Markers on Distal Chromosome 2q Linked to
Insulin-Dependent Diabetes Mellitus
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Insulin-dependent diabetes mellitus (IDDM) is a multigenic autoimmune disease. An
IDDM susceptibility gene was mapped to chromosome 2g34. This gene may act early
in diabetogenesis, because “preclinical” individuals also showed linkage. Human leu-
kocyte antigen (HLA)-disparate, but not HLA-identical, sibs showed linkage, which was
even stronger in families with affected females. The genes encoding insulin-like growth
factor-binding proteins 2 and 5 were mapped to a 4-megabase pair interval near this
locus. These results indicate the existence of a gene that acts at an early stage in IDDM
development, screening for which may identify a specific subset of at-risk individuals.

IDDM is characterized by lymphocytic in-
fileration of the pancreatic islets and T lym-
phocyte-mediated destruction of insulin-
producing B cells (1). In both humans and
diabetes-prone nonobese diabetic (NOD)
mice, genes that map to the major histo-
compatibility complex are important in the
disease process (2). Studies of NOD mice
have mapped at least 12 other susceptibility
genes to specific chromosomal locations (3,
4). In humans, markers near the insulin and
insulin-like growth factor (IGF) loci are
associated with IDDM (5). Recently, a
genomewide scan found evidence for up to
18 human chromosomal regions linked to
disease loci (6); however, the significance
of many of these was questioned by a sub-
sequent analysis (7) that concluded that
genome scans for linkage require maximized
lod (logarithm of the odds ratio for linkage)
score (MLS) values higher than those dem-
onstrated. Other susceptibility loci have
been mapped by either genomewide scans or
tests of candidate genes to human chromo-
somes 2q, 6, 11, and 15 (8-10). We adopted
a different strategy, restricting our search to
potential human homologs of NOD suscep-
tibility genes. Given the map location of
these genes, and the known synteny rela-
tions of the mouse and human genomes, we
identified chromosomal regions most likely
to contain the corresponding human ho-
mologs. We now describe the search on
human chromosome 2q for susceptibility
genes corresponding to Idd5, which affects
infiltration of lymphocytes into islets (4).
1dd5 is located on proximal mouse chro-
mosome 1 (4). We estimated that the cor-
responding location in the human genome
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would be near the microsatellite markers
D2S128-D2S164-D2S126  and  therefore
typed multiplex families at markers in this
interval as well as at flanking markers.
Analysis of 98 affected sib pairs is shown in
Table 1. The strongest evidence for linkage
was apparent with the markers D2S137-
D28S301-D2S164, for which MLS values
(I1) in excess of 2.5 were obtained. In
linkage studies not based on genome scans,
MLS values of >2.3 may be taken as signif-
icant evidence for linkage (11, 12). We
designate the diabetes susceptibility gene
linked to D2S164 as IDDM13.

Human distal chromosome 2q contains
many genes that could play a role in
IDDM, such as those encoding CTLA4,
CD28, the interleukin-8 receptor (IL8R),
natural resistance—associated macrophage
protein (NRAMP), and insulin-responsive
substrate 1 (IRS1) (13). To determine the
relation of these genes to the microsatel-
lites tested, we typed the multiplex fami-
lies for inheritance of polymerase chain

reaction—based alleles at some of these
markers (Table 1). CTLA4 and CD28 are
within 150 kb of each other, whereas IL8R
and NRAMP are both physically very
close to VIL (13) and the microsatellite
marker D2S1471 (9). Multipoint linkage
analyses placed CTLA4-CD28, D2S1471
(and hence VIL, IL8R, and NRAMP), and
IRS1 in the order shown in Table 1. MLS
values obtained for these loci were less
than those obtained in the D2S137-
D2S164 interval, so they were not consid-
ered further as candidates for IDDM13.

Because human leukocyte antigen (HLA)
genes exert the single greatest influence of
any IDDM susceptibility genes, the interac-
tion of the HLA complex with IDDM13 was
analyzed by following the inheritance of
markers in those sibs who shared identical
HLA haplotypes and in those who differed
in HLA haplotype (Table 2). Significant
linkage was observed in sib pairs who had no
more than one HLA haplotype in common.
There was no evidence for linkage to mark-
ers near IDDMI3 in those sib pairs who
shared identical HLA haplotypes, suggesting
that in the presence of two copies of the
HLA susceptibility haplotype there was no
requirement for identity at IDDM13 for de-
velopment of IDDM.

