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Introduction

Type 2 diabetes is a multifactorial disease caused by a
complex interaction of environmental and genetic factors,
with the latter consisting of multiple susceptibility genes,
making it difficult to clarify their functions and interactions
in conferring susceptibility to diabetes in humans. Inbred
animal models of diabetes are therefore invaluable in
dissecting such a complex interaction.

The Nagoya—Shibata—Yasuda (NSY) mouse was estab-
lished as an inbred animal model with spontaneous develop-
ment of type 2 diabetes by selective breeding for glucose
intolerance from the closed colony of JcL:ICR mice [1]. The
phenotypes of the mouse resemble human type 2 diabetes in
that the onset is age dependent, the animal is moderately
obese and both impaired insulin response to glucose and
insulin resistance contribute to the disease development
[2-8]. Two quantitative trait loci (QTLs) on chromosome
(Chr) 11 (NiddIn) and Chrl4 (Nidd2n), which affect
glucose tolerance, have been identified in crosses of NSY
mice with control C3H mice [7]. NiddIn and Nidd2n have
been suggested to affect glucose tolerance through im-
paired insulin secretion and insulin resistance, respectively
[7]. The peaks of the linkage curve for NiddIn and Nidd2n
have been positioned in the region between DIIMit236
(20.0 cM) and D11Mit195 (47.0 cM) and in the region near
DI14Mit59 (15.0 cM)/D14Mit5 (22.5 ¢M) [7]. The regions
showing significant linkage for NiddIn and Nidd2n were
broad, however, suggesting the possibility that multiple
genes on the same chromosome contribute to the linkage of
the regions, as was evidenced by the contribution of
multiple susceptibility genes on the same chromosome to
susceptibility to diabetes in the NOD mouse model of type
1 diabetes [9-11]. In fact, in addition to NiddIn in the
central part of Chrll, the existence of another locus near
D1IMit76 (2.0 cM), the most centromeric region on Chrll,
distinct from the NiddIn region, was suggested in our
previous study [7].

The present study was performed to obtain direct
evidence for susceptibility genes for type 2 diabetes on
Chrll and Chrl4, and to clarify their function as well as
interaction in conferring susceptibility to type 2 diabetes.
To this end, we adopted a consomic approach [12], in
which a whole chromosome of interest was introgressed
onto the genetic background of the control strain. We first
constructed two homozygous consomic strains, namely
C3H-11™%Y and C3H-14™%Y mice, which carry an NSY-
derived susceptible Chrll or Chrl4, respectively, on the
control C3H background. Then, we established a double
consomic strain, C3H-11N5Y 14NSY, containing both NSY-
Chrll and NSY-Chrl4 in homozygous states on the C3H
background. Various kinds of diabetes-related phenotypes
of consomic strains have been monitored carefully and

longitudinally. Finally, we performed sequence analysis of
the glucokinase gene (Gck) on Chrll (1.0 cM), as a
functional candidate gene with peak linkage located in the
centromeric region.

Methods
Animals

The NSY colony was maintained in the animal facilities of
Osaka University Graduate School of Medicine. C3H/HeNcrj
mice were purchased from Charles River Laboratories
(Kanagawa, Japan). All mice had free access to tap water
and a standard diet (CRF-1: Oriental Yeast, Tokyo, Japan) in
an air-conditioned room (22-25°C) with a 12 h light-dark
cycle (6:00-18:00 hours). Experimental designs were ap-
proved by the Osaka University Graduate School of Medicine
Ethics Committee. Male mice were used for all experiments.

Construction of consomic strains (C3H-11™°Y
and C3H-14™%Y) and double consomic strain
(C3H-11NSY14N8Y)

C3H-11™%Y mice (Blectronic supplementary material
[ESM] Fig. 1) were produced by mating (NSY xC3H) F1
with C3H and selecting males that were heterozygous for
the whole Chrll. These male mice were mated with C3H
female mice, and their male progeny, heterozygous for the
whole Chrll, were used for the next generation. In this
process, we adopted a marker-assisted speed congenic
method [13]. Namely, in every generation after the N3
generation, background genes were typed with polymorphic
markers throughout the genome, and the best male mouse,
which had the most substituted C3H genotype, was selected
for breeding. This process was repeated until all the
markers for background typing became homozygous for
C3H genotypes (N6 or N7). Mice heterozygous for Chrll
were then intercrossed to obtain mice homozygous for
Chrll. A total of four mice homozygous for NSY-derived
Chrl1 were obtained at the N6F1 (one out of 40 mice) and
N7F1 (three out of 46 mice) generations. This line was
maintained by brother—sister mating.

C3H-14™Y mice (BSM Fig. 1) were constructed in the
same way as for C3H-11™%Y mice. Five mice homozygous
for NSY-derived Chr14 were obtained in the N8F1 genera-
tion (five out of 99 mice), and the line was maintained by
brother—sister mating.

C3H-11™%Y14™Y mice (ESM Fig. 1) were produced by
mating (C3H-11"Y x C3H-14™Y) F1 with C3H-14™5Y and
selecting mice that were homozygous for the NSY-derived
allele at all loci on Chrl4 and heterozygous for the NSY-
derived allele at all loci on Chrl1 (4/62 mice; 6.5%). These
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mice were crossed with C3H-11V5Y to obtain mice that were
homozygous for the NSY-derived allele at all loci on Chrl1
and heterozygous for the NSY-derived allele at all loci on
Chrl14 (25/109 mice; 22.9%). Offspring that were homozy-
gous for the NSY-derived allele at all loci on Chrl4 as well
as at all loci on Chrll were selected (10/89 mice; 11.2%)
and maintained by brother—sister mating.

Genotype analysis and localisation of markers

Genomic DNA was extracted from the tail. Information on
microsatellite markers was obtained from the Mouse
Genome Database (www.informatics.jax.org). The markers
were amplified using PCR with primers with or without
labels with 6FAM, NED or HEX. A total of 79 informative
marker loci spanning the whole genome were analysed
(ESM Table 1). In particular, we used 16 markers on Chrl1
(average spanning less than 5 c¢M) and ten markers on
Chrl4 (average spanning less than 7 ¢cM) to confirm no
recombination, and to confirm none of the C3H-derived
genome on Chrll (in C3H-14™%Y) and Chrl4 (in C3H-
11NY), The non-labelled PCR products were electrophor-
esed on 9% polyacrylamide gels and visualised by ethidium
bromide staining. The labelled PCR products were electro-
phoresed using an ABI 3100 sequencer (Applied Biosys-
tems, Foster City, CA, USA) with GENESCAN 350 ROX
(Applied Biosystems) as a size standard.

Phenotypic analysis

Assessment of glucose tolerance Glucose tolerance and
body weight in NSY, C3H-11V%Y, C3H-14Y%Y, C3H-
11N8Y14N8Y and C3H mice were monitored longitudinally
at 3, 6, 9 and 12 months of age. Glucose tolerance was
assessed by intraperitoneal glucose tolerance test (ipGTT)
(2 g glucose/kg body weight) in overnight-fasted mice, and
blood glucose level was measured at 0, 30, 60, 90 and
120 min. The area under the glucose concentration curve
(gAUC) was calculated according to the trapezoidal rule.
Blood glucose level was measured directly by the glucose
oxidase method using Glutest E (Kyoto Daiichi Kagaku,
Kyoto, Japan).

Assessment of insulin secretion Insulin secretion in re-
sponse to glucose was assessed by the insulinogenic index.
IpGTT (2 g glucose/kg body weight) was performed as
described above, and plasma insulin level was measured at
0, 15 and 30 min. Plasma insulin level was measured by
ELISA (Morinaga, Yokohama, Japan). Incremental AUC
(X AgAUC) and incremental AUC (ZAIAUC) were calcu-
lated according to the trapezoidal rule from the glucose and
insulin measurements at baseline (0 min), 15 and 30 min.
Insulinogenic index was calculated as EAIAUC+XAgAUC.
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Assessment of insulin resistance HOMA-IR, as an indicator
of insulin resistance, was calculated from the basal insulin
and glucose concentrations (fasting glucosex fasting insulin).

Insulin tolerance test (ITT) was performed by injecting
human insulin (0.25 U/kg) intraperitoneally in overnight-
fasted mice at 3, 6, 9 and 12 months of age to evaluate
msulin resistance longitudinally. Blood glucose level was
measured at 0, 15, 30, 45 and 60 min.

