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ABSTRACT
A new mutation has arisen in a colony of mice transgenic for human �-galactosidase. The mutation is

independent of the transgenic insertion, autosomal dominant, and morphologically very similar to the
classical wavy coat mutation, caracul (Ca), on chromosome 15. Therefore, we designated this locus the
caracul Rinshoken (CaRin). Applying a positional cloning approach, we identified the mK6irs1/Krt2-6g gene
as a strong candidate for CaRin because among five Ca alleles examined mutations always occurred in the
highly conserved positions of the �-helical rod domain (1A and 2B subdomain) of this putative gene
product. The most striking finding is that four independently discovered alleles, the three preexistent
alleles Ca J, Ca9J, Ca10 J, and our allele CaRin, all share one identical amino acid deletion (N 140 del) and
the fifth, Camed J, has an amino acid substitution (A 431 D). These findings indicate that a mutation hotspot
exists in the Ca locus. Additionally, we describe a Ca mutant allele induced by ENU mutagenesis, which
also possesses an amino acid substitution (L 424 W) in the mK6irs1/Krt2-6g gene. The identification of
the Ca candidate gene enables us to further define the nature of the genetic pathway required for hair
formation and provides an important new candidate that may be implicated in human hair and skin
diseases.

THE keratins constitute a group of �40 highly insol- Keratin gene products play an important role in the
mechanical support of hair development. Such a roleuble proteins that serve as the subunits forming inter-

mediate filament polymers in epithelial cells (O’Guin et has been confirmed in the context of transgenic mouse
models (Powell and Rogers 1990; Magin 1998) andal. 1990; Fuchs 1995). In addition to the epithelial or
through mutations in several keratin genes that havesoft �-keratins, this multigene family also contains a
been found to cause a variety of diseases affecting hairsmaller subfamily of hard �-keratins, which, because of
development in humans (Irvine and McLean 1999).their most common site of occurrence, are generally
Over the past several years, hair keratin research hasreferred to as hair keratins. Previous protein studies
made considerable progress. Thus, the entire sets ofindicated that, independent of the species, the hair kera-
human type I and type II hair keratin genes, as well astin family consists of four individual members per sub-
the patterns of expression of the encoded proteins, havefamily, which were designated hair acidic, type-I keratin
been elucidated (Rogers et al. 1998, 2000; Langbein(Krt1) and hair basic, type II keratin (Krt2), respectively
et al. 1999, 2001). In particular, the hair follicle has(Heid et al. 1986; Lynch et al. 1986). Keratins are ex-
been found to contain both hair keratins and epithelialpressed as obligate heterodimers of Krt1/Krt2 pairs in
keratins. The former are found in the hair fiber anda tissue- and differentiation-specific fashion.
the latter in the inner and outer root sheath. One of
the epithelial keratins, mK6IRS1/KRT2-6G, the product
of the mK6irs1/Krt2-6g gene, is expressed exclusivelySequence data from this article have been deposited with the DDBJ/
in the inner root sheath and could therefore play anEMBL/GenBank Data Libraries under accession nos. AB100413–

AB100418. important role in hair development and/or hair mor-
1These authors contributed equally to this work. phology through its influence on hair follicle cell devel-
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Regarding the development of hair follicle cells, in the a deletion identical to that found in CaRin, suggesting
that a germline mutation hotspot does exist in the Caearly stage the epithelium arose from the ectoderm, a
locus.single layer of pluripotent cells that can differentiate to

either follicle or epidermis. The critical process depends
upon whether the ectoderm can contact a condensate MATERIALS AND METHODS
of specialized mesenchyme called the dermal papillae.

Mice: The CaRin mutant arose spontaneously in a C57BL/6slcA mesenchymal signal triggers an ectodermal cell to
(B6) mouse during the production of human �-galactosidaseproliferate and the cells grow downward to form a hair
cDNA transgenics. This founder mouse was fixed as a mutantgerm. An ectodermal signal leads these epithelial cells in strain and bred in the animal facility at The Tokyo Metropoli-

the dermal papillae to differentiate further and to develop tan Institute of Medical Science (Rinshoken). Heterozygous
CaRin mice were crossed to MSM/Ms (MSM) or JF1/Ms (JF1)into a hair follicle, forming a compartment of stem cells,
strain animals to generate intersubspecific backcross progenya sebaceous gland, and a hair shaft surrounded by an
for linkage analysis. The MSM and JF1 are inbred strainsouter and inner root sheath. Although the wingless/
established from the Japanese wild mouse (Moriwaki 1994;

integrated and Sonic hedgehog (SHH) signaling path- Kikkawa et al. 2001) and maintained at the National Institute
way clearly participate in the developmental processes of Genetics. Five mutants with other Ca alleles, B6C3Fe-a/

a-Camed J, BALB/cBy-Ca10 J, BALB/cBy-Ca9 J, C3HeB/FeJ-Ca J/�Hm/of both follicle and epidermis, less is known about the
�Sl/�, and C57BL/6By-CaSl, and their background strains wereformer (Hardy 1992; Fuchs 2001; Miller 2002).
purchased from the Jackson Laboratory (JAX) as genomicThe periods of hair growth are followed by a regres- DNA samples. Two ENU-induced mutant lines, M100573 and

sion phase (the catagen phase), when the lower part of the M100689, were provided from RIKEN Genome Science Center
follicle undergoes programmed cell death, and a resting (GSC). For mutagenesis, ENU was administered to C57BL/

6J male mice (G0). Sequence analyses were performed usingphase (the telogen phase), before onset of a new growth
G2 animals with the genetic background of DBA/2J � (DBA/phase (the anagen phase). Cyclical growth of hair contin-
2J � ENU-treated C57BL/6J)F1. The detailed protocol of ENU

ues throughout postnatal life, allows the follicle to re- mutagenesis is described on the RIKEN GSC website (http://
model itself, and occurs randomly in humans but in a www.gsc.riken.go.jp/Mouse/).

