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“Tawny'' is an autosomal recessive coat color mutation
found in a wild population of Mus musculus molossinus. The
inbred strain MSKR carries the mutation. The causative gene
MclrP® of the tawny phenotype is the second recessive
allele at the melanocortin | receptor locus and is dominant
to the first recessive allele, "'recessive yellow™ (Mcir®). The
Mclr® gene has six nucleotide substitutions, and its
forecasted transcript has three amino acid substitutions
(ile.. VIOIA, V2I16A, W252C). Though the nudeotide
substitutions leading to VIOIA and V2I6A exist in various
mouse strains, the nucleotide substitution leading to W252C
exists in only tawny-colored mice. Thus this substitution is
considered to be responsible for the expression of the tawny
coat color. The frequency of the allele having this nucleotide
substitution was 9.21% in the wild M. m. molossinus
population inhabiting Sakai City, Osaka Prefecture, Japan,
where the ancestral mice of the MSKR strain were captured.

The extension locus (£, now Mc71) controls coat or feather
color vatiants in animals. Pigmentation mutants resulting
from the mutation of this locus have been found in several
animals, for example, cattle, chicken, dog, fox, horse, and
mouse (Adalsteinsson et al. 1995; Andersson and Sandberg
1982; Silvers 1979; Sponenberg and Bigelow 1987; Vage et al.
1997). In mammals, dominant alleles at this locus generally
extend the black atea of individual hair shafts (Doolittle et al.
1996). In 1993, Robbins et al. (1993) reported the nucleotide
sequence of the mouse o-melanocyte stimulating hormone
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(o-MSH) receptor (now melanocortin 1 receptor, Me77) gene
with four mutant alleles at the extension locus and proved
that the extension locus encodes this receptor. The MC1R is
a G protein coupled receptor consisting of seven trans-
membrane domains. Binding of a-MSH to its receptor
stimulates melanocytes to synthesize cyclic adenosine mono-
phosphate (cAMP) by signal transduction via G protein, and
consequently the melanocytes produce black pigment
(eumelanin) (Robbins et al. 1993). After the tesearch of
Robbins et al. (1993), nucleotide and amino acid sequences
responsible for the melanocortin 1 receptor were repotted in
various kinds of animals, for example, cattle, horse, pig, dog,
fox, guinea pig, and mouse (Adalsteinsson et al. 1995; Cone
et al. 1996; Kijas et al. 1998; Lu et al. 1994; Mariani et al.
1996; Marklund et al. 1996; Newton et al. 2000; Vage et al.
1997; Valverde et al. 1995, 1996).

At the McTrlocus of mice, three dominant mutant alleles
(sombre, sombre-3], and tobacco darkening) and one
recessive mutant allele (recessive yellow) have been repotted
(Doolittle et al. 1996). Both sombre and sombre-3] mice
have an entirely black coat, while the tobacco datkening
mouse shows black fur in the dorsal region and agouti
patterned fur on the flanks. The recessive yellow mouse has
no black area on the individual hair shafts and shows a yellow
coat everywhere over the body, except fot a few black hairs
appeating in juvenile mice (Doolittle et al. 1996; Robbins
et al. 1993).

In 1999 we reported a new mutation, “tawny,” at the
Mcir locus that was found in Japanese wild mice (Mus
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muscnlus molossinus). The tawny (Mcl#™) mutation is a
recessive allele dominant over the recessive yellow (Mc7+)
allele. The tawny mouse shows light yellowish brown on the
dorsal region with a white belly and black eyes (Figure 1).
‘The dorsal hair shows so-called agouti pattern, consisting of
a greatly lengthened subapical yellow region and reduced
black region (Wada et al. 1999). The Mc7/*" mutation is
maintained in the MSKR strain (Wada et al. 2000), its
cognate MSKQ strain, and the Mmsw line.

In this article we researched nucleotide substitutions of
the Mclr gene in the tawny mutant (MSKR strain) and 24
other inbred strains of mice, along with mice from wild
populations of M. . molossinus, using nucleotide sequencing

and/or the restriction fragment length polymorphism
(RFLP) technique.