Anatomical analysis Anatomical phenotypes were studied
at 1 year of age. After anaesthesia by ip. injection of
pentobarbital sodium (Dainippon, Osaka, Japan), body
weight and anal-nasal length were measured. BMI was
calculated as body weight in grams divided by the square of
anal-nasal length in centimetres Mice were killed under
sevoflurane, and the epididymal, mesenteric, retroperitoneal
fat pads and interscapular brown adipose tissue (BAT) were
dissected and weighed.

Sequence analysis of Gek as candidate gene on chromosome
11 Genomic DNA was extracted from the livers of NSY
and C3H mice. Fourteen pairs of primers (ESM Table 2)
were designed so that the whole ten exons and exon—intron
boundaries of Gck were covered. Gck produces two
isoforms, beta cell-specific and liver-specific isoforms with
alternative splicing, which are different in the promoter and
first exon [14], so the primer pairs were designed separately
for both. Genomic DNA was amplified by PCR with these
primers, and the products were purified using a Wizard
PCR Preps DNA Purification System (Promega, Madison,
WI, USA). The sequencing reaction was performed using
Big Dye Terminator (Applied Biosystems) according to
the manufacturer’s protocol, and the products were
directly sequenced using an ABI 3100 sequencer (Applied
Biosystems). To detect transcription binding sites, we used
the TFSEARCH program (www.cbrc.jp/research/db/
TFSEARCHI html) [15].

Statistical analysis

All results are expressed as mean + SEM. Statistical
analysis was performed by unpaired ¢ test or one-way
ANOVA. p<0.05 was regarded as significant.

Results

Longitudinal phenotypes of C3H-11"Y mice

C3H-11"Y mice had significantly higher blood glucose

levels after fasting (»<0.0001) and at all time points after a
glucose challenge (p<0.0001) than those in C3H mice at
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12 months (Fig. la). No significant difference in body
weight was observed between the two strains at any age,
except at 3 months (Fig. 1b). In the longitudinal analysis of
glucose tolerance, C3H-11"Y mice showed significantly
higher blood glucose levels than C3H mice at all ages
studied (»p<0.0001) (Fig. lc). These results indicate that
introduction of a single NSY-Chrll can convert normogly-
caemic C3H mice to hyperglycaemic mice without a
change in body weight.

To better understand the mechanism of hyperglycaemia
observed in C3H-11N%Y mice, we evaluated insulin secre-
tion in response to glucose and insulin resistance longitu-
dinally. The insulinogenic indices were significantly lower
in C3H-11"5Y than in C3H mice at all ages (Fig. 1d). The
glucose-lowering effect of insulin during ITT progressively
worsened with age in C3H-11™%Y mice (Fig. le). The
HOMA-IR value was significantly higher in C3H-11NY
than in C3H mice at and after 6 months (Fig. 1f). These
results suggest that both impaired insulin secretion in
response to glucose and insulin resistance contribute to
hyperglycaemia in C3H-11™Y mice. Furthermore, the
results suggest that impaired insulin secretion in response
to glucose begins as early as at 3 months and remains
constant thereafter, whereas insulin resistance begins at
6 months and gets worse with age in the C3H-11"5Y strain.

To further clarify the relationship of insulin resistance
with body weight and abdominal fat accumulation in C3H-
1M, anatomical analysis was performed. As shown in
Table 1, body weight and BMI in C3H-11™Y mice were
not significantly different from those in C3H mice. Fat-pad
weight and the percentage of fat-pad weight/body weight
were not significantly different either, suggesting that the
age-dependent insulin resistance in C3H-11"%Y mice was
independent of obesity and changes in fat accumulation.

Longitudinal phenotypes of C3H-14™5Y mice

C3H-14™Y mice exhibited significantly higher blood glucose
levels after fasting (p<0.0001) and at all time points after a
glucose challenge (p<0.0001) than those in C3H mice at
12 months (Fig. 2a). Body weight was slightly heavier in
C3H-14™5Y than in C3H mice at 3 and 6 months, but no
significant difference was observed at and after 7 months
(Fig. 2b). Longitudinal analysis of glucose tolerance during
ipGTT showed significantly impaired glucose tolerance in
C3H-14™Y compared with that in C3H mice at all ages
(Fig. 2¢). No significant difference in the insulinogenic index
was observed at any age between the two strains (Fig. 2d),
suggesting that impaired insulin secretion in response to
glucose did not contribute to hyperglycaemia in C3H-14™5Y
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Fig. 1 Phenotypic analyses of C3H-11™Y, a IpGTT at 12 months of
age in C3H-11™Y (n=28; black squares) and C3H mice (n=38; white
squares). b Growth curve in C3H-11%%Y (n=17-56; black squares)
and C3H mice (n=21-39; white squares). Body weight was measured
after fasting (3, 6, 9 and 12 months) and under ad libitum feeding (7
and 13 months). e—f Longitudinal analyses of: (¢) glucose tolerance
(assessed by gAUC on ipGTT; n=28-56 C3H-11"°Y and #=33-39

Age (months)

Age (months)

C3H mice); (d) insulinogenic index (n=15-33 C3H-11™%Y and n=18-
32 C3H mice); (e) insulin resistance (assessed by decrease in glucose
area in insulin tolerance test; n=14-18 C3H-11"Y and n=16-21 C3H
mice); and (f) insulin resistance (assessed by HOMA-IR; n=15-33
C3H-11™Y and n=18-32 C3H mice). C3H-11™Y mice, grey bars;
C3H mice, white bars. p<0.05, "'p<0.01, ""p<0.0001 compared
with C3H
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Table 1 Anatomical analysis in three consomic and parental strains at 12 months of age

Variable NSY C3H-11NSY 1488 C3H-11NY C3H-14N5Y C3H
Number of mice analysed 11 18 26 19 19

Blood glucose (ad lib) (mmol/l) 9.4+0.6™ 9.9+0.5"TH# 8.1+0.2" 6.9:0.2 6.8+0.2
Insulin (ad lib) (pmol/l) 928.6+122.8"38 448.1+60.0"1T 226.0+12.8 306.1£31.5 189.7+19.1
Body weight (g) 49541588 35.1+0.6" T4 31.0£0.5 30.9+0.7 32.1£0.5
Anal-nasal length (cm) 11.1£0.17"8 10.5£0.1 10.4+0.0 10.2£0.1 10.3+0.0
BMI (g/cm?) 0.403+0.008""% 0.319£0.004 "1 0.2880.004 0.296+0.005 0.3000.003
Total fat (g) 3.26940.1517"% 1.736£0.107°" 1.366+0.083 1.480+0.092 1.258+0.071
Epididymal fat (g) 1.356+0.076""3% 0.9460.068""" 0.707:£0.054 0.783%0.053 0.647+0.042
Retroperitoneal fat (g) 1.044+0.049""5% 0.207£0.020 0.156+0.013 0.187+0.018 0.134+0.014
Mesenteric fat (g) 0.869+0.055""3¢ 0.584+0.026" 0.502+0.021 0.510+0.029 0.476+0.022
Total fat/body weight (%) 6.63+£0.30""%¢ 4.90+0.24™ 436+0.22 472+021" 3.85+0.19
BAT (mg) 201.3+£18.2""%8 139.5+7.17" 4 77.6£4.7 84.8:+4.8 93.1+6.3

Values are total number or mean + SEM

The strains were compared by one-way ANOVA and post hoc test (Bonferroni): ~ p<0.05, ** p<0.01 vs C3H; T p<0.05, 1 p<0.01 C3H-11NSY 147SY
vs C3H-11NY; ¥ p<0.01 C3H-11VY 14MY yg C3H-14™Y; % 5<0.01 NSY vs C3H-1178Y 14N8Y

Ad lib, ad libitum

mice. In contrast, the glucose-lowering effect of insulin
during ITT was markedly and significantly impaired in C3H-
14™5Y compared with that in C3H mice at and after 6 months
(Fig. 2e). HOMA-IR was also significantly higher in C3H-
14™Y than in C3H mice at and after 6 months (Fig. 2f).

These observations suggest that insulin resistance, but not
impaired insulin secretion, contributed to glucose intolerance
in the C3H-14™ strain.