The recent development of the MAP-
MAKER/Sibs program allows multipoint
linkage analysis to be performed on data
collected from affected sib pairs; it calculates
MLS at I-centimorgan (cM) intervals be-
tween genetic markers, taking into account
the probability of crossovers at each point
(7). This program was used to analyze link-
age over a large (~30 cM) interval of distal
chromosome 2q. In this interval, the peak
MLS was apparent in the region correspond-
ing to IDDM 13, near the markers D2S137-
D2S164 (Fig. 1A). The multipoint analysis

Table 1. Affected sib-pair analysis at polymorphic markers on chromosome 2q. Sib pairs were typed for
inheritance of alleles as described (24) and the data analyzed with GAS programs (25). The total number
of sib pairs informative for each marker is shown, as is the number of sib pairs sharing two, one, or zero
alleles identical by descent. x? and P values were calculated with respect to the expected sharing of two,
one, or no alleles in a 1:2:1 ratio. MLS values were calculated for a total of 98 affected sib pairs, as
described by Holmans (77) with the GAS programs (25).

Informative

Shared alleles

2

Marker sib pairs ’ 0 X - P MLS
CTLA4 44 12 27 5 4.3 0.12 0.607
D2S155 25 9 12 4 - 20 0.36 0.021
D28334 25 8 10 7 1A 0.12 0.267
D2S128 82 29 35 18 4.7 0.095 1.662
D25143 66 30 22 14 151 0.00053 1.904
D25137 87 36 35 16 12.5 0.0019 2.573
D2S301 86 36 34 16 13.1 0.0015 2.580
D2S164 72 33 26 13 16.7 0.00024 3.343
VIL-D251471 67 27 29 13 7.4 0.024 1.664
IRS1 42 19 17 6 9.6 0.0083 1.571
D2S5126 64 22 28 14 3.0 0.22 1.375
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was repeated, stratifying the affected sib
pairs according to sharing of HLA haplo-
types. The extent of linkage to IDDMI3
increased for those sib pairs who were mis-
matched at HLA, whereas there was no
significant linkage in the HLA-identical sib
pairs. These results confirm the single-point
analyses presented in Tables 1 and 2.

A predictor of IDDM is the presence of
circulating islet cell antibodies (ICA) in
first-degree relatives of affected probands
(14). However, not all ICA* individuals
progress to clinical disease, suggesting that
genes that control this phenotype may act
early in the disease process. To determine
whether the gene we detected on chromo-
some 2q is important in such islet autoim-
munity, we “performed multipoint linkage
analyses, including those sibs who had ei-
ther ICA or IDDM. The results, summa-
rized in Fig. 1B, show that the evidence for
linkage increases markedly near IDDM13,
suggesting that this gene controls an early
event in islet cell autoimmunity.

One of the differences between human
IDDM and the NOD mouse model is the sex
difference of the affected individuals: Female
NOD mice develop diabetes at a much higher
frequency than do males (1), whereas the sex
balance is more even in humans. (Of the
affected individuals in this study, 47% were
female.) To determine whether IDDM13 may
be a human counterpart of a NOD gene that
contributes to this female bias, we performed
multipoint linkage analysis on the HLA-dis-
parate sibs, because this subset showed the
greatest linkage in the earlier analyses. Both
IDDM and preclinical (ICA™) individuals
were examined. Pedigrees in which IDDM
males were in excess (those comprising all
males, or two males and one female) were
removed, and the remaining families, en-
riched for affected females, were tested for
linkage. A similar manipulation was per-
formed for families that had a majority of
affected females. Because it was not possible
to determine sex bias in the many families
that contained a single affected male and a
single affected female, the conservative ap-

proach was taken of including these families
in both analyses. Linkage to IDDMI3 in-
creased in the set that contained families with
excess affected females, and was reduced in
the set having a bias to affected males (Fig.
1C). Thus, IDDM13 appears to confer suscep-
tibility to islet autoimmunity preferentially in
females. A second peak was apparent distal to
D2S1471; whether this represents the influ-
ence of an additional susceptibility gene re-
mains to be determined.

The flanking markers D2S128 and
D2S164 are linked by 4 megabase pairs of
cloned DNA in the yeast artificial chro-
mosome (YAC) contig WC-772 (15).
YACs from this contig were tested for the
presence of genes mapped to 2g33-35, or
from the corresponding region of the mouse
genome (proximal chromosome 1). Of these
genes, those encoding IGF-binding protein 2
(IGFBP2) and IGFBP5 (16) were found to
be present in YACs flanked by the markers
D2S137 and D2S164 (17). Genes that were
tested but not detected in these YACs in-
cluded those encoding human epidermal
growth factor receptor 4 (HER4), G protein—
coupled receptor 16 (GPCR16), fibronectin
(FN1), ubiquinone (UBQ), transition pro-
tein 1 (TNP1), Ku-p80, and serpin-throm-
bin inhibitor (PNI) (18). Thus, of the struc-
tural genes tested, only IGFBP2 and IGFBP5
were detected in the YACs between the
relevant flanking markers.

