Supplementary Table 4. Genotype and allele frequencies of MAFA +1377 G/T
(Gly346Cys) in type 2 diabetes

Control Cases OR [95%CI] povalig
n=425 (%) n=347 (%)

Genotype

G/G 392 (92.2) 329 (94.8)

G/T 33 (7.8) 18 (5.2) 1.54 [0.85-2.77] NS
Allele

G (Gly) 817 (96.1) 676 97.4)

T (Cys) 33 (3.9) 18 (2.6) 1.52 [0.85-2.71] NS

Fisher’s exact probability test

Supplementary Figure 1.

Co-localization of insulin and cytokeratin in thymic medulla (C3H female, 7 days old)
(a) Nuclear staining by DAPI, (b) anti-insulin antibody, (c) anti-cytokeratin antibody,

and (d) merged image. Bar scale: 10 pm
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Supplementary Figure 2.
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Supplementary Figure 3.
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Supplementary Figure 4.
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T: human thymic cDNA library

P: human pancreatic cDNA library
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Supplementary Figure 5.

Basic Leucine
D/E/S/T/P-rich region zipper

Human MafA _

Human VEQﬁKLEVGRﬁAKERDLYKEKYEKLAGRGGPGSAGGAGFPREPSPPQAGPGGA ADFFL*

Mouse VEQLKLEVGRLAKERDLYKEKYEKLAGRGGPGGAGGAGFPREPSPAQAGPGAA PDFFL*

Chicken VEQLKQEVSR]‘.@AKERDI@YKEKYEKi:‘AARG ————————— FPREPSPPAAP---K DFFM*

Zebrafish VEQLKQDVARLIKERDLYKEKYEKLASRAFNGGG----NTRDPSSGNHV---KJTSTDFFM*
* ok ok ok ok **'*****************'** *******' * . v **:

Leucine zipper

Supplementary materials and methods
cDNA was amplified by PCR with the following primers:

Aire  (Forward) 5’-GCGATGCAGTGTGTGTGGCGATGG-3’
(Reverse) 5’-TCTGGATGGCCCACTGCAGGATGC-3’

Hprt  (Forward) 5’-CTCGAAGTGTTGGATACAGC-3’
(Reverse) 5’-TGGCCTATAGGCTCATAGTG-3’

Pdxl  (Forward) 5’-CTCGCTGGGATCACTGGAGCA-3’
(Reverse) 5’-GCTTTGGTGGATTTCATCCACGG-3’

Neurod(Forward) 5’-CTTGGCCAAAAACTACATTTGG-3’
(Reverse) 5’-GGAGTAGGGGTGTACCGGGAA-3’

Insl (Forward) 5’-CCATCAGCAAGCAGGTCATTGTTT-3’
(Reverse) 5’-GCGGGACTTGGGTGTGTAGAAGAA-3’

Ins2  (Forward) 5’-CCATCAGCAAGCAGGTTATTGTTTC-3’
(Reverse) 5’-CAGCTCCAG TTGTGCCACTTGTG-3’

Immunohistochemical staining

Universal negative control for rabbit primary antigen (DAKO Japan Co., Kyoto, Japan)
was used for insulin staining as recommended by DAKO, and rabbit polyclonal IgG
(Abcam Co., Tokyo, Japan) was used for MafA staining as isotype control.
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Genomic sequence of mouse Mafa

The transcription start site of mouse Mafa was determined by rapid amplification of
cDNA ends (5’RACE) analysis of polyA RNA isolated from Min6 cells (mouse
insulinoma cell line). Several clones, starting from 398bp upstream of the first ATG and
27bp downstream of the TATA box, were obtained. The 3’ untranslated region (UTR,
1343bp) of mouse Mafa was estimated by searching the expressed sequence tag (EST)
containing both the 3’ flanking sequence of the Mafa open reading frame (ORF) and the
poly A site from a database. Genomic DNA was extracted from liver tissue by a
standard phenol-chloroform method. A total of 17 pairs of primers were designed using

Primer3 Input (http:/www.genome.wi.mit.edu/cgi-bin/primer/primer3.cgi), so that the

promoter region (approximately 2400bp upstream from the transcription initiation site),
an exon, and the 3'-flanking region of the Mafa gene were covered by 17 segments.