To clarify the cause of insulin resistance in C3H-14"5Y,
anatomical analysis was performed (Table 1). No significant
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Fig. 2 Phenotypic analyses of C3H-14"5Y, a IpGTT at 12 months of
age in C3H-14"5Y (1=32; black squares) and C3H mice (1=38; white
squares). b Growth curve in C3H-14™Y (n=15-36; black squares)
and C3H mice (n=21-39; white squares). Body weight was measured
after fasting (3, 6, 9 and 12 months) and under ad libitum feeding (7
and 13 months). c~f Longitudinal analyses of; (¢) glucose tolerance
(assessed by gAUC on ipGTT; n=26-36 C3H-14"% and n=33-39
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C3H mice); (d) insulinogenic index (n=15-30 C3H-14™%Y and n=18-
32 C3H mice); (e) insulin resistance (assessed by decrease in glucose
area in insulin tolerance test; n=15-20 C3H-14™Y and n=16-21 C3H
mice); and (f) insulin resistance (assessed by HOMA-IR; n=15-30
C3H-14™Y and n=18-32 C3H mice). C3H-14™5Y mice, grey bars;

C3H mice, white bars. "p<0.05, “p<0.01, ""p<0.0001 compared
with C3H
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difference was observed in body weight, BMI and fat-pad
weight between C3H-14™%Y and C3H mice. The percentage
of fat-pad weight/body weight, however, was slightly but
significantly elevated in C3H-14"Y mice compared with
C3H mice (Table 1), suggesting that an increase in the
percentage of body fat may play a role in insulin resistance
in C3H-14™%" mice.

Longitudinal phenotypes of double consomic strain
(C3H-11N5Y14N8Y)

C3H-11™3Y14™Y mice showed significantly higher blood
glucose levels after fasting and after a glucose challenge
than C3H mice (p<0.0001) (Fig. 3a) as well as single
consomics, C3H-11™Y (»<0.05) and C3H-14™5Y mice (p<
0.01). Hyperglycaemia in C3H-11N5Y14N5Y however, was
not as severe as in NSY mice (p<0.0001 at 12 months)
(Fig. 3a). Longitudinal analysis of glucose tolerance
revealed that gAUC in C3H-11M5Y14N5Y wag significantly
higher than in C3H mice at all ages (»<0.0001), but not as
high as in NSY mice (Fig. 3¢). The insulinogenic index in
C3H-11NY14™SY mice was significantly lower than in
C3H mice, and was similar to that in NSY mice at all ages
(Fig. 3d). The glucose-lowering effect of insulin in C3H-
1INSY14N8Y mice was significantly impaired as compared

a b
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Blood glucose (mmol/l)

with C3H mice at all ages (Fig. 3e). Insulin resistance in
C3H-11N5Y 14N mice, however, was not as severe as in
NSY mice (Fig. 3e, f). These results indicate that the major
components of genetic susceptibility to hyperglycaemia in
NSY were located on NSY-Chrl1 and NSY-Chrl14, but that
other component(s) are also necessary for full reconstitution
of the NSY phenotypes.

C3H-11™5Y14™5Y mice showed significantly higher
body weight than C3H mice at all ages (p<0.01) (Fig. 3b),
in contrast to no significant change in body weight in single
consomics, C3H-11"%Y and C3H-14™SY. These results
provide direct evidence for a genetic interaction between
NSY-Chr1l and NSY-Chri4, leading to obesity.

Diabetes-related phenotypes in single consomics,
C3H-11"Y and C3H-14™%Y, and double consomic,
C3H-11N8Y14™5Y i comparison with parental strains,
NSY and C3H mice

As shown in Table 1, non-fasting blood glucose and insulin
in C3H-11"5Y14™Y and C3H-11™Y mice were signifi-
cantly higher than those in C3H mice, whereas no
significant difference was observed between C3H-14NSY
and C3H mice. C3H-11"5Y14™5Y mice showed significant-
ly higher body weight and BMI compared with C3H mice,
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Fig. 3 Phenotypic analyses of C3H-11™Y14MSY a pGTT at
12 months of age in NSY (n=26; black triangles), C3H-11NSY4NSY
(n=23; black squares) and C3H mice (n=38; white squares). b
Growth curve in NSY (n=9-26; black triangles), C3H-11N5Y 14NSY (5=
15-24; black squares) and C3H mice (n=21-39; white squares). Body
weight was measured after fasting (3, 6, 9 and 12 months) and under ad
libitum feeding (7 and 13 months). ¢~f Longitudinal analyses of: ¢
glucose tolerance (assessed by gAUC on ipGTT; n=9-26 NSY, n=23—
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26 C3H-11Y14™5Y and #=33-39 C3H mice); d insulinogenic index
(n=8-20 NSY, n=16-22 C3H-11"Y14"%Y and »n=18-32 C3H mice);
e insulin resistance (assessed by decrease in glucose area in insulin
tolerance test; n=9-19 NSY, n=20-23 C3H-11"Y14™Y and n=16-21
C3H mice); and f insulin resistance (assessed by HOMA-IR; n=8-20
NSY, n=16-22 C3H-11"Y14™Y and n=18-32 C3H mice). NSY
mice, black bars; C3H-11N5Y 14NSY mice, grey bars; C3H mice, white
bars. "p<0.05, “"p<0.01, ""p<0.0001 compared with C3H
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in contrast to no change in single consomic strains, C3H-
1YY and C3H-14™5Y mice. Fat-pad weight and BAT in
C3H-11NY14™Y mice were significantly greater than in
C3H mice, whereas C3H-11™Y and C3H-14™5Y mice were
not significantly different from C3H mice in these respects.
Histologically, the heavier BAT showed deposition of fat,
resembling white adipose tissue (data not shown), as was
previously reported for mice with diet-induced obesity [16].
The percentage of fat-pad weight/body weight in C3H-
1INSY1488Y and C3H-14™5Y mice was significantly higher
than in C3H mice, whereas no significant difference was
observed between C3H-11™Y and C3H mice.

As shown in Table 2, C3H-11NY14™Y showed hyper-
glycaemia, which appeared to be simply an additive, not
synergistic, effect of NSY-Chrll and NSY-Chrl4. The
insulinogenic index in C3H-11"5Y14™5Y mice was similar
to that in C3H-11™%Y and parental NSY mice at all ages
(Figs. 1d, 3d and Table 2), whereas that in C3H-14™Y mice
was similar to that in C3H mice at all ages (Fig. 2d and
Table 2), suggesting that a major component(s) for impaired
insulin secretion in response to glucose in NSY mice is
located on Chrll. Insulin resistance in C3H-11"5Y14™SY
mice was greater than in C3H-11"5Y and C3H-14™5Y mice,
but less than in NSY mice (Table 2). This suggests that
major components for insulin resistance in NSY are located
on both Chrll and Chrl14, but that these two chromosomes
are not sufficient to fully reconstitute the phenotypes of the
parental NSY mice.

DNA sequence of Gek as candidate gene
on chromosome 11

The nucleotide sequences of Gck, spanning the 5’ upstream
region, 5’ untranslated region (UTR), coding region and

3" UTR, were determined in NSY (Accession number
AB255658) and C3H (Accession number AB255659)
mice. As shown in Fig. 4, a total of eight variants—seven
single nucleotide polymorphisms (SNPs) and one insertion/
deletion—were identified between NSY and C3H mice.
The SNPs in introns were not located in exon—intron
boundaries. Using the TFSEARCH program, the substitu-
tion in the 5" upstream region was shown to be not located
in the known cis element. When the variants identified
between NSY and C3H mice were compared with reference
sequences, six out of eight polymorphisms found in NSY
mice were identical to those in C57BL/6 mice, and five out
of eight polymorphisms were identical among NSY, 129SV
and C57BL/6 mice, but they were different from those in
C3H mice. The insertion polymorphism in C3H mice in the
3" UTR was not found in the other three strains.

