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Abstract: We found 6 spontaneous mutant mice with long pelage hair in our ICR breeding
colony. The abnormal trait was restricted to long hair in these mice, which we named moja.
They were fertile and showed the same growth and behavior as wild-type mice. To investigate
the manner of the genetic inheritance of the moja allele, offspring were bred by mating the
moja mice; all offspring had long pelage hair. Furthermore, we performed a reciprocal cross
between moja mice and wild-type ICR mice with normal hair. All offspring exhibited normal
hair suggesting an autosomal recessive inheritance of the trait. The moja/moja hair phenotype
was maintained in skin grafted onto nude mice, suggesting that circulating or diffusible humoral
factors regulating the hair cycle are not involved in the abnormal trait. The phenotype of
moja/moja mice is similar to that of Fgf5-deficient mice. Therefore, we examined the
expression of Fgf5 by RT-PCR in moja/moja mice. As expected, no Fgf5 expression was
found in moja/moja mouse skin. PCR and DNA sequence analyses were performed to
investigate the structure of the Fgf5 gene. We found a deletion of a 9.3-kb region in the Fgf5
gene including exon 3 and its 5’ and 3’ flanking sequences. Interestingly, the genomic deletion
site showed insertion of a 498-bp early transposon element long terminal repeat. Taken
together, these results suggest that the long hair mutation of moja/moja mice is caused by
disruption of Fgf5 mediated by insertion of a retrotransposon.
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Introduction

There are many mutations in the visible phenotypes
of the hair of mice. Mouse Genome Informatics, the
database resource for the laboratory mouse (http://www.
informatics.jax.org/), reports 619 genotypes of abnormal
hair growth comprising: abnormal hair cycle, alopecia,
delayed hair appearance, ectopic hair growth, excessive
hair, focal hair loss, hairless, long hair, loss of cilia, pre-

mature hair loss, premature hair regrowth, progressive
hair loss, and retarded hair growth. Of the genotypes
for abnormal hair growth, 12 have been annotated as
long hair phenotypes. It seems that 5 different genes are
involved in the phenotypic expression of long hair
growth: fibroblast growth factor 5 (Fgf5), gasdermin A3
(Gsdma3), high mobility group AT-hook (Hmga2), skin/
coat color 6 (Skc6), and skin/coat color 8 (Skc8).

The hair growth cycle of mammals is composed of
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three periods: anagen (follicle generation and hair pro-
duction), catagen (follicle regression), and telogen (rest-
ing phase) [5]. FGF5 functions as an important factor in
the inhibition of hair growth and in inducing of progres-
sion to catagen in hair follicles [6]. Deficiency of FGF5
facilitates hair elongation, resulting in long pelage hair.
We found spontaneous mutant mice with long pelage
hair in our ICR breeding colony. We tentatively called
the mutation moja, which means long and shaggy coat
appearance in Japanese. In the present study, test cross-
es indicated that the moja phenotype was inherited in an
autosomal recessive manner. Skin grafting experiments
revealed that the moja phenotype was not influenced by
endocrine factor(s). Based on these results, we used the
candidate gene approach to elucidate the molecular basis
of the novel moja mutation for long hair growth. Ge-
nomic and cDNA analyses clearly indicated that the moja
mutation involved genomic deletion of exon 3 of Fgf5.
Furthermore, we identified an early transposon element
long terminal repeat (LTR) at the site of the deletion.
Here, we propose that the moja phenotype is caused by
retrotransposon-mediated Fgfs5 deletion (Fgf5¢°U").