Linkage analysis: A total of 321 backcross progeny weresynchronized manner in mice (Miller 2002).
typed for the wavy coat hair of the Ca phenotype and thenMouse hair keratin genes colocalize with epithelial
genomic DNA was prepared from liver and/or pinna skin andkeratin genes on the distal portion of chromosome 11 used for linkage analysis. Microsatellite markers were pur-

(Krt1) and the distal portion of chromosome 15 (Krt2). chased from Research Genetics/Invitrogen (San Diego). Sim-
In both of these regions there are several previously ple sequence length polymorphisms (PCR-SSLP) were ana-

lyzed: 1 �l (100 ng) of genomic DNA was amplified in a totaldescribed mutations that cause abnormal hair: on chro-
volume of 15 �l with final concentrations of 1� Gold buffermosome 11, the mutations rex (Re), recombination-
II, 1.5 mm MgCl2, 200 �m dNTPs, 0.25 �m of each primer,

induced mutation 3 (Rim3), and whiskers amiss (wam) and 0.1 units AmpliTaq Gold polymerase (Applied Biosystems,
and on chromosome 15, caracul (Ca), shaven (Sha), Foster City, CA). Reactions were carried out in the GeneAmp

9700 thermal cycler with a PCR profile of one cycle at 95� forvelvet coat (Ve), naked (N), and Hague (Hag) (Dunn
5 min and 40 cycles of 94� for 30 sec, 55� for 40 sec, and 72�1937; Doolittle et al. 1996; Sato et al. 1998; Taylor
for 60 sec. PCR products were loaded on 4% agarose gels (3%et al. 2000; Poirier et al. 2002). NuServe agarose and 1% agarose). PCR primers for eight

While constructing human �-galactosidase transgenic Krt2 genes were designed according to the published mRNA
mice (Kase et al. 1988), we isolated a mutant with an sequences (Table 1). These primer pairs amplified a fragment

corresponding to the 5�- and 3�-untranslated region (UTR).abnormal coat hair phenotype. The new mutant is a
The chromosomal location of these genes was determinedsingle autosomal dominant, and the phenotype has a
by linkage analysis through key recombinants by single-strand

strong resemblance to that caused by the Ca mutation conformation polymorphism (PCR-SSCP). Linkage analysis was
(Dunn 1937). The locus was also mapped distal to chro- performed with the Map Manager QXP (Manly et al. 2001).

Bacterial artificial chromosome analysis: A mouse CITB bac-mosome 15, which is very close to the Ca locus; there-
terial artificial chromosome (BAC) library was screened atfore, we named the new mutation caracul Rinshoken
Research Genetics/Invitrogen by PCR with 3�-end markers of(CaRin). Using positional cloning, we discovered that a Krt2 genes. DNA from positive clones was isolated by the alka-

deletion of one amino acid residue, aspartic acid, had line lysis method (Sambrook et al. 1989) and then analyzed
occurred in the mK6irs1/Krt2-6g coding sequence, which by pulsed field gel electrophoresis. BAC ends were directly

sequenced with T7 and SP6 primers. To determine if theiris therefore a candidate for the Ca mutation. Next, we
BAC-end-derived sequences mapped to mouse chromosomesearched for mutations in five Ca alleles, each of which
15, PCR primers for these ends were synthesized (Table 1)

had been independently discovered in the Jackson Lab- and then used to map these PCR products through key recom-
oratory (JAX alleles), and sought N-ethyl-N-nitrosourea binants by PCR-SSCP. Details of these BAC-end-derived primer

sequences are given in Table 1.(ENU)-induced wavy coat hair mutants isolated during
Mutation screening: To screen for mutations between B6the RIKEN mutagenesis project. This study resulted in

and CaRin, total RNA was isolated from 5-week-old mouse skinthe identification of mutations in the mK6irs1/Krt2-6g by using TRIzol (Life Technologies/Invitrogen) following the
coding sequence of four JAX alleles and one ENU- manufacturer’s protocol. cDNA was generated with the Om-

niscript RT kit (QIAGEN, Valencia, CA) using 1 �g of DNase-induced allele. Interestingly, three other alleles possess
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TABLE 1

STS primers developed in this study

Primer sequence
Product

Source Forward 5�–3� Reverse 5�–3� size (bp)