Discussion

This study clearly demonstrated that substitution of a single
Chrll or Chrl4 from the diabetes-resistant C3H strain to
the diabetes-susceptible NSY strain caused marked changes
in diabetes-related phenotypes. The mechanisms of inducing
hyperglycaemia, however, appeared to be different between
C3H-11™% and C3H-14™5Y mice. NSY-Chrl1 affects both
insulin secretion and insulin sensitivity, whereas NSY-
Chrl4 affects insulin sensitivity but not insulin secretion.
Interestingly, impaired insulin secretion in C3H-11™Y was
as severe as that in NSY mice, indicating that impaired
insulin secretion in the NSY mouse could be accounted for
mostly, if not totally, by Chrll. Despite the marked insulin
resistance observed in C3H-11™Y mice, no significant
difference was observed in adiposity and obesity between

Table 2 Diabetes-related phenotypes in three consomic and parental strains at 12 months of age

Phenotypical NSY C3H-11NSY14N8Y

component

C3H-11NY C3H-14M8Y C3H

2,800.9+91.5""1" (26)
5.4+1.7" (13)
-1,115.0+287.6" (19)

Glucose tolerance® (n)
Insulin secretion® (1)
Insulin sensitivity
(TT)® (n)

Insulin sensitivity

1,007.2+178.8""1T (13)
(HOMA-IR)? (n)

1,835.7£134.5"%% (23) 1,5352+ 674" (28) 1,157.6+52.0" (32)
5.1+0.6™% (22)
231.9+309.2°" (23)

4363+63.97H5% (22)

807.8+18.2 (38)
6.0£0.6" (19) 9.9+0.8 (30) 9.8+0.8 (32)
264.2+243.2" (18) 1,146.9£299.8 (20) 2,034.0+144.0 (16)

201.4426.4 (19) 194.7420.7 (30) 90.3+15.6 (32)

Values are total number or mean + SEM
* Assessed by gAUC during ipGTT (mmol/l x min)

® Assessed by insulinogenic index (incremental AUC [EAIAUC] [pmol/l]) divided by incremental gAUC ([ZAgAUC] [mmol/l]) during ipGTT

© Assessed by decrease in glucose area during ITT (% xmin)

4 Calculated from the basal insulin and glucose concentrations (fasting glucose [mmol/I] x fasting insulin [pmol/1])

The strains were compared by one-way ANOVA and post hoc test (Bonferroni): ~ p<0.05, ™ p<0.01 vs C3H; ' p<0.01 NSY vs C3H-11NSY 1478Y
1p<0.05 C3H-11NY 1485Y yg C3H-11N5Y; 85 p<0.01 C3H-11V5Y 14MY ys C3H.147N5Y

n, number of mice analysed
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ExonlP

ExonlL 2 3 4 5 6 7 8 9 10
STy AR

NSY/Osk T T G C G G — G
C3H/He G C A T T A CTGGTCA A
1298V T T G — G A —_ G
C57BL/6Y T T G - G G - A

Fig. 4 Difference in Gck sequence between NSY and C3H. Exon 1P
and exon 1L represent exon 1 of mRNA expressed in the pancreas and
liver, respectively. Numbers represent exons. Black circles indicate
different points in the sequence between NSY and C3H. Information
on 1298V (Accession number 141631) and C57BL/6J strain were
derived from an online database (www.ensembl.org/Mus_musculus).
Dashes represent no base

C3H-11"Y and C3H mice, suggesting that insulin resistance
in C3H-11N%Y mice is independent of adiposity and obesity.
In contrast, C3H-14"5Y mice showed a slight but significant
increase in percentage fat-pad weight/body weight, suggest-
ing that insulin resistance in C3H-14™5Y mice is at least in
part associated with an increase in adiposity.

Type 2 diabetes develops when the pancreatic beta cell
cannot compensate for insulin resistance [17]. The capacity
of insulin secretion deteriorates with age, whereas insulin
resistance increases with age, at least in common forms of
type 2 diabetes under polygenic control. In this study, C3H-
11™Y mice showed that insulin secretion was impaired as
early as at 3 months and continued to be impaired thereafter
at any age. In contrast, insulin resistance worsened in an
age-dependent manner. C3H-14™Y mice did not show
impaired insulin secretion at any age, but showed an age-
related change in insulin resistance. These results demon-
strate that each susceptibility gene(s) on Chrll and Chrl4
interacts with the ageing process in the development of
insulin resistance, but not of insulin secretion.

In our previous mapping, F2 mice homozygous for NSY
alleles at both NiddIn and Nidd2n showed hyperglycaemia
comparable with that in the parental NSY mouse [7]. These
data, together with the marked phenotypic changes in each
of the single consomic strains observed in the present study,
suggest that type 2 diabetes in NSY may be oligogenic, with
NiddIn and Nidd2n accounting for most of the phenotypic
changes in NSY. To ascertain whether or not NiddIn and
Nidd2n are sufficient to reconstitute most of the NSY
phenotypes, a double consomic strain, C3H-11NSY14NSY
with both Nidd1n and Nidd2n, was produced. Although the
degree of hyperglycaemia in C3H-11NY14NSY yag greater
than that observed in each single consomic, it was not as
severe as that in NSY. These results suggest that additional
genes on other chromosomes are necessary for the full
expression of diabetes-related phenotypes of NSY mice.
Moreover, in contrast to the absence of obvious obesity in
each single consomic strain, C3H-11N%Y14™Y mice showed

significant obesity, demonstrating that genetic interaction
between the two chromosomes plays a role in causing
obesity. Thus, the present study clearly demonstrated that
major components of genetic susceptibility to type 2
diabetes in NSY are located or clustered on Chrll and
Chrl4, which can account for the majority of the
phenotypic difference between NSY and C3H mice, but
significant interaction between these two chromosomes as
well as between these and other chromosomes is necessary
for full reconstitution of the phenotypes.

The syntenic region on mouse Chrll and Chrl4 is
human Chr17, 5q, 7p (for NiddIn) and Chr3p, 10q, 8p, 13q
(for Nidd2n). These regions are, therefore, considered to be
candidate regions containing diabetogenic genes in humans.
In fact, loci associated with type 2 diabetes have been
mapped by whole-genome screening in humans [18-24].
More recently, many genome-wide or large-scale associa-
tion studies revealed several candidate genes for type 2
diabetes and fasting glucose, such as KCNJII, KCNQI,
IGF2BP2, TCF7L2, MTNRIB, G6PC2, and GCKR [25-29],
although the orthologues of these genes are not located on
mouse Chrll and Chrl4. In mice, linkages with type 2
diabetes were also reported on Chrll [30-33] and Chrl4
[34-37] in several independent crosses (ESM Table 3).

We previously reported sequence analyses of the genes
for hepatocyte nuclear factor-18, GLUT4 and nucleo-
redoxin [6, 7, 38-40]. In this study, we determined the
nucleotide sequences of Gck, which is mapped in the
centromeric region of Chrll. Although other positional
candidate genes, such as genes for insulin-like growth
factor binding protein (Igfbp) 1 and 3, are also located in
the centromeric region of Chrll, Gck, which encodes
glucokinase, a main glucose-phosphorylating enzyme acting
as a glucose sensor of pancreatic beta cells, is a good
functional candidate gene for QTL, which is located in the
centromeric region of Chrll, because the QTL was linked to
glucose/insulin ratio as well as hyperglycaemia [7]. Hetero-
zygous mutations in the gene for human glucokinase, GCK,
have been identified in patients with MODY [41, 42]. In the
general population, a polymorphism in the beta cell-specific
GCK promoter is associated with hyperglycaemia [43]. In
mice, impaired insulin secretion and normal histology of
pancreatic islets, as observed in C3H-11N%Y mice in the
present study, were reported in mice with pancreatic beta
cell-specific targeted disruption of Gek [44]. In a large scale
mutagenesis project using N-ethyl-nitrosourea, it was
reported that a number of mutations in Gek were identified
in mice with the type 2 diabetes phenotype [45-47]. We
found seven SNPs and one insertion/deletion polymorphism
between NSY and C3H mice. The NSY allele is similar to
that in C57BL/6 mice, but different from that in C3H mice.
Interestingly, inbred control strains of mice have been
reported to exhibit marked differences in glucose tolerance,
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with C57BL/6 mice having the worst and C3H mice the best
glucose tolerance [48]. It is therefore reasonable to speculate
that the combination of variants with weaker effects in the
non-coding SNPs in Gck results in susceptibility to common
forms of type 2 diabetes, whereas functional mutations in
exons cause a more severe form of diabetes, as in the case of
MODY in humans [42]. Functional studies, including
studies on insulin secretion in isolated islets, are necessary
to clarify whether or not a variant of Gck is the cause of the
insulin secretory defect in NSY, C3H-11™Y and C3H-
11N 14NY mice.

