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Evidence for the Presence of Insulin-Dependent
Diabetes-Associated Alleles on the Distal Part
of Mouse Chromosome 6

Evie Melanitou,*? Florence Joly,? Mark Lathrop,® Christian Boitard,*
and Philip Avner?

2Unité de Génétique Moléculaire Murine, Institut Pasteur, 75015 Paris, France; 3The Wellcome Trust Center
for Human Genetics, Headington, Oxford OX3 7BN, UK; “Institut National de la Santé el de la Recherche
Meédicale (INSERM), Unité 342, Hopital Saint-Vincent-de-Paul, Pathologie Métabolique et Hormonale,
75014 Paris, France

Type | diabetes (IDDM) is a complex disorder with multifactorial and polygenic etiology. A genome-wide screen
performed in a BCl cohort of a cross between the nonobese diabetic (NOD) mouse with the diabetes-resistant
feral strain PWK detected a major locus contributing to diabetes development on the distal part of chromosome
6. Unlike the majority of other Idd loci identified in intraspecific crosses, susceptibility is associated with the
presence of the PWK allele. Genetic linkage analysis of congenic lines segregating PWK chromosome 6 segments
in a NOD background confirmed the presence of the ldd locus within this region. The genetic interval defined
by analysis of congenic animals showed a peak of significant linkage (P = 0.0005) centered on an [B-cM region
lying between D6Mitll and D6Mit25 genetic markers within distal mouse chromosome 6.

[Genetic markers polymorphic between the NOD and PWK strains are available as a supplement at http://www.

genome.org]

Insulin-dependent diabetes mellitus (IDDM) in hu-
man is a clinically heterogeneous disorder that is
characterized by severe insulin deficiency due to au-
toimmune destruction of the insulin-producing B
cells of the endocrine pancreas, by both humoral
and cell-mediated mechanisms (Bottazzo 1986).
Therapy with exogenous insulin is required to avoid
severe hyperglycemia and ketoacidosis, which can
result in diabetic coma and death. Its onset is most
common in the young with prevalences of up to 1%
recorded in some geographic areas, especially in
Northern Europe (Mimura 1982).

Both genetic and nongenetic factors contribute
to disease development, and as such it represents a
multifactorial disorder. Although the importance of
genetic factors in causing diabetes is well estab-
lished, both the number and identity of diabeto-
genic genes involved is uncertain.

In human, loci containing genes that confer
susceptibility to the IDDM have been identified in
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the HLA region of chromosome 6 (Davies et al.
1994; Hashimoto et al. 1994) and near the insulin
gene on chromosome 11p15 (Bell et al. 1984; Julier
et al. 1991). Other regions, also have been reported
as containing potential susceptibility loci (Hashi-
moto et al. 1994; for review, see Julier et al. 1996).
Recently, evidence for the presence of an additional
diabetogenic locus mapping to human chromo-
some 6, but outside the HLA region, has been iden-
tified (Luo et al. 1995; Delepine et al. 1997). At pre-
sent, the locus best characterized at the molecular
level, other than the HLA locus, is the 4.1-kb seg-
ment located near the insulin gene (Lucassen et al.
1993; Julier et al. 1994; Bennett et al. 1995; Homo-
Delarche and Boitard 1996).

The task of understanding the genetics of com-
plex human traits can be facilitated by the use of
experimental animal models. For IDDM, two ani-
mal models have been described and widely used,
the nonobese diabetic (NOD) mouse (Castano and
Eisenbarth 1990) and the BB (BioBreeding) rat (Ja-
cob et al. 1992).

The NOD mouse develops insulin-dependent
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diabetes spontaneously with remarkable similarities
to the human disease. As in human, the onset of
clinical diabetes in the NOD mouse is preceded by
progressive infiltration of the pancreatic islets of
Langerhans by mononuclear cells, predominantly T
lymphocytes and macrophages. The importance of
both non-major histocompatibility complex (non-
MHC) and MHC-linked susceptibility genes in dis-
ease development is another shared characteristic
(Makino et al. 1980). However, NOD mouse diabe-
tes shows distinctive features such as higher preva-
lence in female than in male animals.

The first Idd locus identified to be linked to and
correlate with susceptibility to disease was the MHC
locus on mouse chromosome 17 (Acha-Orbea and
McDevitt 1987; Lucassen and Bell 1995), designated
Idd1 (Todd et al. 1987). At least 16 additional Idd
loci have since been identified in crosses between
the NOD-susceptible strain and various diabetes-
resistant inbred laboratory strains, although none of
these non-MHC genes has yet been isolated (Wicher
etal. 1987; Garchon et al. 1991; Chesnut et al. 1993;
De Gouyon et al. 1993; Ghosh et al. 1993; Morahan
et al. 1994, Serreze et al. 1994; McAleer et al. 1995;
for review, see Vyse and Todd 1996). Loci such as
the insulin locus, which appears to play an impor-
tant role in human type 1 diabetes, have not been
shown, to date, to play a major role in controlling
susceptibility to diabetes in the mouse.

Attempts to define murine Idd loci more closely
have been hampered by the reduced penetrance
characteristic of multifactorial traits. Fine mapping,
using standard backcrosses or intercrosses, has
proven to be rather unproductive (Vyse and Todd
1996). An alternative approach for refining the ge-
netic interval containing the disease gene is the con-
struction of congenic strains. Such strains differ in
principal from the parental strain solely by the ge-
netic region that has been selected as specific for the
chromosome segment containing the gene respon-
sible for a given phenotype.