Krt2 genea

Krt2-1-5� AGAGGAGTTCTCAGCTCCTTCCATCTC GCTGACTAGGCCAGCAGAGCCTGAG 146
Krt2-1-3� ACCAAATAAAGAGGTGACCACCG TTACCATGGGACTCAGACTGC 209
Krt2-4-5� CTTCTGTTCTAAGCTCGTTGCAGCTGC GCCGCCGCCTTGGCAGGACCCAGCCAC 260
Krt2-4-3� ATAGGCGAGACGGGATCCTGAT AGTTGAGAAGAAGCTACCAGGTTCC 207
Krt2-5-5� GCCGCGTAGACAACATCCAGCTCAC GTGCGCTGATGCAGCAGCGGTTGCC 137
Krt2-5-3� TAGTGACAGGTCCTCCAAATGAGC ATCTGAAGACAGGTTGGGGTTAAGG 230
Krt2-6a-5� GCTCAACACACTCATCTCTTCAGCTC CTGAGCTGGCACTGTAGCCACGGTGG 133
Krt2-6a-3� GCTACAGGCAGTGAATTCTGTCACC GTGAATTGTGATGTAAGCTCACAGG 230
Krt2-6b-5� CCATATATAAGCCACAGTCCAGAGCTC CACTCTGGCTGAGCTGGCACTGTAG 169
Krt2-6b-3� TCTTCTGGTGGCCTCAGCTCTTCCACC TCTGGGGTCTGCAACAAGCTCTGGTAG 113
K6irs-5� CTTCCTCCTGCACCTTTACTCCATCC CTCCTGCCACCTCCCAGGCTGTAGAG 199
K6irs-3� GCCTCCGTCCTCACCACACTACCTG GTCTTCTTCTTGGGTACAGCTCTAG 120
Krt2-7-3� TGGGAAGCAATGCTCTGAGCTTCAG AGCAGTTTCAGACTATCTTCCAGGC 186
Krt2-8-5� CGAACCTCCGTCTTCAGCTCACTG CCACTCGTGAACGAGCGGCTGCTG 127
Krt2-8-3� AAGTGAATGGCCACTGAAGTCCTTG AAGCCATTGGGATATCCCAGATAGG 172
Krt2-10-3� AAGTGGCCTGGACTACAAGGCTAAG TATTCCCAGGGCTGCAGCTGAGGCA 168
Krt2-16-5� CTGAAGGCTCTCTACCATGAGGAAATCGAG GCACACTGAGCCTTGGTATGCTCG 294
Krt2-16-3� ACCAGGTACTGAGCACCTAG ACTGCTTTCGGTAGTAGTGC 238
Krt2-17-5� GGAATATTCACTCGTCTTGCTGAGC CCAGAGACCACAGCTGAACCGCTACTG 132
Krt2-17-3� AGGTGTGACCTTCTCCTTTAG AACGGCTTGAAGACACACTTGG 237
Krt2-19-3� CTGGCTTCTAGAAGTCCCTTTGGAG TGTGGCTCTCTAGCTACTGGCTCAC 107

BAC end
310F1-T7 TGCTGAGGCCGGAAGATGAAGTAAG AAGCAGACCTCCTTCATCCTTCAGC 211
310F1-SP6 CACTCTGGCCTTAATACTTGGCAG C TTTCTCTATGTTGCCCTGGCTGACG 115
298P5-T7 AGCGTCTCAGGTCCTGTGACCTGAG AGAAGTCATCTCTCCTTGAGCTTGC 124
298P5-SP6 CTCCTGTCTGAGTCAAGATCTACTG TTAGCCCAGCAGGAAGTGACATTGG 150
363H8-T7 CTTTTAAGCCCTCCCTGTTGCATTC CTCCTACTGTCAAGCATTCTGATAC 171
363H8-SP6 GCCAACAGGTGGCACACAATATTCT CTCTTCCAATCTTACGGAATCACC 91
304H2-T7 GATCTTCTTGGGATTGAGTACATATC GACTGTCCCAGGTGCGGAACTACTG 198
304H2-SP6 TCCACTGAGAACTCATAGAACTGCC ATGTGTAGATGTGCTTGTGTGTATAGG 204
51L7-T7 AGTCCTCAAGAACTTACGCC GCAGATGATACCTAGAGAGAGG 147
51L7-SP6 AAGTTCTAGAAAGGTATGATACATG TGTGGTTCAGATCAAGTCAAGGCTG 99

a These primer pairs amplified a fragment corresponding to the 5� and 3� noncoding region.

pretreated total RNA. The entire genomic region of the a 755-bp stretch derived from the 3� coding sequence and
part of the 3�-UTR.mK6irs1/Krt2-6g gene was amplified to give overlapping PCR

products from five mutant mice with other Ca alleles; two Total RNA (20 �g per lane) was loaded onto a 1% agarose-
formaldehyde gel and transferred onto Hybond N� mem-ENU-induced mutant lines, M100573 and M100689; and their

background strains (C57BL/6Jslc, C57BL/6J, BALB/cBy, brane (Amersham, Arlington Heights, IL). The filter was
hybridized with a randomly labeled (Amersham) probe inC3HeB/FeJ, and DBA/2J) by long and accurate (LA) PCR

(Takara, Otsu, Japan) using the primers corresponding to Rapid-hyb buffer (Amersham) at 70� for 12 hr and then washed
(2� SSC, 0.1% SDS) at room temperature for 20 min, followedeach exon: exons 1–7, K6irs5�F and R5; exons 6 and 7, K6irsF5

and R14; exons 7–9, K6irsF7 and R9. Sequences of these prim- by stringent washing (0.1� SSC, 0.1% SDS) at 65� for 15
min. The K6irs/Krt2-6g probe was the above-mentioned 755-ers are shown in Table 2. PCR products were gel purified,

sequenced using BigDye Terminator cycle sequencing kits, bp fragment. Blots were stripped and hybridized with a mouse
Gapdh probe.and analyzed on a 3100 genetic analyzer (Applied Biosystems).

RT-PCR and Northern blot hybridization: Approximately Histological analysis: Dorsal skin was dissected from B6 and
B6-CaRin at 5 weeks of age and fixed in 4% paraformaldehyde1 �g of DNase-pretreated total RNA prepared from cDNA

obtained from B6 and B6-CaRin skin (5 weeks old) was reverse overnight. After fixation, the tissues were dehydrated, embed-
ded in paraffin, sectioned (6 �m), and stained with hematoxy-transcribed using the Omniscript RT kit. The cDNA was ampli-

fied for 30 cycles (94� for 30 sec, 60� for 30 sec, 72� for 1 lin and eosin.
We carried out immunohistofluorescence analysis usingmin) using AmpliTaq Gold and a 9700 Thermocycler (Applied

Biosystems). The products were subjected to agarose gel elec- polyclonal antibody against mK6IRS1/KRT2-6G, at a dilution
of 1:3200. The antibody against mK6IRS1/KRT2-6G was kindlytrophoresis. Primers used for detection of K6irs/Krt2-6g-spe-

cific transcripts were K6irsF7 and K6irsR4. This product was provided by Y. Shimomura and M. Ito (Department of Derma-
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TABLE 2