Materials and Methods

Animals

ICR mice were purchased from CLEA Japan Co., Ltd.
(Tokyo, Japan) and used as wild-type mice. Nude mice
(CD1-Foxn1™) were obtained from Charles River Labo-
ratory Japan Co., Ltd. (Yokohama, Japan). Animals were
kept in plastic cages under pathogen-free conditions (sen-
tinel mice were examined periodically throughout the
study) in a room maintained at 23.5 = 2.5°C and 52.5 +
12.5% relative humidity under a 14-h light:10-h dark
cycle. Mice had free access to commercial chow (MF for
ICR mice and sterilized NMF for nude mice; Oriental Co.,
Ltd., Tokyo, Japan) and filtered water (for ICR mice) or
sterilized water (for nude mice). Animal experiments were
carried out in a humane manner with approval from the
Institutional Animal Experiment Committee of the Uni-
versity of Tsukuba and in accordance with the Regulations
for Animal Experiments of our university and Fundamen-
tal Guidelines for Proper Conduct of Animal Experiment
and Related Activities in Academic Research Institutions
under the Jurisdiction of the Ministry of Education, Cul-

ture, Sports, Science and Technology of Japan.

Skin graft

Adult moja and wild-type mice were sacrificed by
cervical dislocation. Circular skin plugs about 10 mm
in diameter were harvested by incision from the backs
of donors after shaving, soaked in PBS, and stored on
ice before grafting. Three adult nude mice were anes-
thetized by intraperitoneal injection of pentobarbital
solution. For the double graft procedure, the graft beds
were prepared on the right and left back of nude mice.
The grafts were fixed with Aron Alpha (Daiichi Sankyo,
Co., Ltd., Tokyo, Japan), covered with sterilized cotton,
and bandaged with elastic vinyl tape for 1 week. The
coat appearance of nude mice was evaluated 25 weeks
after skin grafting.

RT-PCR

Total RNA was prepared from the skin using an Isogen
RNA extraction kit (Nippon Gene, Tokyo, Japan). Ali-
quots of 5 ug of total RNA were used for cDNA synthe-
sis using the SuperScript II first-strand synthesis system
with oligo(dT) (Invitrogen, Carlsbad, CA, USA). cD-
NAs were amplified with ExTaq DNA polymerase (Ta-
kara, Kyoto, Japan). PCR was performed for 35 cycles.
The sequences of the forward and reverse primers and
PCR product lengths (bp) for each gene were as follows:
Fgf5 (GTC CTT GCT CTT CCT CAT CTT CT, GGA
CGC ATA GGT ATT ATA GCT GTT T, long Fgf5:
514 bp, short Fgf5: 409 bp), Fgf5 exon 1 to exon 2 (GAG
ATC ACT GGC GTT ATAAAT ATC C,CTG AAAACT
CCT CGT ATT CCT ACA A, 615 bp), and GAPDH
(ACC ACA GTC CAT GCC ATC AC, TCC ACC ACC
CTG TTG CTG TA, 452 bp).

Genomic PCR

To determine whether Fgf5 exons 1,2, and 3 are pres-
ent in moja mice, genomic DNA purified from tail tips
was amplified using primer sets for exon 1 (AAT AAC
AGC GAG AAA CCA GTC TT, CTC CAC TGG AAA
CTG CTA TGT TC, 802 bp), exon 2 (GGT CAC AAA
AGG TCATTATAT GTT C,GTT TAC AAG TGC ATT
TAC CCT TTAC, 502 bp), and exon 3 (AAATGG TGT
TGC AGA GGT AACTTA G, GAT GAC GCC TGT ATA
GAG AGT TGT T, 640 bp). To investigate the site of



A NOVEL MUTATION OF Fgf5 IN MOJA MICE 163

moja

Fig. 1. Moja mice with long pelage hair. Moja mice had long pelage hair compared with wild-type

(Wt) controls.

deletion in detail, genomic DNA from moja mice was
amplified using a primer set corresponding to intron 2
and the 3’ flanking region of Fgf5 (CAT CAG TCT CAT
AAATCA GCC CAC AAA GTA,ATT GAT CCA GTC
TTC ATC TTA GCC AGT TGT). The PCR products
were subcloned and sequenced with Big Dye® Termina-
tor V3.1 Cycle Sequencing Kit and Applied Biosystems
3130 Genetic Analyzer (Applied Biosystems Japan Ltd.,
Tokyo, Japan).