Previous studies on the genetics of interspecies
crosses with the NOD mouse have proven to be of
interest (De Gouyon et al. 1993; Hattori et al. 1993).
Using species or subspecies different from the Mus
laboratorus, to which the NOD strain belongs for
genetic studies, allows the introduction of addi-
tional genetic variation. This should allow the de-
tection of additional Idd loci, or segregate, as major
disease modifiers, loci that were not identified to be
of major importance in other crosses.

In this work we have studied the genetics of
type 1 diabetes in a backcross between the NOD
strain and the PWK feral inbred subspecies. The

PWK strain belongs to the Mus musculus musculus
subspecies, which separated from Mus musculus do-
mesticus some 1 million years ago (Bonhomme and
Guénet 1989). The experimental method chosen for
phenotypic evaluation in our study consists of the
induction of type 1 diabetes by cyclophosphamide
(CY). CY is an alkylating agent used to suppress im-
mune reactivity but may also increase immune re-
sponses, perhaps by selectively depleting regulatory
mechanisms, allowing effector cells to become
dominant (Haroda and Makino 1984). The diabetes
induced by CY is characterized by all of the clinical
futures seen in the spontaneous model. We assumed
that CY induction of type 1 diabetes might reduce
nongenetic variance due to environmental factors
and increase penetrance of the diabetogenic genes.
In addition, faster evaluation of the phenotypes can
be accomplished as animals are used at an early age
(6-8 weeks old), whereas >8 months of age is re-
quired for spontaneous phenotypes to develop.

Data presented in this report obtained from the
analysis of (NOD x PWK)F,; X NOD backcross sug-
gest that a major non-MHC locus controlling resis-
tance/susceptibility to disease development is local-
ized on distal chromosome 6.

To confirm and localize more precisely the
chromosome 6 locus we have adopted a strategy
based on the construction of congenic lines by in-
trogressing PWK donor segments of distal chromo-
some 6 into the NOD receiver strain. Phenotypic
and genetic linkage analyses of these congenic
strains, using both intercrosses and intercongenic
strain comparison, is simplified by the absence of
segregating PWK alleles other than those present in
the selected region of distal chromosome 6. This
approach has both confirmed and refined the initial
localization of this Idd locus to an [B-cM region cen-
tered around the D6Mit25 genetic marker.

RESULTS

Phenotypic Analysis of the BC! Progeny Derived
from a (NOD x PWK) x NOD Intersubspecific Cross

BC1 crosses allow easy detection of recessive suscep-
tibility modifiers and are commonly used for ge-
netic analysis studies of type 1 diabetes in the NOD
mouse (Risch et al. 1993). We have produced first
backcross (BC1) progenies by breeding diabetes-free
(NOD x PWK)F, females to the NOD parental
strain, and diabetes phenotypes have been assessed
after CY treatment. CY-treated PWK control animals
remain normal with histology scores never being
>1, whereas 77% of treated NOD control animals
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tested developed overt diabetes (histology score 6)
in our colony.

Currently, spontaneous diabetes (histology
score 6) affects 33% and 14.8% of female and male
animals, respectively, in our NOD colony. Insulitis
(histology scores 3-5) is observed in 66% of females
and 45.1% of males, whereas 40% of males and only
1% of females remain unaffected (histology 1 and 2)
at 1 year of age. This frequency reflects the nonspe-
cific pathogen-free housing conditions in the Pas-
teur Institute animal facility.

In the BC1 generation, 8% of the animals (seven
males and nine females) developed diabetes after CY
treatment (Fig. 1). Histological examination re-
vealed that 35% of the animals (31 males and 36
females), developed insulitis (histology grades of
=4) (Fig. 1).

Despite the use of CY the distribution of phe-
notypes observed in this (NOD x PWK)/NOD out-
cross closely ressembles those observed in crosses of
the NOD mouse with other standard laboratory
strains. When the laboratory mouse has been used
as the resistant partner in crosses to NOD, 25%-50%
of female animals have shown histology grades
more than 4 for spontaneous insulitis (Ikegami and
Makino 1993).

Genetic Analysis of the (NOD x PWK)NOD BCl
Progeny

DNA from the NOD and PWK parental strains was
analyzed with 140 microsatellite primer pairs spread
throughout the genome. A set of 107 (76%) poly-
morphic microsatellite markers were defined, of
which 98 were used for mapping the BC1 progeny.

Animal numbers

1 2 3 4 5 6

Histology scores
Figure 1 Distribution of phenotypes in the BC1
progenies after CY treatment. Animal numbers are re-
ported on the y-axis. Histology scores are 1-6 on the
x-axis. (Shaded bars) Females; (solid bars) males.
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These covered the mouse genome with a mean in-
termarker distance of 10.5 and 23.9 cM.

A multistep screening approach was adopted. A
near complete genomic screen was made using a
minimum of three evenly spaced informative mark-
ers per chromosome, followed by the use of addi-
tional markers lying close to known Idd loci. Where
initial evidence of linkage was found, additional
neighboring markers were also typed. Chromosome
6 was thus typed for 17 markers, and a precise an-
chored map covering the majority of the chromo
some established (Davies et al. 1995). The order of loci
on chromosome 6 was in agreement with that re-
ported on the composite map of the Mouse Chromo-
some 6 Committee Report (Elliot and Moore 1997),
suggesting that map positions of loci and genetic dis-
tances are unlikely to vary greatly in the NOD X PWK
cross from those reported for other crosses.