Newly identified polymorphisms of Mafa in NOD mouse

Ten SNPs (-1788T/C, -1722C/T, -1716T/C, -1507G/T, -1201A/G, -1113C/T, -993G/A,
-851T/C, -818C/A, and -493C/T relative to the transcription start site), a 1bp deletion
(-1319del) and two insertions (-1582insCCA and -1236insTTGA) in the promoter
region, one SNP (2437A/G) and one 2bp deletion (2727del) in the 3’ untranslated region,
and one SNP (3640A/C) in the 3’ flanking region were newly identified in the NOD

mouse.

Subjects for case-control studies

The diagnosis of type 1 diabetes was defined based on both clinical features and
laboratory data. All the patients were ketosis-prone and lacked endogenous insulin
secretion as judged by a C-peptide level of <3.3 nmol/day, and needed four or more
insulin injections per day. Individuals with type 2 diabetes were diagnosed according to
World Health Organization criteria. Control subjects had normal glucose tolerance and
no family history of diabetes or other autoimmune diseases. All individuals with type 1
diabetes or type 2 diabetes and control subjects were of Japanese origin and resided in
the Osaka area (western Japan). Glutamic acid decarboxylase antibody (GAD Ab) was
measured by a commercially available RIA kit using 125]]abeled recombinant human
GADGS5 as a tracer reagent (Cosmic, Tokyo, Japan). Samples were defined as GAD Ab
positive above a threshold of 10 units/ml as suggested in previous reports (Maruyama et
al. J Clin Endocrinol Metab 93:2115-21, 2008).

Screening for human MAFA polymorphisms
Genomic DNA was extracted from peripheral blood leukocytes using proteinase K as
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described previously, and polymorphisms in the complete MAFA4 gene were detected by
sequencing. The transcription start site of MAF4 was estimated by alignment of
sequences between human and mouse (341bp upstream to first ATG and 29bp
downstream to TATA box, Supplementary Fig. 2). The 3° UTR (1280bp) of human
MAFA was estimated by searching EST containing both the 3’ flanking sequence of
MAFA ORF and the poly A site from a database. Primers purchased from Vector Asian
Pacific Corporation were designed to determine the sequence of the complete MAFA
gene. Polymerase chain reaction (PCR) amplification was performed in a total reaction
volume of 20 11 containing the following reagents: 4 ng genomic DNA, 5 pmol of
each primer, 0.5 unit LA Taq polymerase (Takara, Shiga, Japan), 2 x PCR buffer
containing SmM MgCl,, and 8mM dNTP mixture. Amplification was carried out in a
Takara thermal cycler. PCR products were visualized by 2% agarose gel electrophoresis
with ethidium bromide staining, and purified using a gel extraction kit (QIAGEN) for
mice and PCR96 Cleanup plates (Millipore) for humans, before the sequence reaction.
Sequencing was performed using an ABI PRISM Big Dye Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems) and an ABI PRISM 3100 Genetic Analyzer
(Applied Biosystems).

Newly identified polymorphisms were located at the following positions
(numbers are relative to transcription start site, Fig. 4A); -2078ins/del (2bp), -2065T/C,
-1764C/A, -1761T/C, -1719C/G, -1670G/A, -1486T/C, -1123ins/del (1bp), -955C/T,
-784ins/del (103bp), -282G/T, -263G/A, -205ins/del (1bp), -109C/G, -18ins/del (2bp),
+41A/G, +69VNTR (GCCGCGGGGAGGAGGCGGCG, 1 repeat (IR) to 3 repeats
(3R)), +132A/G, +153T/A, +1377G/T(Gly346Cys), +1430G/T, +1630T/A, +1716C/T,
and +2279T/A.