In summary, the present study clearly provides direct
evidence that Chrll and Chrl4 harbour diabetogenic genes
in the NSY mouse. Introgression of each single chromo-
some onto control mice led to marked changes in
phenotype. These two chromosomes interact to cause a
more severe phenotype (hyperglycaemia) or a phenotype
that was not observed in a single chromosome (obesity),
suggesting a different mode of gene-gene interaction
depending on the phenotype. The present study indicated
the usefulness of the consomic strategy in proving the
localisation as well as studying the functions and inter-
actions of susceptibility genes for multifactorial diseases in
general and diabetes-related phenotypes in particular, by
dissecting disease-related phenotypes into each component.
Marked changes in the phenotypes retained in the consomic
strain will facilitate the fine mapping and the identification
of the genes responsible and their interactions. The consomic
strains established in the present study are also useful to study
the interaction of genes on each chromosome with environ-
mental factors in conferring susceptibility to diabetes. These
studies are now under way.
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Electronic supplementary material

ESM Table 1 Polymorphic markers used in the study

Chromosome Marker (¢cM) Chromosome Marker (¢M) Chromosome Marker (cM) Chromosome Marker (cM)
Chr 1 DIMitl73 (23.6) Chr 6 D6eMit273  (19.1) Chr 11 DI1IMit74 0.0) Chr 14 DI14Mit206 2.5
DIMitl9 (36.9) D6Mitl78  (38.5) DI1IMit76 2.0) DI14Mit207 5.9
DIMit305 (55.1) DO6Mit52 61.4) DIIMit229  (14.0) DI14Mit209 8.5)
DiMitl4 (81.6) D6Mitl4 (71.2) DIIMir231  (17.0) DI4Mit186  (10.0)
DIMit461 (102.0) DIIMit236  (20.0) DI14Mit59 (15.0)
Chr 7 D7Mit20 (5.5) DI1iMit314  (28.0) DI14Mit5 (22.5)
Chr 2 D2Mit2 (4.0) D7Mit62 (42.6) DIiMit242  (31.0) DI14Mit235  (28.2)
D2Mit296 (18.0) D7Mit238  (53.0) DIIMit156  (34.0) DI4Mit160  (40.0)
D2Mit37 45.0) DI1I1Mit320  (43.0) DI4Mit]125  (44.3)
D2Mit304 (73.0) Chr 8 D8Mit171 8.0) DIIMit]195  (47.0) DI14Mit266  (60.0)
D2Mit51 (95.5) D8Mit208  (41.0) DI1IMit286  (52.0)
D8Miti67  (59.0) DI11Mit70 (54.0) Chr 15 DI5Mitll13  (22.2)
Chr 3 D3Mitll7 2.4 DI1IMit54 (56.0) DI5sMit123  (30.6)
D3Mit98 39.7) Chr 9 D9Mir229  (28.0) DI1iMiti45  (57.5) DI15Mit42 (55.5)
D3Mit257 (70.3) DIMit269  (43.0) DI1IMit301  (69.0)
D9Mit311  (65.0) DIIMit168  (71.0) Chr 16 DI16Mit88 9.7
Chr 4 D4Mitl1] (21.9) DIi6Mit4 (27.3)
D4Mit219 (49.6) Chr 10 DI10Mit194 (29.0) Chr 12 DI2Mi270  (13.0) DI6Mit158  (54.5)
D4Mit48 (69.8) DI10Mit230 (49.0) DI2Mit255  (38.0)
DIOMiti64  (67.5) DI2Mit20 (58.0) Chr 17 DI7Mit36 (24.5)
Chr 5 D5Mitl48 (18.0) DI7Mit206  (44.5)
D5Mit41 (56.0) Chr 13 DI13Mitl3 (35.0)
D5Mit262 (72.0) DI13Mit74 (59.0) Chr 18 DI18Mit35 (24.0)
DI13Mit78 (75.0) DI18Mit7 (50.0)
Chr 19 DI19Mit80 (22.0)
DI19Mit34 (53.0)

The map positions of SSLPs (in parentheses) were obtained from the Mouse Genome Database (www.informatics.jax.org)
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ESM Table 2 Sequences of polymerase chain reaction primers used for amplification of Gk

Region

Forward primer (5'-3")

Reverse primer (5'-3')

B cell-specific exon 1A
B cell-specific exon 1B
Liver-specific exon 1
Exon 2

Exon 3

Exon 4

Exon 5 and exon 6
Exon 7

Exon 8

Exon 9

Exon 10A

Exon 10B

Exon 10C

Exon 10D

GGG CTCTGC TCCTTA GTG TG
ACATGG CTC CTC CTGAAGAC
CTGATC CCACGTGGTTCTTT
CAGAGGACCAAAAGAGACC
CACCTTTGACCCTTCCACA
TGC CTC CCATTG TCC CTAAG
TGT GAAACAAGG TGT TGG GA
AAATGT GCCTCATCC CGT AG
TAA CCA GAATAG GGC GCT TG
GACTTC CCT CCCTAATACC
GTG GCAAAG GTG GGATCT AA
GACTCCACA CCC CACAAATG
AGG TAG CTT CAG CAG CTT GG
AAG CAA GCCACC CAC AGC AT

TTG AAG CCA CAG CTTCCT CT
AGA GAT CTTTCT GCC CGA CA
GTG GACTCC TCAAGA GCT GG
TGA CCC AGA GACAAAAAGG
TTG CTG CTGACCTTTCTITC
CCA CCCAIT CAT CTC CTCTC
TGA GTG CTA TGA GCC TGT GC
CAACTT GCTTCT CCC CAGAG
CCCACTTCATCC CTCTGT GT
CAC CCCTCA GCC CAGACT
TGT CTC ACT GGC TGA CTT GG
CGCAGC CTCTTCAGC CACAG
AAA CCT GAC AGG GAT GAT GG
GCCTCCACATTC CTATTC CT




Electronic supplementary material
ESM Table 3 Correspondence of diabetogenic loci on chromosomes 11 and 14 reported here with loci linked with diabetes and
related phenotypes reported in other mapping studies :

Chromosome Linked marker Position Cross Phenotype Reference
(cM)
11 DI11Mitl 24 C57BL/6 x C3H  Fasting glucose level [1]
11 DI1IMit242 31.0 NSY x C3H Blood glucose level 21
11 DI1IMit41 49.0 NZO x NON Serum insulin level [3]
11 DIIMitl128 68.0 TSOD x BALB/c  Blood glucose level [4]
11 DI11Mit254 75.4 Akita x A/J Blood glucose level [5]
14 DI14Mit55 10.5 C57BL/6 x 129S6  Blood glucose level [6]
14 DI14Mit52 11.5 C57BL/6 x 129S6  Insulin resistance [7]
14 DI14Mit212 13.5 NZO x NON Adiposity [8]
14 D14 Mit5 22.5 NSY x C3H Blood glucose level 217
14 DI14Mit192 40.0 C57BL/6 x 12956  Body weight [7]
14 DI14Mitl65 52.0 KK x C57BL/6 Fasting glucose level [9]

The map positions were obtained from the Mouse Genome Database (www.informatics.jax.org)
*Our previous study. The representative marker was picked up because the position of the QTL peaks changed according to the age and the peaks

— 628 —

were broad
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B8 1 ff 3¢ (genome—wide association study ; GWAS)
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B4 —5— 24 FEREBRL 7027 F]El3
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BIZHETET %5 SNP DS EIREED 1 2 ThHhEF V2
LYy —CHELTWAI EXRRAL, 2008 12
HEE LY,

SNP ¥ A TiEELTho b X lHIbRT
W kL, |l A0 ERET % &t fER % PCR
(polymerase chain reaction) CH R/ ICHEIE L /2%
KT UMV ZHEANTAAETHLCW, Tk
T, LLOOOEREDOSNP 23R & Ly 1K
Y7 THNE, PCRTIAY—2ELDETAHE
BAEIOPLIAMEEZTHERTRETHS L
W2 BN, BEFroBITEXBLAHDOSNP %%
A F$HZ 8 3REEE D, —F, WEIE-
THRIITHE R % PCR 24T b I KE B % SNP
YA TR FEPERLES D6, 20 ]
DTH A Affymetrix FHIC X o THEZ SN/ HET
i3, FTHIBEBEERE TS/ 4 DNA DW A L% 1T
W, W TENSHFOMIZT ¥ 7 7 — 5 %4
L, FLOTHBLABICIA 707 L1 2H
2T UNEBREB RN, T)TFAL ¥~ a3 v &
AW, HBETIE, COFETHCTO FELHER S
SNPZREFICF A 7 T5%y PR ENT
V1 5 (Affymetrix® Genome-Wide Human SNP Array
6.0, LLF SNP Array 6.0) EH L DHEICHE L