Linkage analysis showed evidence of linkage to
the histology scores with several markers covering
25 cM of the distal part of chromosome 6 with P
values ranging from 0.05 for the most proximal
marker D6Mit21 to 0.0013 for the most distal
marker D6Mit14 (Table 1).

Higher P values (data not shown) were obtained
by contingency table analysis based on the compari-
son of frequencies in the two extreme phenotypes:
normal (histology scores 1+2) compared to severely
diseased animals (histology scores 5+6). In our
whole genome scan no markers other than those on
chromosome 6 showed evidence of linkage at
P < 0.001. Usually in murine autoimmune disease
models P < 0.001 has been taken as sufficient evi-
dence to name a locus in a genome scan and under-
take additional experiments to confirm it (Lander
and Kruglyak 1995; Vyse and Todd 1996).

The linkage identified on distal chromosome 6
showed some interesting features: When cohorts
were split according to sex, male animals showed
clearly higher x? than females (Table 1). The major-
ity of the markers located on distal chromosome 6
showed significant linkage (P < 0.001) to the disease
phenotypes in the male group of animals but not in
females. The differences between the linkage to his-
tology scores in the two sexes were statistically sig-
nificant for two markers: D6Mit53 and D6Mit14, for
which the tests for sex differences gave probabilities
P =0.011 and P = 0.020, respectively (Fig. 2).

Inspection of the haplotypes corresponding to
this part of the chromosome showed that 11 of the
16 animals (69%) with diabetes were NOD/PWK
heterozygous for distal chromosome 6 alleles (Table
1, marker Ly4). An increase of NOD/PWK genotypes
was also seen in severe insulitis (score 5) with 18 of


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

TYPE 1 DIABETES ALLELES LIE ON MOUSE CHROMOSOME 6

Table 1. Polychotomous Linkage Analysis and Association of Distal
Chromosome 6 Markers with Type 1 Diabetes Phenotype in BC1
(NOD/PWK x NOD) Progenies
Severe
Normal Insulitis insulitis Diabetes
(1+2)  (3+4) ) ®)
Locus N/N:N/P  N/N:N/P  N/N:N/P  N/N:N/P X2 P value
Sex combined
D6Mit21 54 :50 23:22 11:15 5:11 3.98 0.05
D6Mit53 57 :48 21:24 10:16 5:11 796 0.01
D6Mit11l 59 : 46 21:24 9:17 5:11 12.15 0.00049
Ly4 58 : 47 21:24 8:18 5:11 12.29  0.00045
D6Mit25 60 : 45 20:25 9:17 5:11 12.11  0.0005
D6Mit14 60 : 45 19:26 9:17 6:10 10.31 0.0013
Males
D6Mit21 35:25 9: 8 4:10 3: 4 6.60 0.01
D6Mit53 37:24 7:10 3:11 3: 4 14.18 0.00016
D6MIit11l 35:26 8: 9 3:11 3: 4 11.32 0.00076
Ly4 35:26 8: 9 2:12 3: 4 13.29 0.00026
D6Mit25 37:24 8: 9 2:12 3: 4 13.08  0.00029
D6Mit14 37:28 7:10 2:12 3: 4 14.50 0.00014
Females
D6Mit21 19:25 14 : 14 7: 5 2: 7 0.01 0.95(N.S)
D6Mit53 20:24 14 :14 7:5 2: 7 0.03 0.95(N.S)
D6Mit11l 24 :20 13:15 6: 6 2: 7 249 0.20 (N.S)
Ly4 23:21 13:15 6: 6 2: 7 1.76  0.20 (N.S.)
D6Mit25 23:21 12:16 7: 5 2: 7 1.48 0.30 (N.S.)
D6Mit14 23:21 12:16 7: 5 3: 6 0.50 0.50(N.S))

26 animals being NOD/PWK. When milder forms of
the disease (insulitis scores 3+4), or normal animals
(insulitis scores 1+2) were examined, the NOD/PWK
genotype was found in <50% of the animals (Table
1). These data suggest that a NOD-resistance allele
lies within the region.

The x? values in Table 1 indicate that a disease
locus is located between D6Mit11 (x* = 12.15, at 43
cM from the centromere) and D6Mit14 (x? = 10.31,
(60 cM from the centromere). No clear peak value
was obtained when the x? values were plotted
against genetic distances corresponding to this part
of the chromosome (Fig. 2). The absence of an evi-
dent peak and the rather flat probability distribu-
tion within this interval suggested that additional
markers corresponding to this region were unlikely
to provide more refined evidence for linkage or al-
low the precise definition of the genetic interval
corresponding to the disease-associated locus using

the present set of animals. Consequently, other ap-
proaches were adopted to confirm and refine this
localization.