Materials and Methods

Animals

The MSKR strain of mice (fixed for the tawny coat color
mutation, # = 4) and 24 other inbred-strain mice were used.
The 24 strains, which show nontawny coat colots, were A/]
(), AE]/GnLe (2), BALB/cA (4), BFM/2 (2), C3H/He]-
Mel7*” /Mel#” (2), C3H/HeN (4), C57BL/G6]-Mc1# /Ml #
(2, C57BL/6N (4), CASA/Rk (2), CAST/E(] (2), CBA/N
3), DBA/2N (2), DDK/Nga (3), IS/Cam (1), MMNF-(2),
MOM (3), MSKA (4), MSKD (2), MSKM (2), MSKO (2),
MSKZ (4), MSM/Msf (3), NC/Nga (4), and SM/] (3). The
numeral in parentheses indicates the number of mice tested.
All of these strains have been maintained in Osaka
Prefecture University except the A/J, BEM, CASA, CAST,
1S, MSM, and SM/] strains. The A/J, MSM, and SM/]
strains have been maintained in the Institute for Laboratory
Animal Research, Graduate School of Medicine, Nagoya
University, Japan. The BFM/2, CASA, and CAST strains
were kindly provided by the National Institute of Genetics
(Shizuoka, Japan) and the IS strain was kindly provided by
Wakayama Medical University (Wakayama, Japan). BFM/2
was detived from M. m. brevirosiris, CASA and CAST were
detived from M. m. castanens, IS was established from the
hybrid of M. m. nusculus and M. m. praetexins. MMNF, MOM,
MSKA, MSKD, MSKM, MSKO, MSKR, MSKZ, and MSM
wete established from M. m. molossinus.

In addition to these strains, we analyzed 105 wild mice
(M. . molossinns) captured in the Kinki-Shikoku area of Japan
during the period from January 1991 to May 1992, Of the
105 mice, 23 were captured in Minoh City, Osaka Prefecture;
38 each were captured at the northern and southern parts of
Sakai City, Osaka Prefecture; and 6 were captured in
Wakimachi, Tokushima Prefecture (Figure 2).

Nucleotide Sequencing

Standard polymerase chain reaction (PCR) was performed
with genomic DNA of MSKA, MSKM, MSKR, and MSM
inbred mice using the GeneAMP 9700 PCR system
(PerkinElmer, Wellesley, MA). A sense primer “mMclr-1-
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Figure 1. MSKR (right) and MSKR.B6-Me7r* (left) mice.
The MSKR mouse has a light yellowish-brown coat (tawny
colot).

for” (5'-TCTGAGGGATGTCAGAGACCC-3") and an
antisense primer “mMclr-2-rev” (5'-GCAGTCACAGT-
TACCCT TTCTCC-3") wete originally designed based on
the nucleotide sequence (accession no. X65635) reported by
Mountjoy et al. (1992). The mMclr-1-for and mMclr-2-rev
primers amplify a 1229 bp fragment including the entire
coding region of the mouse Me7r gene. PCR amplification
was carried out under the following conditions: one cycle
consisting of denaturaton at 94°C for 5 min, 40 cycles
consisting of denaturation at 94°C for 30 s, annealing at 61°C
for 45 s, and extension at 72°C for 60 s in a reaction mixture
containing 0.5 mM of each primer, 0.05 U/ml of Tay
polymerase, 0.2 mM each of dNTPs, and 1.5 mM MgCl,.
The amplified fragments were putified by polyethylene glycol
6000 and cycle sequenced using the Dye Terminator Cycle
Sequencing FS Ready Reaction Kit with the ptimers
described above and additionally designed primers
“mMclr-2-for”  (5'-CTCCATCTTCTATGCGCTGC-3")
and mMclt-1tev  (5'-GAAAGTGACGAGGCAGAG-
CAG-3"), based on the manufacturer’s instructions. The
reactants were sequenced using an ABI model 373
automated DNA sequencer (Applied Biosystems, Foster
City, CA).

PCR-RFLP Analysis

In order to reveal the relationship between the nucleotide
substitutions and the tawny phenotype, RFLPs of the Mc7r
gene were compared between mice of the tawny mutation
strain MSKR and the other 24 inbted strains. In addition, the
incidence of RFLP identical to the tawny was investigated in
wild populations of M. . molossinus in the Kinki-Shikoku area
of Japan. A 986 bp PCR product, which includes the entire
945 bp coding region of the mouse M¢7r gene, was amplified
by a set of McTrspecific PCR primets described by Robbins
etal. (1993). PCR amplification was catried out with the same
methods mentioned above. In this experiment, however,
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annealing temperature was adjusted at 65°C and purification
of the PCR products was carried out with ethanol. The
purified PCR products were digested with endonucleases
Apal, CaeBl, and EwRIl, electrophoresed on 0.6% agarose
gels, and visualized by ethidium bromide staining.