Results

Inheritance of the moja phenotype

ICR mice were obtained from CLEA Japan Co., Ltd.
in 2007, and have been maintained at our laboratory by
random mating. Six moja mice with abnormal hair
growth were found in 2009. Moja mice are fertile and
do not exhibit any gross anomalies other than the long
and shaggy hair over the whole body from the head to
the tail root (Fig. 1). To examine whether the abnormal
hair is heritable, we carried out test crosses between moja
mice. Of 25 progeny, consisting of 8 males and 17 fe-
males, all the adult mice showed long and shaggy hair
identical in appearance to their parents. Moja males
were crossed with wild-type ICR females with a normal
coat appearance. Of 29 progeny, consisting of 16 males
and 13 females, all the adult mice showed a normal coat
appearance. Furthermore, all progeny (8 males, 6 fe-
males) had the normal hair phenotype on crosses between
moja females and wild-type ICR males. These results
suggest that the moja phenotype is inherited in an auto-
somal recessive manner.

Fig. 2. Skin grafts on a nude mouse. A 12-week-
old nude mouse developed abnormally
long pelage hair derived from moja/moja
(moja) mouse skin and normal pelage hair
derived from wild-type mouse skin.

Skin grafting using nude mouse hosts and moja/moja
skin

To investigate whether the development of abnormal
long hair is ameliorated by endocrine factor(s), we
grafted moja/moja mouse skin onto nude mouse hosts.
Donor skin was shaved of hair immediately before trans-
plantation. Three nude mice received grafts of moja/
moja mouse skin and wild-type ICR mouse skin on the
left and right back, respectively. One nude mouse was
successfully grafted and the coat appearance was evalu-
ated 25 weeks after skin grafting. The hair derived from
moja/moja mouse skin was markedly longer than that
from the wild-type mouse skin (Fig. 2). These observa-
tions suggest that moja/moja hair is the result of a func-
tional defect in a gene expressed in the skin.
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Fig. 3. Expression of Fgf5 in moja/moja mice. (A) A schematic
diagram indicating the genomic structure of Fgf5. (B)
Two schematic diagrams indicating long and short Fgf5
transcripts. (C) RT-PCR of Fgf5 from exon 1 through exon
3 demonstrated the absence of both long and short Fgf5
products in moja/moja (moja) mouse preparations.

Expression of Fgf5 in moja/moja mice

The Fgf5 gene consists of 3 exons (Fig. 3A), and al-
ternative splicing results in two transcripts, long and
short Fgf5 (Fig. 3B). The short transcript lacks the re-
gion corresponding to exon 2. Fgf5 is expressed in a
variety of tissues, including the skin, and it has been
reported that homozygous Fgf5 mutant mice have sig-
nificantly longer pelage hair than wild-type mice [6].
Therefore, Fgf5 is a candidate gene for the moja pheno-
type. We examined Fgf5 expression in mouse skin. In
wild-type mouse skin, RT-PCR using primers derived
from exons 1 and 3 revealed amplicons of 514 and 409
bp for long and short Fgf5, respectively. As expected,
no amplification of long or short Fgf5 was observed in
moja/moja mouse skin (Fig. 3C).

Deletion mutation of Fgf5 in moja/moja mice

Next, we performed PCR analysis using genomic
DNA from moja/moja and wild-type mice to determine
the presence or absence of exons 1,2, and 3 of Fgf5 (Fig.
4A). PCR using primers derived from the 5’ and 3’ flank-
ing regions of exons 1 and 2 yielded amplicons of 802
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Fig. 4. Deletion of Fgf5 exon 3 in moja/moja mice. (A) The
genomic structure of Fgf5 was investigated using three
PCR primer sets. Three amplicons are shown as bars la-
beled 1, 2, and 3 below the schematic diagram of the
mouse Fgf5 genome. (B) Genome PCR for (1) exon 1,
(2) exon 2, and (3) exon 3 of Fgf5 in moja/moja (moja)
and wild-type (Wt) mice DNA indicated deletion of exon
3 in moja mice. Amplicons for exons 1, 2, and 3 were
802, 520, and 640 bp respectively. (C) RT-PCR of Fgf5
exon 1 to exon 2 showed the absence of Fgf5 product in
moja/moja mouse preparations.