Construction and Analysis of NOD.PWK®'
Congenic Strains

To confirm and localize more precisely the diabetes-
associated gene(s) lying in the distal part of chro-
mosome 6, we have adopted a strategy based on the
construction of congenic lines by introgressing
PWK donor genetic material for this part of the
chromosome into the NOD mouse genome. Segre-
gation of PWK-derived alleles for distal chromo-
some 6 in the congenic lines allowed us to assess the
implication of these alleles in the diabetes pheno-
types in the absence of other PWK-derived genetic
material. Repetitive backcrosses to NOD have been
performed with breeder selection based on the pres-
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Figure 2 Statistics for the contribution of distal chro-
mosome 6 genetic interval to type 1 diabetes in the
BC1 progenies. x? values are calculated by a poly-
chotomous genetic analysis regression test (see Meth-
ods). Genetic distances between markers are calcu-
lated as reported previously (Davies et al. 1995). Num-
bers of recombinants are given for each interval
between the genetic markers as calculated in the BC1
progenies. MIT map distances are from public data
banks (Dietrich et al. 1994).

ence of a PWK-derived allele for chromosome 6.
Animals used as breeders were selected for hetero-
zygosity at four markers, D6Mit21, D6Mitl1,
D6Mit25, and D6Mit26, located at positions 30, 43,
52, and 57 cM.

At the seventh backcross generation (N8), male
and female heterozygous animals have been se-
lected and used for brother/sister mating to produce
the N8F1 generations. Recombinant animals are
thus generated carrying the NOD/NOD, NOD/PWK,
and PWK/PWK genotypes for distal chromosome 6
alleles. To produce additional NOD/NOD animals
for distal chromosome 6 for use as an internal con-
trol, BC7 generation progenitors NOD/NOD, homo-
zygous for this part of the chromosome, were se-
lected in parallel. A total of 419 N8F1 congenic ani-
mals were CY-treated and assessed for phenotypes
prior to genetic analysis. Both intercross analysis of
congenic strains and intercongenic strain compari-
sons have been undertaken.

When the phenotypes of NOD/PWK heterozy-
gotes were examined (Fig. 3B), an excess of animals
(55% compared to 32%) developed the final stages
of the disease (5+6) in comparison with those re-
maining unaffected (scores 1+2, Fig. 3A) (P = 0.002).
The presence of a single PWK allele at loci between
the D6Mit25 marker and the telomere is associated
with an [20% increase in diabetes (Fig. 3A,B). In
contrast, the presence of two NOD alleles within the
distal part of the locus did not appear to increase
diabetes or insulitis frequency. Considerably more

612 @ GENOME RESEARCH

animals (52%) with this genotype remained unaf-
fected (1+2) after CY treatment than developed
(40%) high histology scores (5+6) (see also Table 2).
This is consistent with the presence of a NOD reces-
sive resistance allele within this interval, affecting
mainly the onset of severe insulitis and diabetes
with only a small or no effect on the milder forms of
insulitis (3+4) (Table 2). No such effect was associ-
ated with the most proximal part of the region ex-
amined around the D6Mit21 marker, as approxi-
mately equal numbers of NOD/PWK animals have
been observed in the 1+2 (47%) and 5+6 (44%) phe-
notypic classes (Table 2; Fig. 3A,B).

Comparison of PWK/PWK homozygotes with
NOD/PWK heterozygotes for the most distal region
seems to indicate that the presence of a second PWK
allele decreases the effect of this region (D6Mit25-
D6Mit26) on the disease. Fewer PWK/PWK animals
(48%) showed severe phenotypes when compared
to the NOD/PWK animals, whereas 55% developped
the disease (Fig. 3B). This could be interpreted by
the presence of a second gene acting as a diabetes
NOD susceptibility allele in the most distal part of
chromosome 6. Additional experimental evidence
from the analysis of second-generation congenic
lines constructed from these strains is required,
however, to verify this hypothesis.

A Phenotypes 142
(NORMAL)

[y
=

E50k cmmm= = m T © NOD/NOD
z
E Y ST PWK/PWK
E .................... B NoD/PWK
: 30
Z T . .

DoeMirz1 D6Min1 D6Mi25 D6Min26 P

Telomere
B Phenotypes 5+6
(DIABETES)
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o % LA H NOD/PWK
&
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- YNAPPRRRY PWK/PWK
E o - oo
g 40 TTO - O NOD/NOD
: 30
z W . .

DeMin1 Dé6Mitll D6Mir25 noMirze  ——p»

Telomere

Figure 3 Genetic contribution of distal chromosome
6 in type 1 diabetes phenotypes as studied in congenic
lines. (A) Normal (1+2) phenotypes; (B) severe disease
phenotypes (5+6) of NOD.PWK®"® congenics lines.
The number of animals is reported as the percentage of
the number observed for a given phenotype for each
genotype compared to the total number of animals of
this genotype (see also Table 2).
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Table 2. Genotype Distribution and Statistics for Distal Chromosome 6
in NOD.PWK®""® Congenic Animals (N8F1 Generations)

Normal Insulitis Severe phenotype

1+2) (3+4) (5+6)
Locus N/N : N/P : P/P N/N : N/P : P/P N/N : N/P : P/P P value

Combined

D6Mit21 91:68:28 15:13:9 83:64:31 N.S.
D6MiIt11 119:47:19 18:17:1 97 :53:29 N.S.
D6Mit25 135:35: 20 20:14:3 105:59: 23 0.005
D6Mit26 136:32:24 24: 8:5 107 : 49 : 27 0.025

When the entire cohort was analyzed, signifi-
cant linkage to diabetes was established for the
D6Mit25 marker, with the presence of a PWK allele
at this locus being associated with an increase in
disease onset (P =0.005) (Table 2). When female
and male animals were analyzed separately, the sig-
nificantly higher contribution of males to the dis-
ease, observed at the BC1 generation, was not ob-
served in the congenic lines. Female animals
showed significant linkage of the D6Mit25 marker
to diabetes (P =0.001) (data not shown). The sex
difference observed in the congenic animals was not
statistically significant. This descrepancy between
the congenic and the BC1 data could be a reflection
of the increased presence of the NOD genome in
these lines, with the reappearance of a higher preva-
lence of the disease in female animals reflecting the
known characteristic to the NOD strain. Three dif-
ferent methods of statistical analysis (see Methods)
of the congenic data have given similar results (data
not shown). The statistics corresponding to this ldd
locus on the distal part of chromosome 6 are repre-
sented schematically on Figure 4. A clear peak for
linkage is associated with the D6Mit25 marker locus
(P =0.005).