PCR and sequencing primers for mK6irs1/Krt2-6g gene developed in this study

Primer sequence: Primer position
Primer
name 5�–3� cDNA Genomic

K6irs5�F CTTCCTCCTGCACCTTTACTCCATCC 17–42 1–26
K6irsR6 TGAGACAAGAGCTGTTCCCAGG — 503–524
K6irsF11 GACTGGTGGATCATGAAC — 871–888
K6irsR11 TGATGCTGTCTCCTCCAC — 2136–2153
K6irsF3 TTCTTGGAGCAGCAGAACCAGGTGCTG 502–508 2624–2650
K6irsR3 ACCACGTCACGCACATTCCTCAG 670–692 2792–2814
K6irsF12 ACCCTTCCTCTTTGACTC — 3330–3347
K6irsF4 TATGAGGAGGAGATCAACCGGCGG 712–735 3759–3782
K6irsR13 CTTGTGAGTAACATGCAAG — 4435–4453
K6irsF13 CTCTCTATTCCAAGGCCTC — 4460–4478
K6irsF5 CCAGGAGCTGCAGCTGGCAGCTGG 1035–1058 5013–5036
K6irsR5 TTCTCAATCTCTGAGCGGAGTCTCTGG 1119–1145 5097–5123
K6irsR15 GTCTCTAGGTTAGAAGC 1159–1175 6315–6331
K6irsF7 GCTTCTAACCTAGAGACAGCCATCG 1159–1183 6315–6339
K6irsR14 TTAGGCTCATGAGCTCCTGATATTCACGC 1290–1318 6446–6474
K6irsF17 TTCTTTACCAGCACAGGTAC — 6932–6951
K6irsF18 CAGTGGCTTGGAAGATGC — 7554–7571
K6irsR4 GAGGAAGCCCAGATGGAGACCCAAG 1890–1914 8849–8873
K6irsR9 CAGGGAGGGCTTAAAAGAATACAAG 2121–2145 9075–9099

tology, Niigata Graduate School of Medicine & Dental Science, RESULTS
Niigata, Japan; Aoki et al. 2001). For immunofluorescence,

Description of phenotype: During transgenesis exper-FITC-coupled rabbit IgG (Molecular Probes, Eugene, OR) was
used at a dilution of 1:1000. iments with human �-galactosidase cDNA (Kase et al.

Figure 1.—Phenotype of hair coat and whisk-
ers. (A) Hair coat at 3 weeks of age in normal (left)
and C57BL/6slc-CaRin (right). Wavy hair coat can
be seen in this mutant. (B) Hair coat at 12 weeks
of age in normal (left) and C57BL/6slc-CaRin/�
(right). After 4 weeks, the wavy coat hair pheno-
type is less apparent, but the hair looks plush like.
(C and D) Comparison of hair texture phenotype
between normal (C) and CaRin mouse (D) at 12
weeks. Note the disordered hairs, as at 12 weeks,
with irregular curls and kinks in hair of the whole
body. (E) Ventral view of head (whiskers) of
C57BL/6slc mice comparing normal (left) and
CaRin (right). (F) Whiskers and hair coat at 8 weeks
of age in an ENU-induced mutant, M100689.
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Figure 2.—Dorsal skin sections from control (A) and CaRin (B) mice at 5 weeks. Normal anagen hair follicles (A) have straight
hairs with a tightly compacted IRS structure (C), whereas the follicles of the mutant are twisted and/or curved (B). A follicle
in B is twisted at least four times (arrowheads) producing waved hair (arrow). Severely curved follicles in E have grown alongside
the subcutaneous layer. One of them is sectioned longitudinally (E, solid arrowhead), and the other is cut transversely (E, open
arrowhead). Comparison of sebaceous glands (sg) of control (F) and CaRin (G) mice at 5 weeks. A hair follicle-derived cyst is
observed in the dermis. Sebaceous glands are enlarged around the cyst structure (arrows). Hematoxylin and eosin staining; ors,
outer root sheath; irs, inner root sheath; cu, cuticle; co, cortex; me, medulla. Bar, 100 �m.

1988), we isolated a mutant mouse carrying an abnormal using at least 100 progeny in reciprocal crosses (data not
shown), with the heterozygotes being phenotypicallycoat hair phenotype. Southern blot analysis of affected

individuals revealed that their genome did not contain indistinguishable from the homozygotes. We are thus
dealing with a single autosomal dominant mutation.any human genetic components, suggesting that the muta-

tion occurred independently in the transgenic mouse col- The mutated locus was mapped distal to chromosome
15, very close to the Ca locus, and thus we named theony. Animals carrying the new mutant are easily distin-

guished from their nonaffected littermates, because of new mutation caracul Rinshoken (CaRin).
Histological observation revealed that the dorsal skinthe following phenotype: (1) the mutant mice exhibit

rough and greasy fur and (2) their hair is wavy and of 5-week-old mutant mice was thinner than that of age-
matched controls, mainly because of decreased thicknesspointed in different directions (Figure 1A), with the

wavy appearance prominent between 3 and 6 weeks of of the adipose layer (Figure 2, A and B). At this age, the
dorsal skin hair follicles were at the second anagen stageage. Thus, there is a strong resemblance to individuals

carrying the Ca mutation (Dunn 1937). In the affected in both the mutant and control mice. In contrast to
hair follicles of nonaffected littermates, the follicles ofprogeny, whiskers are markedly curved, and coat hair is

wavy from the time of first appearance until postweaning mutants were curved and twisted randomly, thus produc-
ing wavy hair (Figure 2B). The extent of curvature wasage (�4 weeks), as is also the case in the original Ca

mutant (Figure 1, A and E). After 4 weeks, the waviness different in each follicle. In severe cases, curved follicles
had grown alongside the subcutaneous muscle layerof the coat hair became much less apparent, and the

hair acquired a plush-like morphology (Figure 1, B–D). (Figure 2, E and F). Moreover, the mutant follicles ex-
hibited abnormal morphology of the inner root sheathAn ENU-induced mutant, M100689, also shows a similar

phenotype of hair coat and whiskers (Figure 1F). (IRS): namely, the IRS lacked uniformity of thickness
and, in some follicles, the IRS cells showed abnormalAll of the F1 progeny showed the mutant phenotype
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Figure 3.—Linkage map of the region around
the CaRin locus on mouse chromosome 15. (A)
Markers shown were typed in 321 progeny from
the MSM cross: C57BL/6J � (C57BL/6J-CaRin/
CaRin � MSM/Ms)F1. (B) Markers shown were
typed in 297 progeny from the JF1 cross: C57BL/
6J � (C57BL/6J-CaRin/CaRin � JF1/Ms)F1. Map dis-
tances between adjacent loci are shown in centi-
morgans on the left.