Results
Nucleotide Sequencing

Table 1 shows the nucleotide substitutions observed in the
Melr alleles of four inbred strains of molossinus mice in
comparison with the registered nucleotide sequence in
GenBank (accession no. X65635, which was identified based
on the Cloudman S91 melanoma cell line separated from a
hybrid of BALB/c] and DBA), along with their forecasted
amino acids. Five nucleotide substitutions wete identified at
the positions listed; that is, substitution I (51T ... C), II
(302T ... C), TII (606G ... A), TV (647T ... C and 648C . ..
T),and V (756G ... T). The first four were observed both in
wild-type and tawny-colored strains. The substitution V,
however, was obsetved only in the MSKR strain that has the
“tawny” coat color. According to the amino acid code,
nucleotide substitutions T (AAT ... AAC) and ITI (GCG ...
GCA) are silent. However, substitutions 11, IV, and V cause
amino acid substitutions; that is, 101 valine to alanine, 216
valine to alanine, and 252 tryptophan to cysteine, respectively

(Table 1).
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PCR-RFLP Analysis

The nucleotide substitutions II, III, IV, and V lead to
recognition sites of endonucleases Cac81, Hinfl, EcoRII, and
Apal, trespectively (Table 1). Thus we investigated the
distribution of these recognition sites across various mouse
strains derived from some subspecies, the results of which
ate summarized in Table 2. The Ca8I recognition site was
observed in all strains of M. m. molossimys. Other strains
derived from other subspecies had or did not have the
recognition site. The presence or absence of the Hinfl
recognition site cleatly distinguished the strains of M. m.
molossinus from the strains of other subspecies; that is, the site
was missing in the strains detived from M. 7. molossinus. The
EcoRII recognition site existed in all 25 strains investigated.
The Apal recognition site was missing in only the MSKR
strain of molossinus mice that has the tawny (Me? 7™/ Mt 7"
coat colot.

In addition to the strains above, we performed RI-LP
analysis for wild mice. Among 38 wild mice captured in the
southern part of Sakai City, where the otiginal tawny mutant
had been captured, 5 mice had no tecognition site of
Apal—2 were homozygotes and 3 wete heterozygotes—that
is, the allele frequency of Mc7#™ was 921% in this
population (Figure 2). The two homozygotes showed tawny
coat color and the others (three heterozygotes) showed wild-
type coat color. On the other hand, all 67 mice captured at
other places had the recognition site for Apal in their Mclr
genes.
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Table I. Nucleotide alligment around the substitution sites at the Metr gene and their forecasted amino acids

Arrangement number of substitution | 1l ] v A%

Nucleotide

The ordinal number of substituted 51 302 606 647 & 648 756

nucreotide from the start codon
GenBank tcc aaT gccgag gTyg ggc 2cG att? ctg gTC cag” ggctgG ggc R
Wild-type molossinns strains (MSM, - - - - - Co-vecee =C- X A - -2 LT --- ------ —ee - - -
MSKA, MSKZ)
Tawny colored molossinus strain - - - - - Cec-oee =Ce mceeeh wen oo CT -+ --- =T oo - - -
(MSKR)

Amino acid

The ordinal number of marked amino 17 101 202 216 252

acid from the statt codon
GenBank S N A E V¥V G A 1 L v 1 L w G P
Wild-type molossinns strains (MSM, - Y U b - A - - - - -
MSKA, MSKZ)
Tawny coloted molossinns strain - B - - v - A - - C - -
(MSKR)

) The nucleotide substitution is silent.

2 The underlined sequence is Cac8] recognition site (GCN|NGC).
» The underlined sequence is alignment is Hinfl site (G|ANTC).
? The undetlined sequence is EcRII site (CC|WGG).

% The underlined sequence is Apal site (GGGCC|C).