These data therefore confirm the presence of a
diabetes-resistance gene within this region initially
detected by the analysis of BC1 progeny. With the
aim to better define the interval containing the dia-
betes gene(s) we have performed linkage analysis
using pooled data corresponding to three different
genetic intervals of distal chromosome 6. These in-
tervals have been defined as follows: In interval I,
animals were pooled according to NOD homozygos-
ity, PWK homozygosity, or NOD/PWK heterozygos-
ity, defined by the genotypes corresponding to the
two most proximal markers D6Mit21 and D6Mit11.
Interval Il was defined similarly, but taking into
consideration genotypes corresponding to the

D6Mitll and D6Mit25 genetic markers. Interval Ill
corresponds to the genotypes within the D6Mit25
and D6Mit26 span for the most distal markers ex-
amined (Fig. 4).

Chromosome 6 Anchored Molecular map
D6Mit1
Wnt2

D&MitdR
Pax4

Terb
D6Ndsd

CONGENIC INTERVALS
NOD.PWK( 6/21-6/2
D6Mit17, Cdsa _ Ml 5, ¢ L ( ) 6/26)
Cdsh Ao Statistics of distal
chromosome 6
(%2 and p values)
0 5 10 _/i
p6Mit21  —R 29.5 ]
ns
NOD.PWK!
D6Mits3  —1f 369
peMitll N 432 ns
D6Mitss —p 43.7
Cds —Qabd NOD.PWKIL
D6Mit2s —l 526 p =0.005
NOD.PWK III
D6Mit26 D6Mitld —Isas p =0.025

Figure 4 Localization and statistics for markers on
distal chromosome 6. NOD.PWK"" or NOD.PWK" cor-
responds to the subset of congenic animals used for
evaluating the contribution of each interval (I, II, 1lI)
containing diabetes resistance and/or susceptibility al-
lele(s) on the distal part of chromosome 6. P values
correspond to contingency table analysis of the com-
bined sex data (see also Table 2). The anchor map for
mouse chromosome 6 is adapted from previously pub-
lished data (Davies et al. 1995).
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Phenotypic analysis of animals corresponding
to each interval has shown that NOD/PWK hetero-
zygous and PWK/PWK homozygous animals for in-
terval Il have the highest incidence of severe phe-
notypes (51% and 62%, respectively), when com-
pared with NOD/NOD homozygous (37%) for the
same region (Table 3). Polychotomous linkage
analysis comparing the NOD/NOD versus NOD/
PWK + PWK/PWK genotypes showed that interval
11, defined by the markers D6Mit11-D6Mit25, carries
the highest significance for linkage (P = 0.0005;
Table 4). It is evident that the diabetes incidence
observed upon replacement of one or both NOD
alleles suggests the presence of a NOD-resistance
disease modifier within this interval. As the pro-
genitors of the N8F1 congenic animals used in this
analysis were chosen based on retained heterozy-
gosity for a large segment (25 cM) of distal chromo-
some 6, neither the presence of more than one gene
affecting phenotypes nor the presence of epistasis
between different effector genes located within this
region can be excluded. The polychotomous linkage
analysis confirmed the identification of a single
peak within the D6Mit11-D6Mit25 interval. The
diabetes-associated gene(s) therefore must be local-
ized to an interval of [® cM within the distal part of
chromosome 6. Additional congenic lines fixed for
the presence of NOD or PWK alleles at loci within
the genetic interval defined in our study will be nec-
essary to establish with precision the exact location
of the gene(s). Preliminary data from the analysis of
second generation NOD.PWK congenic lines have
shown a large increase in diabetes incidence when
compared with congenic lines having NOD alleles
fixed for the same region (E. Melanitou, unpubl.).
Further analysis of these congenic lines will eventu-
ally allow confirmation of the presence of more
than one gene(s) and enable the study of possible
gene interactions within this region (our ongoing
experiments).

DISCUSSION

Our whole genome scan of the (NOD X PWK)F; X
NOD backcross cohort has provided interesting in-
sights into the genetic control of autoimmune dia-
betes in the NOD mouse within an intersubspecific
genetic background. Five loci showed weak linkage
to diabetes phenotypes, with the most convincing
evidence being obtained for a locus on distal chro-
mosome 6. The greater genetic diversity introduced
by the PWK strain and the possible segregation of
additional resistance genes contributed by the PWK
genome could, by disguising the effects of NOD-
positive disease modifiers, account for the relatively
weak linkages we have observed in the BC1 prog-
eny. In crosses between NOD and more closely re-
lated standard laboratory strains, the number of re-
sistance alleles shared between the parental strains
may be greater. Nonsegregation of these loci may
increase the resolving power of genetic analysis for
those actually segregating and showing linkage to
the disease.

