting in a reading
frameshift and then creation of a new stop codon on exon
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18. The mating experiments suggested that the novel
mutant phenotype was not inherited in a simple way be-
cause either complex epigenetic modification and/or in-
complete penetrance have caused the unexpected pheno-
typic variation in mice obtained from some crosses. As
the OCAZ2 protein function remains elusive in mice and
humans, the novel mutant mouse is an essential animal
model to study complex genetic or epigenetic factors that
switch on melanin biosynthesis in early adult life.
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