Discussion

In the tawny mutant, we found six nuclectide substitutions
classifiable to five types (substitutions I-V in Table 1) at the
Mc1r locus. The nucleotide subsdtutions at base pair
positions 51 and 606 (substitutions I and IIT) ate silent.
Thus these two are not thought to be the cause of the tawny
mutation. The nucleotide substitution at base pair 302
(substitution IT) led to an amino acid substitution (Table 1).
Howevet, this substitution was also found in wild-type
molossinys mice and other strains detived from other
subspecies (Tables 1 and 2). Thus the nucleotide substitution
at 302 is thought not to be the cause of the tawny coat color.

As shown in substitution IV of Table 1, the nucleotides
647 and 648 of the mouse Mc7r gene reported by Mountjoy
et al. (1992) were T and C, respectively, while those of our
results from molossinus strains were C and T, forecasting
alanine at 216. Nucleotide 648 results in the recognition site

of FeRII (Table 1). In addition to molessinus mice, all 24
strains derived from other subspecies also had no tecog-
nition site for EwRII (Table 2). This result suggests that no
mice have a nucleotide sequence identical to that reported by
Mountjoy et al. (1992) at the position. Furthermore, the
alanine at 216 has been found in many kinds of mammals
that have different phenotypes from the tawny mouse
(Adalsteinsson et al. 1995; Cone et al. 1996; Kijas et al. 1998;
Lu et al. 1994; Matiani et al. 1996; Marklund et al. 1996;
Newton et al. 2000; Vage et al. 1997; Valverde et al. 1995,
1996). Thus the nucleotide substitutions at 647 and 648 are
thought not to be responsible for the tawny coat colot.
Although substitutions I-III described above wete
obsetved both in wild-type and tawny-colored mice,
substitution V (756 guanine to thymine), which leads to
the 252 tryptophan to cysteine substitution, was observed
only in tawny-colored mice (Table 1). This result strongly
suggests that this substitution results in the tawny phenotype.

Table 2. Classification of mouse strains based on RFLP at the M¢7r gene

Arrangement number of substitution” Il i ) v A
Endonucleases Cac8l Hinft EcoRll Apal
GenBank lost exist lost exist
Common type A” exist exist exist exist
Comumon type B lost exist exist exist
Molossinss type” exist lost exist exist
MSKR type exist lost exist lost

D Identical to the arrangement number in Table 1.

? Including A/J, ABJ, DDK, BALB/cA, CS7BL/6N, and CS7BL/6)-Mc! /Ml .
3 Including BFM, C3H/HeN, C3H/He]-Mel#*"/Mc17*", CASA, CAST, CBA/J, DBA/2N, IS, SM/J, and NC/Nga.
“ Including MMNF, MOM, MSKA, MSKD, MSKM, MSKO, MSKZ, and MSM.
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Amino acid 252 is conserved as tryptophan in all reported
animals (IClungland et al. 1995; Marklund et al. 1996;
Mountjoy et al. 1992; Robbins et al. 1993; Vage et al. 1997;
Valverde et al. 1995). Amino acid 252 is involved in the sixth
transmembrane domain of MCIR (Mountjoy et al. 1992;
Robbins et al. 1993). The replacement of a hydrophobic
amino acid residue (ttyptophan) with a hydrophilic one
(cysteine) would change the o-helix structure of the trans-
membrane domain of MCIR. Moreover, the sixth trans-
membrane domain forms an o-MSH binding pocket with
first and third transmembrane domains (Prusis et al. 1995).
In site-specific mutant research using recombinant COS7
cells (from African green monkey), replacement of an amino
acid residue in the sixth domain has been reported to
decrease 0-MSH binding affinity (Frandberg et al. 1994). The
tawny-type MCIR with W252C also may decrease a-MSH
binding affinity. The altered affinity of MCIR to its ligand
might lead to extension of yellow color at the subapical
region of the hair shaft. Another possibility is that a decrease
in constitutive activity and/or stability of the MC1R protein
might result in the tawny phenotype. A ligand binding
affinity test will solve this problem.

The allele frequency of Mc7#™ was 9.21% in the wild
molossinns mice captured in the southern part of Sakai City,
Osaka Prefecture, Japan (Figute 2), whete the original tawny
mutant had been captured. The Mc7/*” mutation is thought
to have originally occutred in the population at the southern
part of Sakai City, because the allele frequency of Mc7#™ was
0% in other areas adjacent to the southetn part of the city.