"7 FSNP ¥ A YTt v ¥ — Tid SNP Array

6.0LASNP 7 M ¥V ZEFIRWICITH 20D
VATFLEBEL, WCOPDERTFERIZONT
T LT A FEESTEERL T 5,

SNP Array 6.0 [Z## 2 7 SNP &, 243k SNP
T =7 X~ A B L U Perlegen I BEEN 2K
220 HTED SNP b BRHEWFEHEIRRILE N
B X910, o EBERFEE R HapMap 70 ¥ = 7
FALOBHROEE L CBIRSNAHMUFED
SNP {2, Tag SNP, X #&AB L Y @RI HE
$TAHSNP, I PI X FYTSNPRERMALE
909,622 D SNP Th %, £ 90 FFED SNP [ZDWn
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M AR

ler  Spectrophotmeter

GeneChip

Fluidics  GeneChip Scanner
Station 450 3000 7G

1 SNP Array 6.0iCEL % SNP 21 ETD%EQ
HIRREER (Sty L, Nsp DK X BWH LRSS AF Y2 v VI TS5 HOTR TSNP ¥ A ¥ v &
PN D, 1RIEICDE 500ng D4/ 4 DNA # BV T4 909,622 DO SNP 2 ¥ A ¥ > 7+ 2

ZENTE D,

T, HapMap @ 3 % Ml (Caucasian, African, Asian)
BT A~ A —7 Y )V E (minor allele frequ-
ency ; MAF) OF¥1, #h#F119.6%, 20.6%,
18.2% ThH B, L2 L7%AH, HapMap 710 &V =
7 P TIZ S REOHERAN LD L T nizo,
MAF D%\ SNP I DWW TIEEREZ HEHEN T X
WD, FZC, %% 513 SNP Array 6.0 # BT
HANEEE 200 B2 @i L, BRAZNZE L
72 GWAS IZB W TREHBITICBWA Z L DTE S
SNP##EHT BT LAY, T 72, SNP
Array 6.0 (X B TR % R5ET A 729012 Birdseed 7
VT XL %G AD, Birdseed 7V T X4 %
AWl BETHREOREY LiTAZ Ld, ¥/ 4
T A FEESHTIC B B R R & %D R A HER:
TAHAIEWXDRI D, £IT, BRAEFE 200 %
oy 4 ¥y 7FER%H\WT, Birdseed 7V T Y
ALV & B IEMER B TFRGE FEE R LY,

SNP Array 6.0 OFFEHH

SNP Array 6.0 X 5 SNP # 4 ¥ » 7%, &/

LOBHSEHBBLIA 707 LANDONLTY ¥
A= a VL2 T OORERIGAT v T
&, Y% - 428 (Fluidics Station 450) B & U7
42707 LA HAX v F(GeneChip Scanner 3000
THERCWZHREZT y 7THEENE (ED),
SNP # 4 €V 7 1 AKIZDO & A5 500ng D4/
L DNA ZfER L, 2EEOHIREESE (Sty I, Nsp )
TRVWTERSNS, HIRERICL27/ 4 DNA
DWF AL 247 o 721, Wikt & /=477 L DNA @
TRWIZT 578 —BH%E T4~ a VRIBICX
DMy 5, 7575 —EHNE, %< PCR T
éhéi?%v—&m@&ﬁﬂ%%B,itﬂmﬁ
RRHREN A ERBE LTHE O A DNATH
5, 2Eﬁ®ﬁm§$$wleD@%ﬂ%nm
HLCHEBEENGT Y77 —EFIZ, HIREERR
ESEBRWTHBOEN T S o TWAEOTHED T
FAEMALTPCR%24T) T L HT& 5B, PCR
Tik, BEMOE &% 3 o 72 DNA BT A (250~1100
bp) ZASEIRICHIE S NS, 22 FTOBER
JBIZE D, bEd L 0EEESDS /) L DNAHS
BIEEGREEOPCRBAEWN L b, v4 2707
VANORRBNA T T4 ¥ =23 vi2ig, &
JADBMESERIEKIRT A Z LK E RIRE R R
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EEZEZLNTWAY, T, StylB X U Nsp I
ZENENDPCREWZIREG L7k, REEWLH
#1, DNase [ HIfREEEIZ X AW LEFTH. 22
TR b &/ PCR EWNIIFHET180bp AT &
BB A 70T VANOENENATY)FA X
—a v, ¥ LAOBEIREET A2 LM
ZTCPCREMOWHICFEEIC R B, T ter-
minal deoxynucleotidyl transferase BFEEFIGIZ L Y,
WH b & N7z PCREWOERMICE & F v 2 BAT
5o

BT, BHO<T A 2717 L 4 (GeneChip 7 L
MR TNATYTFA ¥ -2 a3 v EFFH, <4
sUTVAEEESNA T u— 7225 EED S
1) I DNA T, SNPEM % ELHEERFEZ S > T
Bo 2HEHDT ) V& EREICFHEBT 572012, SNP
A% 25 BT - TORLICB WO —
TaERL LT, SNPHMLZ PO 0 48 L
(D) WFH LT —7h 5 4 BETHR(—40 12T
LLATu—7FCrEEO T -7 (—4, -2,
=1, 0, +1, +3, +O)THEL, ZOFrO5HE
m1EEOTU—-TEBERT B, 72, A—070
— T %A 70T LA EIZ3 ARy VHETAZ &
T, SNP¥ AV I F— 5 OREBFH CLED 2
ENTnwb,

RAZTATLANDONATYF A ¥ - 3 v hHE
T L2tk W - REEETHNCYA 2707 LA
DPHB L CHEGB LT, BREE, Hhs
FTEBESNAANL TN TEY U, ERoE S
FUEBASN PCRITAICREET A2 L2 T
Db, 7z, P - RBEBENTRES T VB
ENLH|A ML T T UHER VTS 7L
DRI TONS, RBEICHERB SNz 7D
TVAREROAX ¥ FCTHET— 5 & LTHEAR
D, HNTEHDOY 7 by 27 2 HWVTESNP O
BEETRYHRET 5,

BB ORHE T b N 72 SNP Array 6.012 & 5
SNP f#AT O #5820 5, Overall call rate (4 909, 622
SNPs O %) bBIZFEIATHE & /- SNP O FH4) 1k
E¥ 9% LLEE Y, F/, HapMap ¥ — 7 N —
ANZEERENTZ SNP & OFEEFRI— I 99.7%
AR B I ED Affymetrix D SHE SR TW 5,
Fi, AV FRERIBECIEIHLAE R T
VW3 3,022OSNPE 4 YT 4—ay ba—)L
(QC) & L TH v T, QC call rate (3,022 F& & SNP

E5E KET— 5N

D9 HLEGETFRAHRE SN SNP O EI4) A5 86%
T ZEEEZBA L) 2 TESNP OEEFH
FHREEIND,

B AT AREE

3.1 N—=FJ7 7O

SNP Array 6.0 12 & % SNP 7 1 ¥ ¥ 7 % R M
AT 7200, BIE, HEBEAEMRL, fEv=a7
WEER L. £9°, 4/ 4 DNA~®D PCREW®D
IVF IR avERCTOI, KEHEsL
SNP T2 & 52T 72, SBHRABE 10137/ 4 DNA
ZREL, PCRETCOBERIGEIT I DICLEL
BV —NMTA 75— )2 HE L, HIRERE
F(Sty I, Nsp DI & BWiH b2 & PCR O KGR
DM ETEABRAEETIT, PCRUMBOEEE
Stk SNP RIT E THT o 720 £ 72, 5E DR -
REEErHEL, 1B YT A 2
U7 LA %S RBETAZIENTELLIICL
T2 TRTOTA 70T L AId/N—a— FTEHERHR
N, B REITRT LA 707 LAIE+— b
O—FFEDe 707 VA HAS vy FICEESR
HgT— s 05AbIns, A—ro—yiFaox
4707 VAHAF Yy FIEE A DA 70T L
AREETHIEDNTE, N—a—FEBRBRLED
LIRTOTA 70T LA DOEET— % % BEIYIC
ARG EDTE L,

SNP ¥ A ¥ v FEED N —F LI H 72> C,
HIRREESE (Sty I, Nsp DI X BT {ED 6 I XY &
TETCOBERIGAT v 7 THBTATTOYA
sUFAT—T L= EN—O— FTEHET S, ¥
7o, MK E 1INy FE LTEBERILEZFY 2 L
EL, YA 70845 —=FL— b DY 2 VB EY
VINERBERBLIETH Y TADIDILEITo
oo RAZTUIAF—TL—bFEDLATT M
ATUBERCEEDH LT, Yo MuBr Y
TIVID ELTHMITERABLILNTED,
72, BERLOEIREEET L0 F oy 7 v
—FEERL, RIeITROETEHEFy 73—
FNTHEREL 225 #® 5, PCR B & UF DNase I i
PREESEIC X BT LOBRICIE T Fu — X ¥ VELIK
w47\, PCREYDFHEL 250~1,100bp & 7%