and 520 bp, respectively, in both moja/moja and wild-
type mice. In contrast, although PCR using primers
derived from intron 2 and exon 3 yielded an amplicon
of 640 bp in wild-type controls, no amplification product
was obtained in moja/moja mice (Fig. 4B). These results
suggest the genomic deletion of exon 3 of Fgf5 in moja/
moja mice.

To examine whether moja/moja mice express incom-
plete Fgf5 transcripts, RT-PCR was performed using
primers derived from exons 1 and 2 with RNA from
wild-type and moja/moja mouse skin as templates. The
expected amplicon of 640 bp was observed in wild-type
controls, but not in moja/moja mice (Fig. 4C). These
observations suggest that the moja phenotype is caused
by a loss-of-function mutation of Fgf5.

Insertion of an early transposon element in Fgf5%U"
PCR primers based on intron 2 and the 3’ flanking
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Fig. 5. Insertion of LTR at the deletion site of Fgf5. (A) Analysis
of nucleotide sequences was performed using subcloned
DNA amplified using primers derived from intron 2 and
the 3’ flanking region of Fgf5. Insertional DNA of 498 bp
is shown on a black background. (B) The schematic dia-
gram shows the comparison of Fgf5 genomic structure
between wild-type and moja alleles.

sequences of Fgf5 amplified a product of approximately
2.5 kb from the moja allele, while an expected PCR
product of 11.3 kb was detected on the wild-type Fgf5
allele derived from ICR mice in our breeding colony
(data not shown). The amplicon of 2.5 kb was sequenced
and the results indicate that the deleted region of 9.3 kb,
containing the whole sequence of exon 3, was replaced
by a 498-bp sequence in the moja allele. Interestingly,
a sequence comparison of the insertion 498-bp sequenc-
es in the moja allele showed more than 98% identity to
an early transposon (ETn) LTR. The insertional sequence
of 498 bp and the junctional sequences of normal intron
2 and the 3’ flanking sequence of Fgf5 are shown in Fig.
5A. The results suggest that the genomic deletion in
Fgf5 in moja mice may involve a retrotransposon inser-
tion. The gene symbol for the moja mutation was named
Fgf5¢Y" in accordance with Guidelines for Nomencla-

ture of Genes, Genetic Markers, Alleles, and Mutations
in Mouse and Rat (http://www.informatics.jax.org/mgi-
home/nomen/gene.shtml).

Discussion

In this study, we examined spontaneous mutant mice
with long pelage hair. Molecular analyses revealed that
the moja mutation was caused by a genomic deletion of
exon 3 in Fgf5. Hebert et al. [6] achieved targeted dis-
ruption of Fgf5 (Fgf5™ ™) by replacing the first exon
with the neomycin resistance gene, creating a nonfunc-
tional allele of Fgf5. The homozygous Fgf5™ ™" mice
showed noticeably longer hair than their heterozygous
and wild-type littermates, and their coat appearance was
long and shaggy. The gene-targeted Fgf5 (—/—) mutants
showed no obvious phenotypic abnormalities other than
abnormal hair growth. The phenotype of homozygous
Fgf5¢U mice is similar to that of homozygous Fgf5™/""
mice.