Two of the initial loci identified in the BC1
progeny were on chromosome 3 (D3Mit7 and
D3Ndsl), one was on proximal chromosome 14
(D14Mit5), and one was on chromosome 17
(D17Mit9) close, but distal, to the MHC locus (data
not shown). As high levels of significance were not
attained for the chromosome 3, 14 and 17 loci,
these findings will require independent confirma-
tion. The large number of different Idd loci identi-
fied in crosses of NOD with different strains of the
laboratory mouse suggests that extensive genetic
heterogeneity characterizes autoimmune diabetes
in the mouse. Major, that is, common to all crosses,
loci affecting diabetes onset, with the exception of
the MHC-linked gene(s), appear nonexistent or dif-
ficult to identify. It is worth noting, however, that
three of the localizations detected in our cross lie
near or within regions containing Idd loci identified

Scores 5 + 6)

Table 3. Severe Phenotypes of Chromosome 6 Congenic Intervals (Histology

N/N vs. total N/N

N/P vs. total N/P P/P vs. total P/P

Interval Locus (%) (%) (%)

| D6MiIt21-11 63/149 (42) 28/63 (44) 17/29 (58.6)
I D6Mit11-25 77/206 (37) 36/71 (51) 18/29 (62)
I D6Mit25-26 99/247 (40) 40/73 (55) 15/35 (43)

Numbers of animals are reported for the corresponding genotype for each genetic interval. Percentages are
calculated vs. the total number of animals observed for each genotype.
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of Distal Chromosome 6

Table 4. Genotype Distribution for Each Phenotype and Statistics for the Three Gene Intervals

Severe

Normal Insulitis phenotype

1+2 (3+4) (5+6)
Interval Locus N/N : N/P : P/P N/N : N/P : P/P N/N : N/P : P/P x? P value

Sex combined

I D6Mit21-11 75:26:11 9:1 63:28:17 1.55 N.S.
Il D6MIit11-25 113:24:11 16:11:0 77 :36:18 11.39 0.0005
I D6Mit25-26 128:25:18 8:2 99:40:15 2.82 N.S.

(NS) Not significant.

Modification of the polychotomous linkage analysis allowed the NOD/NOD genotypes to be assessed against the pooled NOD/PWK +
PWK/PWK genotypes for each histology class. This is a 1 degree of freedom test. Congenic interval analysis for distal chromosome 6.

in other cross designs (Todd et al. 1991; De Gouyon
et al. 1993; Ghosh et al. 1993; Ikegami et al. 1995).
It remains to be confirmed whether or not the same
gene(s) within the identified regions are responsible
for the disease in the different crosses.

We have also assessed the implication of the
MHC in the diabetes phenotypes of the
(NOD x PWK)/NOD outcross. We first showed that
class 1l molecules expressed by the PWK strain are
clearly distinct from NOD class Il molecules. The
PWK strain not only expresses I-E unlike NOD
(Acha-Orbea and McDevitt 1987) but also carries an
I-A molecule distinct from the one carried by NOD
(Hattori et al. 1986; data not shown). In our cross
configuration, 25% and 66% of the diabetic and
prediabetic animals, respectively, inherited a single
NOD allele at the MHC locus (data not shown). This
rather weak association of the MHC with type 1 dia-
betes may reflect the segregation of other loci inter-
fering with the classical expectation of a clear MHC
association. Yet similar data have been obtained
previously in a cross between the NOD and SEG
strains (De Gouyon et al. 1993).

Genetic analysis of the BC1 progeny has shown
linkage to five markers lying within 25 cM on distal
chromosome 6. The data are consistent with the
presence of a diabetes-resistance allele at a locus de-
fined by the D6Mit25 marker (Table 1; P = 0.0005).
The significance of linkage to the disease pheno-
types, shown by the combined sex data, is contrib-
uted mainly by the male subgroup of BC1 progenies
(Table 1; and P value for sex difference, P<0.01). Sex
differences in linkage significance have not been re-
ported previously for any of the 16 known ldd loci.
However, the experimental designs of other inves-

tigators have been either centered on female prog-
eny or have ignored the sex of the animals under
analysis. It is unlikely that this sex linked effect is
due to the use of CY for diabetes induction, as NOD
animals treated with CY in our animal facility de-
velop overt diabetes in similar numbers in both
sexes. The sex difference observed concerning the
chromosome 6 allele contribution to the disease on-
set in the BC1 generations seems to be rather spe-
cific to the presence of PWK genome in this cross.
One hypothesis could be that environmental factors
as well as the hormonal status of the animals (i.e.,
the presence or absence of male hormones) may in-
fluence the expression of the chromosome 6 diabe-
tes-associated gene(s) in this genetic background.
The use of congenic lines has proven to be a
very powerful approach in the dissection of com-
plex characters, as it allows confirmation or rejec-
tion of a disease locus previously identified by ge-
netic studies applied to the entire genome (Wicker
et al. 1992, 1994; Lord et al. 1995; Podolin et al.
1997). In this study double emphasis has been given
to the use of congenic strains both to provide a sim-
plified intercross environment for linkage analysis
as well as to allow intercongenic strain comparison.
The progenitors of our congenic animals were
initially selected for heterozygosity over a region
spanning 25 cM of distal chromosome 6. The study
of NOD.PWK®""® congenics has allowed us to re-
strain the candidate region found from the analysis
of the BC1 cohort to an interval of 9 cM flanked by
the D6Mitl11 and D6Mit25 genetic markers. Analysis
of additional congenic lines carrying more restricted
regions of chromosome 6 derived by recombination
will allow confirmation of the eventual presence of
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more than one locus and enable the study of pos-
sible gene interactions within distal chromosome 6
to be undertaken (our ongoing experiments).