The amino acid substitution W252C is quite likely to be
the cause of the tawny coat colot, as mentioned. However,
there remains a possibility that some other abnormality
occurring at or around the M¢7r coding region might give rise
to the mutant colot.
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Cancer Therapy: Preclinical

Indoleamine 2,3-Dioxygenase Serves as a Marker of Poor Prognosis
in Gene Expression Profiles of Serous Ovarian Cancer Cells

Aikou Okamoto,"? Takashi Nikaido,® Kazunori Ochiai,"* Satoshi Takakura,' Misato Saito," Yuko Aoki,”

Nobuya Ishii,”

Nozomu Yanaihara,' Kyosuke Yamada,' Osamu Takikawa,® Rie Kawaguchi,’

Seiji Isonishi,’ Tadao Tanaka," and Mitsuyoshi Urashima®®

Abstract

Purpose: We aimed to find key molecules associated with chemoresistance in ovarian cancer
using gene expression profiling as a screening tool.

Experimental Design: Using two newly established paclitaxel-resistant ovarian cancer cell lines

from an original paclitaxel-sensitive cell line and four supersensitive and four refractory surgical
ovarian cancer specimens from paclitaxel-based chemotherapy, molecules associated with
chemoresistance were screened with gene expression profiling arrays containing 39,000 genes.
We further analyzed 44 genes that showed significantly different expressions between paclitaxel-
sensitive samples and paclitaxel- resmant samples with permutatlon tests which were commonin
cell lines and patients’ tumors. :
Results: Eight of these genes showed reproducxb[e results with real-time reverse transcnptlon-
PCR, of which indoleamine 2,3-dioxygenase gene expression was the most prominent and
consistent. Moreover, by immunohistochemical analysis using a total of 24 serous-type ovarian
cancer surgical specimens (stage {ll, n = 21; stage IV, n = 7), excluding samples used for GeneChip
analysis, the Kaplan-Meier survival curve showed a clear relationship between indoleamine
2,3-dioxygenase staining patterns and overall survival (log-rank test, P = 0.0001). All patients
classified as negative survived without relapse. The 50% survival of patients classified as sporadic,
focal, and diffuse was 41, 17, and 11 months, respectively.

Conclusion: The indoleamine 2,3-dioxygenase screened with the GeneChip was positively
associated with paclitaxel resistance and with impaired survival in patients with serous-type

ovarian cancet.

Ovarian cancer is one of the primary causes of death related to
gynecologic malignancies (1). Nearly 65% of ovarian cancer
patients die from their disease within 5 years (2). Although
ovarian cancer is considered highly responsive to combination
therapy with paclitaxel and carboplatin (3), cancer recurs
rapidly in »50% of responsive patients, and in many cases, the
recurring cancer cells develop chemoresistance (4). Therefore,
countering chemoresistance is essential for ovarian cancer
management.

Properties within tumor cells that may lead to drug resistance
in ovarian cancer include multidrug resistance proteins and
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mismatched repair processes (e.g., alterations in the p53
pathway; refs. 5-7). In addition, various molecules have been
documented as candidates for chemoresistance in ovarian
cancer (8-12). However, molecular targeting to overcome
chemoresistance has not yet been delineated in ovarian cancer.

The development of microarray methods for large-scale
analysis of gene expression makes it possible to search
systematically for key molecules that may be involved in
chemoresistance (13). We have already applied this approach
to ovarian cancer (14) as well as to other cancers (15, 16). In
previous works on ovarian cancer, gene expression profiling
was used to distinguish types of ovarian cancer (17), malignant
transformation from normal tissue (18, 19), serous uterine
from ovarian cancers (20), or metastatic from nonmetastatic
disease (21). Although some advances have been seen in

‘chemoresistance of childhood acute lymphoblastic leukemia as

well as other types of cancers (22 -24), the technology has not
elucidated a set of genes associated with chemoresistance, a
critical factor for improving prognosis in most cancers.

In this experiment, GeneChip was applied to screen
molecules expressed differentially between chemoresistant
and chemosensitive cell lines as well as cancer cells derived
from patients who were either clinically sensitive or resistant to
chemotherapy. The clinical significance of a prominent
molecule was further confirmed with immunohistochemical
analysis to predict recurrence after chemotherapy.
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