keratinization (Figure 2, C and D). In addition to these Linkage mapping of CaRin : In small scale intersubspe-
cific backcrossing between B6-CaRin/CaRin and MSM/Msabnormalities, follicular-derived cysts containing kera-

tin debris were occasionally observed in the dermis. The (backcross a), we first determined that the CaRin locus
mapped to the distal region of chromosome 15 (datamutant mouse sebaceous glands were larger than those

of control mice and this was particularly marked around not shown). We then extended the number of backcross
segregants to 321 and subjected all to Ca phenotyping.the cyst structures (Figure 2G).
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Figure 4.—BAC-based physical map. Chromosome 15 is indicated as a horizontal line with the chromosome centromere
designated by a solid circle. Krt2 genes are shown as solid boxes overlying the horizontal line. BAC clones are positioned as
shaded boxes over the horizontal line and drawn to scale. The marker content of each clone is designated by vertical lines
connecting the clone with chromosome 15. The nonrecombinant intervals defined by linkage analysis using two-intersubspecific
backcross are also shown. The critical interval is indicated by an arrow.

They were also genotyped by molecular markers flank- events between D15Mit14/77 and CaRin and 4 between
CaRin and D15Mit40. The CaRin locus was therefore lo-ing the CaRin locus: D15Mit14 and D15Mi77 [D15Mit14/

77] as a proximal marker and D15Mit40 as a distal cated within this 7.5-cM interval. We also generated
other intersubspecific backcrosses between B6-CaRin/marker (Figure 3A). There were 19 recombination

Figure 5.—mK6irs1/Krt2-6g gene mutations in five Ca alleles and the ENU-induced wavy coat mutant, M100689. (A) A schematic
illustration of the genomic structure of the mouse mK6irs1/Krt2-6g gene depicts the translation initiation codon, exon numbers,
and a stop codon. (B and C) Sequence analysis of exon 1 (B) and exon 7 (C) in wild type, Ca alleles, and M100689. Asterisks
mark the mutation positions. (B) Heterozygous and homozygous 418-AAC-420 deletion found in CaRin, Ca J, Ca9 J, and Ca10 J. (C)
Heterozygous 1271T → G (L424W) missense substitution and homozygous 1292C to A (A431D) missense substitutions found
in M100689 and Camed J, respectively.
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Figure 6.—mK6irs1/Krt2-6g is mutated in Ca mice. (A) Amino acid sequence of the mK6irs1/Krt2-6g gene. The central �-helical
rod domain is shown as an open box, the subdomains of which are marked by double-headed arrows. The amino acid deletion
in CaRin, Ca J, Ca9 J, and Ca10 J is indicated by an arrow, and the point mutation in Camed J and the ENU-induced wavy coat mutant,
M100689, is marked with an asterisk. (B) Alignment of protein sequence in the human and mouse type II epithelial keratins.
Arrow (deletion in CaRin, Ca J, Ca9 J, and Ca10 J) and asterisks (point mutation in Camed J and M100689) mark the mutation positions.
Both mutations occur in the highly conserved sequence of the �-helical rod domain of this protein. The amino acid sequences
of the �-helical rod domain used for multiple alignments of the type II epithelial keratins of mouse (m) and human (h) were
derived from the following cDNA sequence of the GenBank/EMBL database: mK6irs/Krt2-6g (Aoki et al. 2001, accession no.
NM_019956); hK6irs/Krt2-6g (Langbein et al. 2001, NM_033448); mK2-17 (Herzog et al. 1994, X74784); hK2e (Collin et al.
1992a, AF019084); mK2-1 (Steinert et al. 1985, NM_008473); hK1 (Steinert et al. 1985, NM_006121); mK2-4 (Knapp et al. 1986,
NM_008475); hK4 (Leube et al. 1988, NM_002272); hK2p (Collin et al. 1992b, Q01546); hK3 (Moll et al. 1982, NM_057088);
mK2-6a (Takahashi et al. 1998, NM_008476); mK2-6b (Takahashi et al. 1998, NM_010669); hK6a (Takahashi et al. 1995,
NM_005554); hK6b (Takahashi et al. 1995, NM_005555); mK6hf (Poirier et al. 2002, AF343088); hK6hf (Winter et al. 1998,
NM_004693); mK2-5 (Carninci and Hayashizaki 1999, NM_027011); hK5 (Lersch and Fuchs 1988, NM_000424); mK2-7
(Carninci and Hayashizaki 1999, NM_033073); hK7 (Glass and Fuchs 1988, NM_005556); mK2-8 (Vasseur et al. 1985,
NM_031170); and hK8 (Leube et al. 1986, NM_002273). Multiple sequence alignment was performed using the CLUSTAL W
program.