Implicit in this analysis of the congenic lines is
that the NOD diabetogenic genes were fixed by the
N8 generation and that any differences observed in
the phenotypes at this point can be attributed to the
effects of gene(s) present in the region of distal chro-
mosome 6. By generation N5 the prevalence of dia-
betes after CY treatment in animals that are NOD/
PWK heterozygous for distal chromosome 6 ex-
ceeded the frequencies observed for spontaneous
diabetes of the NOD parental strain in our colony
(data not shown). Comparisons between Idd loci
identified in different crosses are rendered complex
both by the lack of precision in whole genome scan
localizations and the eventual large number of ldd
loci involved. Recent data concerning the I1dd3 and
1dd10 loci on mouse chromosome 3, using congenic
lines, suggest interaction between at least three
closely linked genetic determinants (Podolin et al.
1997).

Two previous studies have found evidence for
linkage with markers located within the distal part
of chromosome 6 (Ghosh et al. 1993). None of these
loci seems to correspond to the locus studied here.
In the case of the cross of NOD with the C57BI/6
strain, which detected weak linkage to the disease
with the D6Mit14 marker located on the most distal
part of chromosome 6, a NOD susceptibility allele
was identified (Ghosh et al. 1993). This gene was
not detected in our cross. In another study, a non-
obese nondiabetic (NON) susceptibility allele was
detected within a similar region in an F, cross of
NOD with the NON strain (McAleer et al. 1995).
Because this locus could not be identified in the BC1
progeny it seems again unlikely to correspond to the
Idd PWK locus that we have identified (provision-
ally named 1dd19).

Distal chromosome 6 contains a number of
genes, which may represent excellent candidates for
the disease, including loci associated with processes
involved in the etiology of both autoimmunity and
type 1 diabetes. Candidate genes include the locus
controlling dexamethasone-induced apoptosis
(Penha-Gongalves et al. 1995) and the structural or
regulatory gene implicated in the expression of an
antigen recognized by an islet-specific and diabeto-
genic T-cell clone (Dallas-Pedretti et al. 1995).

Other candidate genes also lie within this re-
gion, including the gene coding for the tumor ne-
crosis factor receptor (TNFR2) (Goodwin et al.
1991), the natural killer (NK) gene complex (Clark et
al. 1981; McCoy et al. 1984), and the gene coding
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for hematopoietic cell phosphatase (HCP) (Plutzky
et al. 1992). A locus controlling Bordetella pertussis-
induced histamine sensitization also maps to the
distal part of chromosome 6 (Sudweeks et al. 1993).
B. pertussis toxin is used for induction of experimen-
tal allergic encephalomyelitis (EAE) in mice, which
represents the primary animal model for multiple
sclerosis, a human disorder with immunopathologi-
cal etiology (Martin et al. 1992). Experimental ap-
proaches based on the genetic analysis of NOD.P-
WK® congenic lines carrying restricted fragments
of the donor strain combined with a candidate gene
approach are being pursued to define at the molecu-
lar level the gene(s) responsible for the disease on-
set. Further refinement of the genetic interval con-
taining the diabetes gene in this region of chromo-
some 6 should allow tightly targeted linkage studies
to be undertaken in human. IDDM loci have yet to
be identified within the region of human chromo-
some 12p12-13 homologous to distal mouse chro-
mosome 6 (Baens et al. 1995).

METHODS
Animals

NOD/Lt mice at generation F48, were obtained from E. Leiter
(The Jackson Laboratory) and maintained in our research
colony by brother/sister mating. Female NOD animals were
mated with males of the PWK feral-derived inbred strain,
which is maintained in our colony by brother/sister mating.
F, females were subsequently backcrossed to NOD/Lt males to
produce BC1 generations. A total of 192 BC1 animals were
analyzed for their diabetes phenotypes (see below).

For the construction of the chromosome 6 congenic
lines, first backcross males selected for NOD/PWK heterozy-
gosity at the distal part of chromosome 6 were crossed with
NOD females to produce BC2 progenies. In total, seven suc-
cessive backcrosses to the NOD parent were performed by
selecting progenitors for heterozygosity using four microsat-
ellite markers (as indicated in Results) located within a 25-cM
region of the distal part of chromosome 6. The progenitors
used for the establishment of our congenic lines were also
selected for NOD MHC homozygosity, using the D17Mit24
microsatellite marker, which maps to the MHC region on
mouse chromosome 17 and detects allelic variation between
NOD and PWK mice (Dietrich et al. 1994, 1996; Copeland et
al 1993).

Congenic progeny was first tested at the BC4 generation
for diabetes phenotypes after CY treatment. At BC7 (N8), both
male and female animals selected for NOD/PWK heterozygos-
ity were intercrossed to create the N8F1 generations. BC7 ani-
mals homozygous for NOD alleles at distal chromosome 6 loci
were also selected for separate intercross breedings to generate
large numbers of NOD.PWKC6-11n/n gnimals as internal con-
trols for our experiments (see below). A total of 419 N8F1
congenic animals were derived, treated with CY, and sub-
jected to phenotype assessment.