4
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C T

2 TWAZ L, F/-WARILEYWOFHED 180bp
DT ehoTwad I LR2ERT L, MMAT, HHE
O PCR W DIREHT500~600ng/ ul & 2o T 5
ZERTERT B,

32 VI bMITTORHE

SNP Array 6,012 & A5 SNP ¥ 4 ¥ ¥ 7 Tld A —
H—PRET 2 2BEOV I by TR ERET A
(GeneChip Operating System (GCOS), Genotyping
Console 3.0(GTC 3.0)). GCOS T ¥k i% - e iEE
BLU~A 707 VA HAS v FEiged ABICHE
HL, $72G6GTC3.0l~ 42707 LA OEEHE
F=F5(CEL7 7 A MV) 0 b EEFELHET LB
RS 5, g S 724 909,622 78 0 SNP @&
BEFENE, BB FFA M T FANE LTS
AR=PTBIENTEL,

EEOLPRE LT L74 FEESHEHY 7 +
7 = 7 (Gene Chip Analysis ver 2.0.12) 1%, = 7 &
A= bPLATFA PN T 7 ANEEBEATI 7740 E
LTHWLZ LD TEB, /2, y—A-av}bu
—VEEGSH T B 7o THEBREDL S 4 SNP
DEEFET—F 2B L, S5 TRTOREKE
r—AEEBIUary bu— VECSIITH- T X
APT7ANELTIERTAHREER V7 by T2
Mz 720 &£909,622F D SNP I2DWT, 7Y IV
B, Y=/ 54 THE, B HHEETLTOT—
Ay b= VEEGHEIT) TEHTE, BHE
SWOKERIEEH® Y 7 b x 7 (Gene Chip
Viewer ver 2.1. 1) # W THEMICERT A &
HTED,

B

SNP Array 6.0 12 & 2SNP % 4 ¥ » 7 T3,
StyIBI O Nsp LIC L BUFAALRIGICH V2 4/
L DNABWENEFN250ng &% B L) BT 5
CEDNSNP YAV IORBEICKREREELS 2
BIEPINTITOERERPSHL L > TV
59, HARNEFE 200 BIKD ) b 195 Mitko 7/
L DNARFEE I B ERE TH 5 50ng/ul B L
TBY, FH54.8ng/ul TH o725, SHEITHE
STEWEL TE ) FE 41l 1ng/ul Thotze #2 T,

H AR N %5 200 ko SNP
¥4 YT F— ¥ DIFENTRER

BlgiRE © TE - 72 5 MRS HIRBERI A LRUE IS
6ul LRI, 7/ L DNA DEEDH 250ng &
GAEICRELTIAE Y Z2TH5 28 L
HAENEEE 200RIEDSNP # 4 ¥ ¥ 7 %470 72
FEHR, QC callrate iZFH97.37% & 2 b, F7-,

(a) QC call rate
100

90 -
8 ¢ Batch#l
% 80 ® Batch#2
E (6] » Batchi#3
g 0 - © Batch#4

65 ® Batch#5

60

55 L3

50

1 ) 200
total 200 samples sample

(b) Overall call rate (AN B 7 — % [RFEHD)
100
99
98

L 97 ° Batch#l
T d ° Batch#2
%—; 95 = Batch#3
R © Batch#t4
5 93 o Batch#is

92
91
90

1 il 200
total 198 samples sample

(¢) Overall call rate (RE 7—  frE%)

100 g

85 & Batchitl

80 e Batch#2
« Batchi#3
0 « Batchif4

Overall call rate (%)
o

65 « Batch#5

1 I 200
total 184 samples sampie

B12 SNP Array 6.0 (Z& % BAAEEE 200 20

2 E THE (OR—4 B18)
(@7FVF4—=arra—(QO)ELTIAEr TS
3,022SNPs D — VEE R F, (b)QC call rate #586% % L [A
> 72 198 ik Bl v CsE S 7z 4 909, 622 SNPs D 1 — L %
AT o ()QC callrate 2L LTARRF — ¥ 2 BELAHO
184 #fk %V CRIZTE % g L 72 BR 04 909, 622 SNPs ) 1
—VEERT,
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QC call rate %% 86% % T[] & Hfkid 200 ik D 9 5
2HMETH -7z (B 2(a))o HVT, QC call rate A°
86% & £l o 7z 198 # & % Fi \» T Overall call rate
TRELZE A, FIH9.58% &k o7z (E2
()

.

B R7% SNP 7— 5 MOk H 7/ 274 FEE
GHCBNT, FA Y75 - ERTEL 55
PRI EIT Z ED 2 ) A TRELRBEL 2D,
#Z T, SNP Array 6.0 IS S 72L& 0 FHE®
SNP IZDWTC, T& 57174 { O SNP OEEFH
w EREICHRE T B LEND B, BETFEMREICH
% Birdseed 7V ) XA DM EMA O, H
ANEEE 1B REOHRPS T v ¥ L2 12Hk%
BIRL, 2O LR2REEECRODELRLT Y TN
WA X(12, 24, 36, 48, 72, 96 HRIE) TiRE L 7
BIEFEEZ, 18 RETRE LABEOERTR L K
BL72®, ZOfRKE, 2KRESZTTEETEZ 3
%E L 72 & @ Overall call rate iZ % 99.84% (99. 62
~99.92) & % b, MR AHEE 2 T { & Overall
call rate lX T, 198 Bk THsE L 72 BB I3
99.71%(98.07~99.89) & 7% » 72 (K 8), — 77, 12
BR7ZV T L7cBIn TR E 198 Mk THE L7z

Birdseed 7V IV X A2 5B
B2 BRI e ik

(%)
100.0

HoE KT — 5 BT

BIZTF R % LB L 72 B 0 — 505K (concordance) 1,
35 99.47% (98.37~99.67) L e b &L, F ¥ 7
FARXAPKEL ZBIZORT—HERIZLEAL, 9%
BRAETERTFELZRELLEO R IFY
99.87%1(99.40~99.92) & 72 » 72 (W 3), T DR
75, Birdseed 7V I XL E} Y TN A XS
NS THBEFRHERETEZHOD, BWwy A
Vo IRBER B OIREL DT Y IV ERNT
BIETFREZRETILEND L Z LG Do 7,

Birdseed 7 )V T X L2 & B EIETFRIREICS
W, YT A XHKE R BIZ2NRT Over-
all call rate Y& 2 B L WO HBOER & L T,
QC call rate>86% & W) BETIZ T4 AR 7 —
FEWOBRIT TnnwEnw) 2 edlEzons, H
TANEFE200BEDS 4 EV 7HERH S QC call
rate & Overall call rate & D IZIZFE VA3 2
WG o727z, QC call rate DBMEE X U Bk
LALTARRT— 2 DBEEXAT o720 QC call rate
DBEL 5% &35 & 188 AL HEE LAY,
Overall call rate 1Z3F35 99.65% (95.66~99.92) & 72
27 LL, BRLVEERZ SR LBEop,
Overall call rate B X N L 2 5 b OO0 R 5 iz,
ENLEZEHITHAL, BRBICTRTOMEKT
Overall call rtate B L /T 2 F THARRT— 7 Ok
EREDELI-L A, IS4MIEDTFEY, Overall call
rate (& 3 99.71% (98.87~99.92) & 7 - 72 ([ 2
(e))o

99.4

99.2  ~

99.0

7=198 n=96 n=T2 n=48 n=386 n=24 n=12

Overall call rate
SR F BB

B8 Birdseed P/ XAILL B BEFEEEORE
AARANEEE 1B IREOF LS T Y A 12BEEZBIRL, 20 2BEE &t
KODRLE BV TNH 4 X(12, 24, 36, 48, 72, 96 HfE) CosE L - WEF
B, 198 R THE LZBOMEFR LB L, &% > 74 XCRIZTF
T % g L7220 F 0 12 BMiE D Overall call rate 3 & U {EF#— 3K (concor-

dance) 7”7,
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LM AR

ko.