CaRin and JF1 (backcross b) and examined 297 segreg- (Mouse Genome Informatics: http://www.informatics.
jax.org/), we tried to superimpose these Krt2 loci onants. Linkage analysis was done with the same molecular

markers as above. The order of the markers was identical our maps. For this purpose, we used the sequence-
tagged site (STS) markers derived from the 5�- and 3�-to that of backcross a, but there was a striking difference

regarding the genetic distances between the adjacent UTR sequences of these Krt2 genes to genotype the loci
using PCR-SSCP analysis. Four STS markers from themarkers. Thus, the distance between D15Mit14/77 and

CaRin is 6.2 cM in backcross a, whereas it is only 2.2 Krt2 genes mentioned above, Krt2-1 (5�), Krt2-6a (3�),
Krt2-10 (3�), and Krt2-17 (5�), mapped to the regioncM in backcross b. Similarly, the CaRin and D15Mit15/16

interval is 5.8 cM in backcross a, whereas it is only 0.3 critical for the CaRin locus, because the polymorphisms
were found in each Krt2-STS marker between B6 andcM in backcross b (Figure 3).

Because the 12 Krt2 loci, Krt2-1, -4, -6a, -6b, -6g, -7, MSM. Linkage showed that the Krt2-10 locus mapped
proximal to CaRin with one recombination event; the-8, -10, -16, -17, -18, and -19, had all been previously

mapped to the CaRin region of mouse chromosome 15 Krt2-17 locus mapped distal to CaRin with one recombi-
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Figure 7.—Northern blot
(A) and RT-PCR (B) analyses
of K6irs/Krt2-6g. Total RNA
was obtained from 5-week-old
skin. (A) K6irs/Krt2-6g expres-
sion levels were reduced in
CaRin. The primary K6irs/Krt2-
6g RNA is �2.2 kb. The blot
was subsequently rehybrid-
ized with Gapdh. (B) To
detect K6irs/Krt2-6g-specif-
ic transcripts, cDNA from
B6 and B6-CaRin skin was
screened with the primers
K6irs7F and K6irs4R located
in different exons. cDNA
was amplified as a 750-bp
K6irs/Krt2-6g product (top
arrow; Table 2). The 1-kb
Gapdh control band is also
indicated (bottom).

nation event; and the Krt2-6a mapped at the same posi- identified a 3-bp deletion (CAA) at nucleotide positions
418–420, causing an asparagine deletion at amino acidtion as CaRin in the backcross a progeny (Figure 3A). On

the other hand, linkage showed that Krt2-10/6a mapped position 140, which lies in the �-helical rod domain
(Figures 5 and 6). Asparagine 140 is highly conservedproximal to CaRin with three recombination events and

that Krt2-1/17 mapped to the same position as CaRin in among other epithelial keratin genes in mouse and hu-
man, compared to other members including this genethe backcross b progeny (Figure 3B). The CaRin locus,

therefore, was located between Krt2-6a and Krt2-17. family (Figure 6B).
To identify mutations in the other Ca alleles, CaJ,Physical mapping of the CaRin locus: To construct a

physical map of the CaRin region, the linkage map was Camed J, Ca9 J, Ca10 J, and CaSl, we undertook genomic se-
quencing of the mK6irs1/Krt2-6g gene using DNA pur-used as a scaffold to assemble a BAC contig. The core

of the physical map was Krt2-6a and Krt2-17, the markers chased from the Jackson Laboratory. Using a combi-
nation of long-range PCR with direct sequencing, weclosest to CaRin. Five overlapping BACs (310F1, 298P5,

363H8, 304H2, and 51L7) were isolated from BAC li- determined the nucleotide sequence of a 9.3-kb geno-
mic DNA containing all exons and introns of thebraries using the STS markers derived from these two

Krt2 genes and BAC-end sequences (Figure 4). Further mK6irs1/Krt2-6g gene (GenBank accession nos. AB100414–
AB100418). Nucleotide sequence comparison revealedcharacterization of this BAC contig by PCR-based ap-

proaches using STS markers derived from the 5�- and the three nucleotide deletions in exon 1 of CaJ, Ca9 J,
and Ca10 J to be completely identical to the deletion3�-UTR sequences of the Krt2 gene confirmed that this

contig contained the Krt2-6b and mK6irs1/Krt2-6g genes found in CaRin (Figure 5). A different mK6irs1/Krt2-6g
mutation was identified in Camed J, a C to A conversionas well as Krt2-6a and Krt2-17. This physical map indi-

cated that the gene order of Krt2 is proximal: Krt2-6a, at exon 7 predicted to substitute aspartic acid for alanine
at position 431 (Figures 5 and 6A). At the same positionKrt2-6b, mK6irs1/Krt2-6g, Krt2-17 (Figure 4). Thus, we

narrowed down the CaRin nonrecombinant interval and of the murine Krt2-8 gene, an A to T amino acid substitu-
tion was discovered (Figure 6B). To date, we do notconcluded that it contains only four Krt2 genes, namely,

Krt2-6a, Krt2-6b, mK6irs1/Krt2-6g, and Krt2-17, which are know whether the substitution is a mutation causing a
phenotype change. Further studies, such as transgenesistherefore strong candidates for CaRin.

mK6irs1/Krt2-6g mutations in Ca: To evaluate these of genomic clones derived from the Camed J mutant, will
clarify this issue. On the last allele, CaSl, we could notfour positional candidates, Krt2-6a, Krt2-6b, mK6irs1/Krt2-

6g, and Krt2-17, we carried out RT-PCR analysis to com- detect any mutations in the mK6irs1/Krt2-6g gene with
this technique.pare the sequences of CaRin and �/� (B6) skin cDNA.