Five Fgf5 mutant alleles, Fgf5™Mr| Fgfs™!Ts  Fof-
SmiBir g 2f5%%, and F, gf5g”'y, have been registered at the
Mammalian Phenotype Ontology Annotations of Mouse
Genome Informatics database (http://www.informatics.
jax.org/). In addition to Fgf5"™'™", a targeted mutation
using a cassette containing lacZ (Fgf5™'™) was per-
formed on the endogenous Fgf5 gene in ES cells [13],
and mutant mice homozygous for Fgf5"™/™ showed in-
creased hair follicle activity. Furthermore, Fgf5™/™
homozygotes were reported to have even longer hair in
the Fgf6- and Fgf7-deficient genetic backgrounds [9].
Fgf5™®" was produced through random germline mu-
tagenesis with N-ethyl-N-nitrosourea (ENU) (http://
mutagenetix.scripps.edu/home.cfm). This mutation is a
G-to-T transversion at position 562 of the Fgf5 tran-
script, which results in replacement of codon 112 for
glutamic acid with a stop codon. The porcupine pheno-
type of abnormally long pelage hair was observed in G3
mice homozygous for FgfS™5" Similar to these in-
duced mutant mice, Fgf5™M", Fgf5™!™ and Fgf5m5
abnormal long hair growth was also identified in spon-
taneous Fgf5-mutant mice. The autosomal recessive
gene angora (go) was found in the BALB/c strain at the
Jackson Laboratory [4]. A similar mutant gene associ-
ated with an abnormal long hair phenotype was also
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identified in the C57BL/Lac strain at Stolbovaya Farm
in Moscow [1]. The latter gene is known as angora-Y,
go-Y, and was shown to be allelic with go [2]. Hebert
et al.[6] also clearly demonstrated that the go phenotype
is caused by deletion of most of exon 1 and a 2-kb se-
quence immediately upstream of the translational initia-
tion site of Fgf5, resulting in a null allele, Fgf5¢°. To
our knowledge, however, the molecular basis of Fgf5""
has not yet been reported.

The autosomal recessive mutation Fgf5%” " presented
in this study appeared spontaneously in outbred mice of
our ICR colony. Sequences encoding exon 3 of Fgf5
were deleted in Fgf5¢"Y". The deletion extended over a
total of 9.3 kb encompassing the whole region of exon
3 along with its 5’ and 3’ flanking regions. Interest-
ingly, the deletion site in Fgf5 showed the LTR of ETn,
which is a mobile genetic element (Fig. 5B). It has been
reported that approximately 10% of spontaneous muta-
tions may be due to endogenous retroviral elements in
laboratory mice [11, 14]. Recombination between the
LTRs results in deletion of the internal region leaving
only a single LTR, known as a solo LTR, in the host
chromosome [3, 7]. The deletion of the 9.3-kb region
of the genomic DNA containing exon 3 of Fgf5 in Fgf5%”
U mutants may have been caused by ETn insertion,
although the exact relation between insertion of LTR and
the deletion of the 9.3-kb region is unclear. Therefore,
the Fgf5¢"Y"" allele is a novel mutation of Fgf5 mediated
by a retrotransposon.

Although previous studies have demonstrated that
FGFS5 is an important factor in regulation of the hair
follicle cycle, it is not clear whether or not FGFS5 is in-
volved in human diseases. Recently, a genome-wide
association study, using very large study samples of Eu-
ropean ancestry from the Global Blood Pressure Genet-
ics consortium, identified FGF5 as being associated with
blood pressure [10]. Moreover, two different genome-
wide association studies indicated that blood pressure
and hypertension are strongly associated with FGF5 in
Japanese [12] and Han Chinese populations [8]. These
results suggest that Fgf5-deficient mouse strains, includ-
ing Fgf5U"/Fgf5¢°"U" mice, may be useful models for
studying the relationship between FGF5 and hyperten-
sion.

In conclusion, we successfully identified a novel mu-

tation, Fgf5¢>"Y", in moja mice. The long pelage hair
phenotype of these mice is due to the deletion of a 9.3-kb
genomic sequence consisting of exon 3 of Fgf5 and its
flanking regions. The presence of a solo LTR at the
deletion site suggests that the disruption of Fgf5 may
have been caused by an ETn insertion in these mice.
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