HAANBEEE I REDOSNP 5 1 ¥V 7 DR
75, SNP Array 6.0 [Z#8 & "Lz & 909, 622 o
SNP D9 b, #20% (M9 5 180,859 SNPs 12 5
WTEEMPR LN LW LB L ol F
7o, BIZTRISHRE SN/ SNP OFIZIES 1 ¥ >
FREDEVSNP A—HEEINTEY, ZLb0
SNP BB MMEDER D —2 12 b tEZ bR
Bo TNIZDWTIE, <A F—7 V) IVEE (MAF),
N T A = e T A N — F 4 (Hardy-Weinberg
equilibrium ; HWE) 3 & U SNP call rate (% SNP 12
DWW, A YT LIeRE0 S bEEFIHE -
ETELMEOEEG) 2HBELLT, F4 KV
JEDTE SNP DK % bR § 5 Z L A5 T & 52,
EE O OFNTTIE, MAF>5%, HWE p fE>0.001,
SNP call rate >95% % iifi 7= 5 SNP i, 590, 248 SNPs
&Y, 72, MAF>1%, HWE p f5>0.001, SNP
call rate >95% % iiii 729 SNP i 661,559 SNPs & 72
o7ze TOFEY FEDOSNPIZL Y M7 LD
5% % AN=—TEHZED5, HEAZBVTD
SNP Array 6.0 % FiV:724° ) 57 4 FESBIEN A5G
HThrZ ErBiFEns,

SNP ¥4V FF—FD
FERY v b

WEREEOFET—FR—A 70V s b IZ
BWT, EELIESNP ¥ 1 ¥V 75— ¥ O¥Fikk
HRENEREREROBREAELBIRLT, H
KNEEEZEDT — 5 % BH LI SNP 7 — & X
—Z, BRMNEEZO Y KSR (CNV) % 855 L
JZONVF— o RX—2, BLUF ) AT74 FEER
DT — & N— 2 (GWAS-DB) # & L T 520,
GWAS-DB 13, WiFeii%, MmEAEL EOFRE &
b2, BETREES 7V VEE, kOEEKREHR
WOREREBEFHFL Tb, T/, GWAS-DB i SNP
PRI THE"A 7035754 % ONV O EEE
AT ORER OBk - BET A LATE, z7 VY
TBEEHRR CNV 22 L OER & BEMATBROEELE
REDLETHTHILT 2L H2 T\ 5, EEARE

HARNZXS & L7 SNP Array
6.01CK 5 GWAS OfFHH®

SNP DM« LHMICHRIRTE S X9, RO
MEOEN LR ERDF—5, BIU, s
T N7 A - LOBNTRERE R LY, X 5T
AT T HRRER B L, HEMRUSCOFH
LRTWTF—F R—2ADEEEHE LTV,
FRFFRTY A €V 7 LIz ARANERE 200 D
SNP [E#R L, fEHESNP 7 — & N— R ITEEHF SN,
BIAFEEEE R 7 ) VEHEE & v oo BRI A
SNTW5, 72, A4ES A7 L HARAEE
H200BEDOT -5, 8FEERERFEBL
RELLGWASIZBWCH@O I b o — LR
ELTHWONSE Z LIS NG, N2 T, %
LOMBETH o7 VLT —%xfR L L7
GWAS D #E R b GWAS-DB IZBH S I, BE{ZHE
FRITOFERDP A ENT VB,

1s.

EELWET LT A4 FEESHDHWIET ) 57
A FEESHTIC L o TRIB S 2B HEIRIC B W
T, BN EBRTUHRETLREEET A2
0 (B0 AH) BT B M & LT DigiTag 2 #: % T
3L 7222, DigiTag 231X, SNP @ & {5 F & %
DCN(DNA Coded Number) & I 534 1) T DNA ~%5
BLTOAVFT LY ZZASNP ¥ A ¥ 7 %475 (K
4), DON(K 4, EDB XU D1)I3En, {2
BNCHEESS— R 25 L) ICRFT LA 23 EEED
F 1) IDNAT, DON 2T 22 LIk Y EE%
DNAZGFRIEZAT) T WXL & b, 72,
DON EfFH st & % 5 SNP I3 LT EHEICE ) 24
THILEHFTELID, FHRFRIZH VS DNAF
Y TR RIREETIANCERCcE 2 o w
VAo T, T2, BATHS L % 5 SNP
B boTINY v IRIGICHWAEE TS 4
VD 2BETHELI LD HEI A NTSNP ¥ A
EV 7 %47 DT E 2 b,

DigiTag 2 #1232 S L IZ 96D SNP % 1 *
v b LCRBEFIBIZSNP ¥ A €2 7 %479,
INETRXVL OPDOEZRFEREIFE LD
A HIEHT % DigiTag 2 52 THTV, BT &R L L7
SNP D IEITHI AL ViEREBL I ENTE,
F 72, FH99.48% &) FHvy g — L TSNP ¥

BERRZHRETOREEHKE LY
BBl SNP # £ ¥ 7 Hiffi : DigiTag 2 i
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B5%E KB — 5N

'/1‘ Target preparation (5h) A /3 Ladeling (4h) N
%/ ADNA 25 ng Cy5-ED-2 #*
et e *‘g .
e D1
Cy3-ED-1 t -
v;w‘7°I/~y7XPCR gﬁl
e D14
== e el —_== fr <
SNP-1  SNP-2 SNP-i  SNP-n ﬂ FEXHHBEIPCR
N Y
e ——
/s, Encoding (1h) I 4
- 5’query probe \_ D1 i //
ED-2* — 3’query probe -
5 4. Detection(1h) h
ED-1* 1.3 10
el _v/rDlJ ] Jgp ey G |
s N e @ /
e ——— o /DI1 D12/
R “&[% 3 j
SNP-i CHC fay
BB o i [ & //
%74’?}‘—’/3‘/ o m i . f/ DI_i /
Wuﬂu =
. T FHDNAT v 7~
g Qg D NATYFAE—ay
/

4 DigiTag 2 ZOBE(O#—5 W)
DigiTag2 ¥4, ¥ —% v PoFRE, = a—F, XYV Y, BHONOOTRETHESNS, 5
query probe tZIE T Y VIZHIG LT 2 830 ED(ED-1, ED-2) %L, 7z 3'query probe {2 {E SNP 2
HUTDID LD EMAMT 5, EDB LU DL 343, {bEMERS—RE b L) CHRET L7z 23 K
EDA ) TDNA TH 5, BRHIDPHEE TH 2B ICIEENEHROBNIC" " 2T 7,

AV TRTFZDZENFHS D& T 572, DigiTag BL5DD, ) AESHIThI o T—8IIHIFTE 5
QERBVRYE TSNP YA ¥V %7252 & bRV, T2, ¥4V T LIBEO R
o, 7T LT4 FESESTHDLNVET S L T4 F FERICH DD DPHREOEE L EFETN TS
BIEHTIC & o THH S - BT B R WREED S 5, MBEEPEINTND T L PG
A BRI 2 THERANCAT ) HifT & L CHESL T 5 Z & a8 DERIZOLNLZ LDHMLENTBY, #hb5DH
WEah s, MBI 2R ) < 2 & b EDEER

HEEFERETALDICEEEL S, E612,

SHEHOBRBICONCTES N7 ) LT 4 FETRT

_ BHrL, ThEcaedamonhTunidh ozl vy

BbYic BIET B ETAEIER AR S0 TS

bo LD LRGN, MEROMEIENTERPREE

0 FHELEDSNP 2 —BIIF AV S TELH TNIYXLTE, TOLIICERLETF—7 % EH

MOERIZE o T, MERISFLEL Lo RS H BICRETE 2w, Z0X51I, /074 FER

DM b ALEERIEONDER L 2o RIERIINA A A Y T ~vT 4 7 ACEbL S F

720 L LADHEEC, bhbiuiFBons SERHREICL o THBICMET 2% OFEEL 12

BRGEEERE THIERTE2 /oy i o BLTNBEEDIZ, ZOERITL o THRERICE

TVWRWIEDIRHBLTBE v, EES0HEL WEDEPRREEDL LS LTLNBITE N,
FAREHAEATY 7 Py 2 T3 A O SNP 12D WTiE

5lH - 3
B 52 5 b DD, ANTTS A TIEDNTD (51 - $0k]
BLESITIETE RV, ROV 7 by 2720, R 1) J. Ohashi and K. Tokunaga : J. Hum. Genet., 46, 473
FELAERCATO Y 4 THESTES L 0IEd -482(2001).
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