We did not find any mutations in the coding regions Further, we have carried out the same analysis in two
ENU-induced wavy hair mutants. One point mutationof Krt2-6a, Krt2-6b, and Krt2-17 (data not shown). How-

ever, in the sequence of the mK6irs1/Krt2-6g gene, we was identified in one mutant, M100689, a T to G trans-
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Figure 8.—Immunohistochemical compari-
son using anti-K6IRS/KRT2-6G polyclonal an-
tibody between wild-type and mutant CaRin

mice. Tissue distribution of K6IRS/KRT2-6G
protein in the wild-type (A and C) and CaRin

(D and F) mouse hair follicles at 5 weeks is
shown. Using the K6irs/Krt2-6g polyclonal
antibody, K6IRS/KRT2-6G protein is detected
with a distinct distribution in the IRS of hair
follicles in the wild-type mouse (A and C),
whereas it has a rather fuzzy distribution in the
mutant CaRin mice (D and F). Phase-contrast
microscopy in the same area of wild-type (B)
and mutant mice (E) is also shown. Ep, epider-
mis; De, dermis; irs and ors, inner and outer
root sheath, respectively. Bar in A and D, 100
�m; in C and F, 20 �m.

version in exon 7 predicted to result in the substitution example, the inner root sheath of the mutant mice was
most strongly stained but the majority of the hair shaftof tryptophan for leucine at amino acid position 424

(Figures 5 and 6A). This leucine at 424 is also highly was also weakly stained. This suggests that dysregulated
mK6IRS1/KRT2-6G protein localization occurred inconserved among other epithelial keratin genes in

mouse and human (Figure 6B). In another mutant, the mutant mice.
M100573, we could not detect any mutations in the
mK6irs1/Krt2-6g gene with this approach.

DISCUSSIONTo examine the effect of the CaRin mutation on
mK6irs1/Krt2-6g RNA expression, we carried out North- A type II keratin gene, mK6irs1/Krt2-6g, as the candi-
ern blot and RT-PCR analysis using RNA isolated from date for Ca mutation: Using a positional cloning ap-
the skin of 5-week-old �/� and CaRin/CaRin mice. We proach, we discovered that a strong candidate for the
selected this source because Aoki et al. (2001) had re- gene affected by the caracul (Ca) mutation is a type II
ported that of the major murine tissues, mK6irs1/Krt2-6g keratin gene, mK6irs1/Krt2-6g, because five indepen-
expression was found only in skin and was highest at dent Ca alleles exhibit mutations in the mK6irs1/Krt2-
the anagen stage. The level of mK6irs1/Krt2-6g expres- 6g gene (Figure 5). The CaRin allele contains a small in-
sion was markedly reduced in CaRin by both Northern frame 3-bp deletion at nucleotides 420–422 in the first
blot and RT-PCR analysis (Figure 7). exon of the mK6irs1/Krt2-6g gene and this deletion

Aoki et al. (2001) reported that mK6irs1/Krt2-6g is putatively causes a one-amino-acid (asparagine) dele-
expressed in the Huxley and Henle layers of mouse tion. This asparagine deletion is located in a highly
inner hair sheath. To examine whether the expression conserved region in the 310-amino-acid coiled-coil rod
pattern of mK6irs1/Krt2-6g is also retained in the CaRin domain (�-helical domain; Figure 6A). The �-helical
mutant mice, we compared the localization of the domain functions to form heteropolymers consisting
mK6IRS1/KRT2-6G protein in the hair follicle between of a specific type I and a type II cytokeratin through
the mutant and wild-type mice (Figure 8). As Aoki et interactions of these domains (Hatzfeld and Weber
al. (2001) reported, the mK6IRS1/KRT2-6G protein was 1990). Vassar et al. (1991) showed that transgenic mice
expressed exclusively in the inner root sheath (Figure expressing a deleterious allele of human K14 displayed
8, A–C) in wild-type mice. On the other hand, the speci- dominant-negative inhibition of endogenous cytokera-
ficity of the mK6IRS1/KRT2-6G protein did evidently tin expression mediated via the mutated �-helical do-

main functions, i.e.; these mice exhibited abnormalitiesdecrease in the CaRin mutant mice (Figure 8, D–F). For
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Figure 9.—A hotspot of small deletions in
the mouse K6irs/Krt2-6g gene. The region sur-
rounding position 420 of the coding region in
exon 1 is represented. One proposed mecha-
nism of the deletion would be slippage of DNA
polymerase through these repeat sequences.

Inverted repeats are another mechanism that causes loops on a single DNA strand and they were indeed present, flanking the
deletion in this case. Sequence motifs in the vicinity of position 420 that may account for the small deletion hotspot are
represented. The small deletion consensus sequences are underlined.

in epidermal architecture and often died prematurely. been proposed, namely slippage of DNA polymerase
and slipped mispairing (Jouanguy et al. 1999; Howe etTherefore, the pathobiology and biochemistry of the

transgenic mice and their cultured keratinocytes bore al. 2002). Both events are thought to be caused by the
interactions between specific DNA sequences such asresemblance to a group of genetic disorders known as

epidermolysis bullosa simplex. As another example of direct repeats, inverted repeats, palindromes, or a small
deletion consensus motif and enzymes for DNA replica-associated pathology, transgenic mice carrying a domi-

nant-negative Krt2-6a gene suffered severe blistering tion (Grundy et al. 1991; Krawczak and Cooper 1991,
1993). In this murine small deletion hotspot, we foundand neonatal death (Wojcik et al. 1999). Because the

CaRin phenotype is dominant and deleterious for hair two direct repeats of CAA at nucleotides 417–419 and
420–422, either of which is deleted in the mutations, intexture and IRS morphology (Figures 1 and 2), it is very

likely that the asparagine deletion causes an alteration the first exon of the mK6irs1/Krt2-6g gene. Two consen-
sus motifs TG (A/G) (A/G) (G/T) (A/C) or (A/G) alsoin the mK6IRS1 coiled-coil domain and a resultant dom-

inant-negative phenotype. Furthermore, the expression exist in the first exon and intron 1 (Figure 9). Taking
this evidence together with the lack of an interveningof mK6IRS1 mRNA is markedly decreased in the skin

of CaRin mice, even in the anagen phase, when mK6irs1/ and polypurine sequence (Jouanguy et al. 1999), it is
likely that slippage of DNA polymerase occurs in theKrt2-6g message peaked in nonaffected littermates (Fig-