All animals used in our study were housed under the
standard conditions pertaining at the Pasteur Institute.
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CY Treatment

CY (Endoxan-Asta Laboratories) was prepared immediately
before injection at a final concentration of 10 mg/ml in PBS.
Eight-week-old BC1, BC4, and N8F1 animals received two in-
traperitoneal injections of 200 mg/kg at 14-day intervals. Ani-
mals were monitored for glucose detection in urine (Glu-
cotest; Boehringer Mannheim) and assessed for glycemia 14,
21, and 28 days after the first injection by using test strips and
a colorimetric assay (Haemogluctest and Reflolux F; Boe-
hringer Mannheim). Diabetes was diagnosed when perma-
nent-fasting glycemia of >3 grams/liter was observed.

Histopathology

Pancreata removed 14 days after the second CY injection or
from untreated animals at least 40 weeks old were fixed in
Bouin’s solution. Four-millimeter sections from at least three
noncontiguous tissue levels were stained with hematoxylin
and eosin, and insulitis was scored on a minimum of 15 islets
per mouse. Histology grades were assigned on a scale of 1-6
based on the percentage of islets showing a lymphoid infil-
trate within and around the islets. The following classification
system was used: (1) normal islets; (2) peri-islet infiltration
with no reduction of islet mass, no insulitis; (3) insulitis in
20% of the islets; (4) insulitis in 20%-80% of the islets; (5)
extensive insulitis with significant reduction in islet mass
(>80%); and (6) extensive insulitis with only few residual is-
lets remaining and overt diabetes. In some experiments (see
Results) the histology scores were grouped for simplicity as
follows: scores 1+2 for normal phenotypes, 3+4 for insulitis,
and 5+6 for severe forms of the disease, corresponding to ani-
mals with extensive insulitis, significant islet mass reduction,
and the presence of hyperglycemia.

Histology scores were obtained from 192 BC1 and 419
N8F1 congenic animals after CY treatment. Twenty PWK and
an equivalent number of NOD control animals were also
treated with CY and analyzed histologically.

DNA Extraction

DNA was prepared from splenocytes as described previously
(De Gouyon et al. 1993) and from mouse tails using standard
methods with minor modifications : 1.5 cm of tail was cut and
put into a tube containing 700 pl of lysis buffer (50 mm Tris at
pH 8, 100 mm EDTA, 100 mm NaCl, 1% SDS). After addition of
35 pl of 10 mg/ml solution of proteinase K (Merck 24568, EM
Biochemicals) dissolved in H,O, and incubation at 55°C for
8-18 hr, 20 pl of RNase A (Worthington no. 5679, 13 pg/ml)
was added. DNAs were extracted once with phenol/
chloroform (1:1), and the aqueous phases precipitated with
isopropanol. Pellets were washed twice with ethanol (70%
and 100%) and dried. DNAs were taken up in 500 pl of H,O.

Genotyping

DNA from NOD and PWK parental strains was analyzed with
140 microsatellite primer pairs. Sequences for the polymor-
phic PCR-based microsatellite loci primers, as described
(Copeland et al. 1993; Dietrich et al. 1994, 1996), were syn-
thesized by Genset (Paris, France). All reactions were carried
out in 96-well U-bottom flexible plates with 50 ng of DNA in

a total volume of 10 pl using PCR mix containing, 200 nm of
each primer, 0.2 mm each dNTPs, 1.5 mm MgCl,, 1 unit of Taq
polymerase (GIBCO BRL), and 0.03 pl of [*2P]dCTP (3000 Ci/
mmole). Amplifications were carried out in a Techne PH-3
DNA thermal cycler. An initial denaturation step of 3 min at
94°C, was followed by 30 cycles of denaturation at 94°C for 15
sec, annealing at 55°C for 2 min, and elongation at 72°C for 2
min. This was followed by a final elongation step of 7 min.
Two or more primer pairs were usually coamplified in the
same reaction as described previously (Melanitou et al. 1996).
Amplified samples were analyzed on 6% (wt/vol) acrylamide
sequencing gels. The gels were directly exposed to X-ray au-
toradiographic film (XAR, Kodak, Rochester, NY). Exposure
time was usually for 12 hr at —80°C.

Genetic Analysis

Histology scores were considered as ordered categories of se-
verity, and linkage was evaluated by a log-linear polychoto-
mous regression model applied to the multimonial data as
described previously (Ghosh et al. 1993). This provides a like-
lihood ratio test for the trend of a genotype frequency to
increase or decrease with increasing histology scores. Two
genotypes are possible in the backcross cohort, and the log-
linear polychotomous regression model has 1 degree of free-
dom (df) for the test of linkage. In the case of the N8F1 con-
genic cohort, three genotypes may be present and the log-
linear polychotomous regression model has 2 df in the test of
linkage.

Three different approaches were used for testing linkage
to markers lying within the distal part of chromosome 6 in
the congenic lines. Contingency table analysis was based on
the comparison of frequencies of the three genotypes in the
two extreme classes defined by histology scores 1+2 and 5+6.
Polychotomous linkage analysis compared the frequency of
NOD/NOD versus the NOD/PWK genotypes in all classes. Fi-
nally, a modification of the polychotomous analysis allowed
the NOD/NOD genotypes to be assessed against the pooled
NOD/PWK + PWK/PWK genotypes for each histology class,
corresponding to the data reported in Tables 2 and 4.
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