Genotyping of human MAFA polymorphisms

Gene Scan analysis was performed for genotyping of +69VNTR. The forward primer
was labeled with FAM for the polymerase chain reaction, and analyzed by an ABI
PRISM 3100 Genetic Analyzer (Applied Biosystems). Restriction fragment length
polymorphism analysis using an Apall (New England Biolab, MA, USA) was
performed for genotyping the Gly346Cys polymorphism, and the result was confirmed
by using a Tagman System (Applied Biosystems) in some of the subjects. All
genotyping data were double-scored to minimize error. The overall genotype call rate
was 98.1% (+69VNTR) and 96.9% (Gly346Cys). The genotype distribution of each
polymorphism was compatible with Hardy-Weinberg equilibrium (p>0.05, chi-squared
test).
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Luciferase assay

To construct the reporter plasmid, m-Mafa-p-luc, the promoter region of mouse Mafa
(-2500~first ATG) was amplified from Balb/c or NOD genomic DNA by PCR. The
fragments were inserted into Kpnl-HindII sites of the pGL2-basic plasmid (Promega).
Min6 cells were grown in a 24-well plate and transfected with a total of 3.2 ug of
plasmids (2.8 pg luciferase plasmid, 0.4 ng pER-Rluc), using 8 pl Lipofectamine2000.
The construction of 3xMARE/RBGP-luc is described in a previous paper {Kataoka,
1996 #84}. The expression plasmid for human MAFA with both alleles of the
Gly346Cys variant was constructed by inserting a Not/ fragment excised from
pGEM-T-easy/h-MAFA into the pHygEF2 mammalian expression vector. To construct
hemagglutinin (HA)-tagged human MAFA, a double-stranded oligonucleotide encoding
the HA epitope tag sequence was inserted into the 5’-EcoRI site of
pGEM-T-easy/h-MAFA. The resultant HA-h-MAFA fragment (Xbal-Spel) was inserted
into pHygEF2 to obtain pHygEF2/HA-h-MAFA. PT67 cells (derived from NIH3T3
cells) grown in a 24-well plate were transfected with a total of 1.5 pg plasmids (0.2 pg
luciferase plasmid, 0.4 pg pHygEF2 vector, 0.8 pg expression plasmids and 0.1 pg
pEF-Rluc) using 7.5 pl Superfect (Qiagen). Cells were harvested 24 h after transfection.
To construct the reporter plasmid, CMV-h-MAFA-p-luc, the human MAFA promoter
region containing the 1R, 2R or 3R allele (-130~+321) was amplified from human
genomic DNA by PCR, and the CMV immediate early enhancer was conjugated with
upstream of the fragments. These fragments were inserted into the pGL2-basic plasmid
(Promega). TEC1C6 (thymic medullary epithelial cell line) cells grown in a 24-well
plate were transfected with a total of 1.6 pg plasmids (0.4 pg luciferase plasmid, 0.8 pg
expression plasmid, and 0.4 pg pEF-Rluc) using 1.6 pl Lipofectamine2000 (Invitrogen).
Twenty four hours after transfection in each experiment, firefly and Renilla luciferase
activities were measured using a Dual Luciferase Assay System (Promega).
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Abstract