ure 7). Assuming that the level of mK6irs1/Krt2-6g tran- mK6irs1/Krt2-6g gene.
Role of mK6irs1/Krt2-6g in hair formation: To date,scription is proportional to translation, this finding sug-

gests that stoichiometric lack of the mK6IRS1 protein the mK6IRS1/KRT2-6G molecule is the protein that is
expressed exclusively in the IRS, in particular, in theoccurs in the cells and subsequently causes the de-

creased availability of heteropolymers. The same is true Henle and Huxley layers of the hair follicle in IRS (Aoki
et al. 2001; Porter et al. 2001; Langbein et al. 2002),for the CamedJ allele, where a single C to A transversion

generated an amino acid substitution of an aspartic acid although previous reports claimed the expression of other
type I and II cytokeratins in IRS, such as K1, K10, K13,for an alanine at position 431, which is highly conserved

within the �-rod helical domain; i.e., all type II keratin and K16 (Stark et al. 1990). Furthermore, its expression
is stage specific in the hair cell cycle, i.e., can be detectedgenes examined contain an alanine residue at this posi-

tion (Figure 6). The ENU-induced Ca allele can also be during the hair follicle growth phase, but hardly at all
at any other stage (Aoki et al. 2001). We confirmed theexplained in the same way. It is suggested that this amino

acid replacement destroys the tertiary structure of the restricted expression of the mK6IRS1/KRT2-6G protein
in IRS and furthermore we discovered that the expressionmolecule and consequently prevents protein-protein in-

teractions between the other cytokeratin counterparts. pattern is disturbed in the CaRin mutant mice (Figure 8).
These lines of evidence suggest that the mK6IRS1/KRT2-A small deletion hotspot in mK6irs1/Krt2-6g gene: We

examined five Ca mutations and found that four of 6G protein plays important roles in the development of
hair and the maintenance of the cells in the IRS (Aokithese, the preexistent alleles CaJ, Ca9 J, Ca10 J, and our

allele CaRin, shared the same small deletion (Figures 5 et al. 2001; Porter et al. 2001; Langbein et al. 2002).
The findings documented here that the mK6irs1/Krt2-and 6). Because these alleles were independently de-

rived (see JAX catalog; http://www.jax.org/jaxmice), 6g gene is a strong candidate for that causing the Ca
mutation shed new light on its possible function(s),this suggests that a mutation hotspot causing a small

deletion is present in the first exon of the mK6irs1/Krt2- because phenotype analyses of the Ca mutant indicate
that it causes abnormal hair texture as well as abnormal6g gene. If so, this is the first description that such a

hotspot is present in the mouse. In humans, such hot- morphology in the IRS (Figures 1 and 2). Because the
IRS surrounds the hardening hair fiber and the centralspots have been reported in the SMAD4 gene in juvenile

polyposis patients (Howe et al. 2002) and in the inter- hair-forming unit proper, the Ca mutation is considered
as causing primarily a defect in IRS function. In particu-feron gamma receptor 1 (IFNGR1) gene associated with

dominant susceptibility to mycobacterial infection (Jou- lar, the evidence that the IRS of Ca mice lacked uniformity
of thickness and in some follicles the IRS cells showedanguy et al. 1999). To date, little is known about precise

molecular mechanisms responsible for hotspots. How- abnormal keratinization (Figure 2) supports this con-
tention. These lines of evidence suggest that the IRSever, two main mechanisms causing such deletions have
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Poirier, C., A. Yoshiki, K. Fujiwara, J. L. Guénet and M. Kusakabe, amiss, a new vibrissae and hair mutation near the Krt1 cluster
on mouse chromosome 11. Mamm. Genome 11: 255–259.2002 Hague (Hag): a new mouse hair mutation with an unstable

Vassar, R., P. A. Coulombe, L. Degenstein, K. Albers and E. Fuchs,semidominant allele. Genetics 162: 831–840.
1991 Mutant keratin expression in transgenic mice causesPorter, R. M., L. D. Corden, D. P. Lunny, F. J. Smith, E. B. Lane
marked abnormalities resembling a human genetic skin disease.et al., 2001 Keratin K6irs is specific to the inner root sheath of
Cell 64: 365–380.hair follicles in mice and humans. Br. J. Dermatol. 145: 558–568.

Vasseur, M., P. Duprey, P. Brulet and F. Jacob, 1985 One genePowell, B. C., and G. E. Rogers, 1990 Cyclic hair-loss and regrowth
and one pseudogene for the cytokeratin endo A. Proc. Natl. Acad.in transgenic mice overexpressing an intermediate filament gene.
Sci. USA 82: 1155–1159.EMBO J. 9: 1485–1493.

Winter, H., L. Langbein, S. Praetzel, M. Jacobs, M. A. Rogers etRogers, M. A., H. Winter, C. Wolf, M. Heck and J. Schweizer,
al., 1998 A novel human type II cytokeratin, K6hf, specifically1998 Characterization of a 190-kilobase pair domain of human
expressed in the companion layer of the hair follicle. J. Invest.type I hair keratin genes. J. Biol. Chem. 273: 26683–26691. Dermatol. 111: 955–962.Rogers, M. A., H. Winter, L. Langbein, C. Wolf and J. Schweizer, Wojcik, S. M., S. Imakado, T. Seki, M. A. Longley, L. Petherbridge

2000 Characterization of a 300 kbp region of human DNA con- et al., 1999 Expression of MK6a dominant-negative and C-termi-
taining the type II hair keratin gene domain. J. Invest. Dermatol. nal mutant transgenes in mice has distinct phenotypic conse-
114: 464–472. quences in the epidermis and hair follicle. Differentiation 65:

Sambrook, J., E. F. Fritsch and T. Maniatis, 1989 Molecular Clon- 97–112.
ing: A Laboratory Manual. Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY. Communicating editor: N. Takahata