Aims/hypothesis Diabetogenic loci for type 2 diabetes have
been mapped to mouse chromosome (Chr) 11 and 14 in the
Nagoya-Shibata—Yasuda (NSY) mouse, an animal model of
type 2 diabetes. We aimed to obtain direct evidence of these
genes on each chromosome and to clarify their function and
interaction in conferring susceptibility to type 2 diabetes.
Methods We established three consomic strains homozygous
for diabetogenic NSY-Chrll, NSY-Chrl4 or both on the
control C3H background (C3H-11NY, C3H-14~5Y and C3H-
11NSY14NSY respectively), and monitored diabetes-related
phenotypes longitudinally. The glucokinase gene was
sequenced as a positional candidate gene on Chrll.
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Results C3H-11NY mice showed hyperglycaemia associat-
ed with impaired insulin secretion and age-dependent
insulin resistance without obesity. C3H-14"5Y mice
exhibited hyperglycaemia mainly due to insulin resistance,
with a slight increase in percentage body fat. C3H-
11NSY14N5Y double consomic mice showed marked hyper-
glycaemia and obesity, which was not observed in single
consomic strains. Sequences of the glucokinase gene were
allelically variant between NSY and C3H mice.
Conclusions/interpretation These data provide direct evi-
dence that Chrll and Chrl4 harbour major susceptibility
genes for type 2 diabetes. These two chromosomes interact
to cause more severe hyperglycaemia and obesity, which
was not observed with the presence of either single
chromosome, indicating different modes of gene—gene
interaction depending on the phenotype. Marked changes
in the phenotypes retained in the consomic strains will
facilitate fine mapping and the identification of the
responsible genes and their interaction with each other,
other genes and environmental factors.

Keywords Complex trait - Interaction - Mouse chromosome
11 - Mouse chromosome 14 - NiddIn - Nidd2n - Nidd4n -
NSY mouse

Abbreviations

BAT Brown adipose tissue

Chr Chromosome

gAUC  Area under the glucose concentration curve

ipGTT Intraperitoneal glucose tolerance test
ITT Insulin tolerance test

NSY  Nagoya—Shibata—Yasuda
QTL Quantitative trait locus
SNP Single nucleotide polymorphism
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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 cM) [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 Chrll1,
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-11"5Y14™SY 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-11NSY
and C3H-14™5Y) and double consomic strain
(C3H-11NSY14N8Y)

C3H-11"%Y mice (Electronic supplementary material
[ESM] Fig. 1) were produced by mating (NSY*C3H) 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
Chrl11 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™5Y mice (ESM Fig. 1) were constructed in the
same way as for C3H-11"5Y 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-11MY14™Y mice (ESM Fig. 1) were produced by
mating (C3H-11V8Y x C3H-14™Y) F1 with C3H-14"%Y 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 Chrll (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 Chrll
and heterozygous for the NSY-derived allele at all loci on
Chrl4 (25/109 mice; 22.9%). Offspring that were homozy-
gous for the NSY-derived allele at all loci on Chr14 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 Chrll
(average spanning less than 5 cM) 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-
11M5Y), 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-11N%Y, C3H-14™Y, C3H-
11NSY14NSY 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
(2AgAUC) and incremental AUC (XAiAUC) 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 YAIAUC+3XAgAUC.

@ Springer

Assessment of insulin resistance HOMA-IR, as an indicator
of insulin resistance, was calculated from the basal insulin
and glucose concentrations (fasting glucose x 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
insulin 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 i.p. 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 Gck 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"5Y mice

C3H-11™Y mice had 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
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12 months (Fig. 1a). 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-Chrl1 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-11"5Y 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-11N5Y
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

To further clarify the relationship of insulin resistance
with body weight and abdominal fat accumulation in C3H-
11N8Y anatomical analysis was performed. As shown in
Table 1, body weight and BMI in C3H-11N%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-11MY 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-145Y 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™5Y 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

: : NSY . - . . NSY
6 months and gets worse with age in the C3H-11 strain.  glucose did not contribute to hyperglycaemia in C3H-14
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Fig. 1 Phenotypic analyses of C3H-11"5Y. a IpGTT at 12 months of
age in C3H-11"5Y (1=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). ¢—f Longitudinal analyses of: (¢) glucose tolerance
(assessed by gAUC on ipGTT; n=28-56 C3H-11"Y and n=33-39

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-1 1N3Y 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"5Y 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 14NSY C3H-11MY C3H-14™Y C3H
Number of mice analysed 11 18 26 19 19

Blood glucose (ad lib) (mmol/l) 9.4+0.6"" 9.9+0.5"" 1T 8.1+0.2" 6.9+0.2 6.8+0.2
Insulin (ad lib) (pmol/l) 928.6+122.8""% 448.1+60.0"" T 226.0+12.8 306.1+31.5 189.7+19.1
Body weight (g) 49.5+1.5"88 35.140.6"" T4 31.0£0.5 30.9+0.7 32.1+0.5
Anal-nasal length (cm) 11.1£0.1788 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" T 0.288+0.004 0.296+0.005 0.300+0.003
Total fat (g) 3.269+0.1517"% 1.736+0.107""F 1.366+0.083 1.480+0.092 1.258+0.071
Epididymal fat (g) 1.356+0.076 "% 0.946+0.068™"T 0.707+0.054 0.783+0.053 0.647+0.042
Retroperitoneal fat (g) 1.044:£0.049™"8 0.207+0.020 0.156+0.013 0.187+0.018 0.134+0.014
Mesenteric fat (g) 0.869+0.055""%¢ 0.584+0.026" 0.502+0.021 0.510+0.029 0.476+0.022
Total fat/body weight (%) 6.63+0.30""%8 4.90+0.24"" 436+0.22 47240217 3.85+0.19
BAT (mg) 20134182788 139,547,171 77.6+4.7 84.8+4.8 93.146.3

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; " p<0.05, ' p<0.01 C3H-1175Y 14N5Y
vs C3H-11NY; # 5<0.01 C3H-11V5Y 1485Y s C3H-14™5Y; 8% p<0.01 NSY vs C3H-11N5Y [4NSY

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. 2¢). HOMA-IR was also significantly higher in C3H-
14™5Y 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™%Y strain.

To clarify the cause of insulin resistance in C3H-1
anatomical analysis was performed (Table 1). No significant
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Fig. 2 Phenotypic analyses of C3H-14"%Y, a IpGTT at 12 months of
age in C3H-14™Y (n=32; black squares) and C3H mice (n=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). ¢—f Longitudinal analyses of: (c¢) glucose tolerance
(assessed by gAUC on ipGTT; n=26-36 C3H-14™Y and n=33-39
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C3H mice); (d) insulinogenic index (n=15-30 C3H-14"5Y 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"%Y 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"5Y and C3H mice. The percentage
of fat-pad weight/body weight, however, was slightly but
significantly elevated in C3H-14"5Y 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-11NSY1478Y)

C3H-11N5Y14M5Y 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-11VY (p<0.05) and C3H-14"%Y mice (p<
0.01). Hyperglycaemia in C3H-11"5Y14™5Y 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-11"5Y14™Y was significantly
higher than in C3H mice at all ages (p<0.0001), but not as
high as in NSY mice (Fig. 3c). The insulinogenic index in
C3H-11M5Y14™Y 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-
11NSY14NSY mice was significantly impaired as compared

b

Body weight (g)

with C3H mice at all ages (Fig. 3¢). Insulin resistance in
C3H-11N5Y14N5Y 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-Chr11 and NSY-Chr14, but that
other component(s) are also necessary for full reconstitution
of the NSY phenotypes.

C3H-11M5Y14N%Y mice showed significantly higher
body weight than C3H mice at all ages (»<0.01) (Fig. 3b),
in contrast to no significant change in body weight in single
consomics, C3H-11"Y and C3H-14™5Y. These results
provide direct evidence for a genetic interaction between
NSY-Chrl1 and NSY-Chrl4, leading to obesity.

Diabetes-related phenotypes in single consomics,
C3H-11"Y and C3H-14™Y, and double consomic,
C3H-11N5Y14M5Y in comparison with parental strains,
NSY and C3H mice

As shown in Table 1, non-fasting blood glucose and insulin
in C3H-11NY14NY and C3H-11™Y mice were signifi-
cantly higher than those in C3H mice, whereas no
significant difference was observed between C3H-14N8Y
and C3H mice. C3H-11N5Y14N5Y mice showed significant-
ly higher body weight and BMI compared with C3H mice,
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Fig. 3 Phenotypic analyses of C3H-11™SY14%Y a IpGTT at
12 months of age in NSY (n=26; black triangles), C3H-11V5Y14N8Y
(n=23; black squares) and C3H mice (n=38; white squares). b
Growth curve in NSY (7=9-26; black triangles), C3H-11NSY 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-11™5Y14™5Y and n=33-39 C3H mice); d insulinogenic index
(n=8-20 NSY, n=16-22 C3H-11"5Y14™5Y 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"¥ 14N and n=16-21
C3H mice); and f insulin resistance (assessed by HOMA-IR; n=8-20
NSY, n=16-22 C3H-11"5Y14™Y and n=18-32 C3H mice). NSY
mice, black bars; C3H-11N5Y14NSY mjce, 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-
11™Y and C3H-14N5Y mice. Fat-pad weight and BAT in
C3H-11N5Y14N5Y mice were significantly greater than in
C3H mice, whereas C3H-11V%Y and C3H-14™%Y 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-
11N5Y14N5Y and C3H-14™5Y mice was significantly higher
than in C3H mice, whereas no significant difference was
observed between C3H-11N%Y and C3H mice.

As shown in Table 2, C3H-11N5Y14M5Y 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"Y14™5Y mice was similar
to that in C3H-11"5Y and parental NSY mice at all ages
(Figs. 1d, 3d and Table 2), whereas that in C3H-14™5Y 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-11NSY14NSY
mice was greater than in C3H-11N5Y and C3H-14™%Y 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 Chrl4, but that these two chromosomes
are not sufficient to fully reconstitute the phenotypes of the
parental NSY mice.

DNA sequence of Gck 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, 1295V
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"%Y and C3H-14™Y 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-11N5Y 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-11N8Y C3H-14N5Y C3H

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

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

Insulin sensitivity
aTT)* (m)

Insulin sensitivity
(HOMA-IR)? (n)

1,007.2£178.8"1T (13)

1,835.7+134.5™555 (23) 1,535.2 + 674" (28) 1,157.6+52.0" (32)
5.1+0.6"% (22)
231.9+309.2"" (23)

436.3+63.9"+% (22)

807.8+18.2 (38)
6.0£0.6" (19) 9.9:0.8 (30) 9.8+0.8 (32)
264.2+2432"" (18) 1,146.9+299.8 (20) 2,034.0:£144.0 (16)

201.4+26.4 (19) 194.7420.7 (30) 90.3+15.6 (32)

Values are total number or mean + SEM
? Assessed by gAUC during ipGTT (mmol/I xmin)

® Assessed by insulinogenic index (incremental AUC [£AiAUC] [pmol/l]) divided by incremental gAUC ([EAgAUC] [mmol/l]) during ipGTT

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

4 Calculated from the basal insulin and glucose concentrations (fasting glucose [mmol/1] 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-11VY 1475Y;
£p<0.05 C3H-11NSY 14NSY ys C3H-11MY; 88 5<0.01 C3H-11VY 14NSY v C3H-14M5Y

n, number of mice analysed
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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 129SV (Accession number L41631) 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™Y mice showed a slight but significant
increase in percentage fat-pad weight/body weight, suggest-
ing that insulin resistance in C3H-14"°Y 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-
11N%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"5Y 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-11"5Y 14N
with both NiddIn and Nidd2n, was produced. Although the
degree of hyperglycaemia in C3H-11VY14YSY was 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-11"5Y14™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 Chrl7, 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 KCNJI1I, KCNQI,
IGF2BP2, TCF7L2, MTNRI1B, 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-13, 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 Chrl1, 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-11"%Y mice in the
present study, were reported in mice with pancreatic beta
cell-specific targeted disruption of Gck [44]. In a large scale
mutagenesis project using N-ethyl-nitrosourea, it was
reported that a number of mutations in Geck 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"5Y and C3H-
11N3Y14N5Y mice.

In summary, the present study clearly provides direct
evidence that Chr11 and Chr14 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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