The extent to which an individual gene
contributes to the familial clustering of a
disease may be calculated from the relative
proportion of affected sibs who share zero
alleles identical by descent. Such a \s value
has been calculated for HLA as 3.1 (6). For
both IDDM2 (near the insulin locus) (6)
and IDDM7 on 2g31-33 (9) As is 1.3. The
overall \s for IDDM is 15. From the data in
Table 1, s for IDDM13 is 1.6, indicating
that the contribution of this gene to the
relative risk of developing IDDM is at least
as great as that of other non-HLA suscep-
tibility genes identified so far. Two, one, or
zero alleles identical by descent were shared
by 33, 26, and 13 sib pairs, respectively, at

Table 2. Effect of HLA genes on inheritance of IDDM13. Results from Table 1 were reanalyzed according
to whether the affected sib pairs shared no more than one HLA haplotype or were identical by descent
(share both parental haplotypes) at HLA. HLA haplotypes were determined for the Australian families; the
HLA genotypes for the BDA families are reported in the BDA Warren catalog.

No. of

Shared alleles

shared HLA Marker Insficgm:itrx\sfe X2 P MLS
haplotypes P 2 1 v 0]

1or0 D25137 44 22 15 7 14.7 0.0007 2.753
D25301 42 21 14 7 14.0 0.0009 2.747
D25164 37 19 12 6 13.7 0.0011 2.672
2 D25137 33 10 14 9 0.8 0.66 0.072
D2S301 31 10 12 9 1.6 0.44 0.171
D25164 25 10 9 6 3.2 0.2 0.512
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D2S164. These numbers may be used to
estimate disease allele frequency and genetic
heterogeneity (19), and this analysis sug-
gests that the IDDM1I3 disease allele has a
frequency of ~0.1 and that it contributes to
30% of IDDM cases. The IGFBP2 locus has
two known alleles, one of which occurs with
a frequency of 0.1 (16). Our mapping data
showed that, of the structural genes exam-
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Fig. 1. Multipoint linkage analyses over ~30 cM of
human chromosome 2q. (A) Variation in MLS ac-
cording to HLA status. Bold line, total affected sib
pairs; lower line, HLA-identical IDDM sib pairs;
upper line, HLA-nonidentical IDDM sib pairs. (B)
Linkage in sib pairs with IDDM or ICA. Lower line
(bold), all IDDM sib pairs; upper line, sib pairs with
IDDM or ICA. Total number of affected sib pairs
was 114. (C) Effect of sex on linkage analysis.
Bold line, all HLA-nonidentical sib pairs (IDDM and
ICA™); lower and upper lines, all such sib pairs
after removal of families in which IDDM females or
IDDM males, respectively, were in excess. The
MAPMAKER/Sibs program version 0.9 (7) was
used to calculate MLS at 1-cM intervals between
the markers CTLA4 and D2S126. Numbers on the
abscissa refer to microsatellite markers, with the
D28 prefix omitted for clarity. Distances between
markers were taken from (23) or were calculated
from the data. This region includes the structural
genes CTLA4-CD28 and VIL-NRAMP-IL8R (near
D251471). The dotted line indicates MLS = 2.3,
taken as significant evidence for linkage.



ined, only IGFBP2 and IGFBP5 are present
in the region of highest MLS values. Fur-
thermore, IDDM subjects have reduced or
undetectable amounts of IGFBP2 protein
(20). Together, these results suggest that
IGFBP2 may be a candidate for the
IDDM13 diabetes susceptibility gene.

Other human IDDM susceptibility genes
may reside more proximal (IDDM7) (9, 10)
and more distal (9) on chromosome 2g.
IDDM7 was reported to lie within 1 ¢cM of
D2S152 (9) which we estimate is near
CTLA4. We did not find significant linkage
to this region nor did another study (21).
Therefore, only the distal region (for which
MLS = 1.3 was reported) (9) was tested
further. No significant linkage was found
(MLS = 0.77) with D2S427, a marker from
this region. Studies mapping Idd5 found
linkage to multiple markers on mouse chro-
mosome 1, which suggests that more than
one gene may be involved (4). Thus, the
presence of perhaps two genes (IDDM7 and
-13) on chromosome 2q may parallel the
results from the NOD mouse.

Stratification of the data set according
to biologically meaningful criteria may be
a powerful tool in linkage analysis not
only of IDDM but also of other complex
diseases. Furthermore, inclusion of sibs
who share preclinical phenotypes may in-
crease the support for linkage, and also
provide the opportunity to assess the stage
in the disease process in which suscepti-
bility is conferred. Although we obtained
evidence for linkage taking into account
all affected sib pairs, stratification accord-
ing to HLA status was particularly infor-
mative. As shown for IDDM1I3, not only
did the overall MLS increase, but the peak
of highest linkage was narrowed and more
clearly defined. Such stratification may
incur a penalty (generally taken by sub-
tracting from the lod score the log of the
number of tests). In the case of IDDMI3,
the two additional tests (HLA status and
sex) provide evidence for linkage even
after adjustment with this penalty.

As to why IDDM13 was detected here
but not in a previous study (9), it is be-
coming apparent that there are differences

in linkage between different data sets
(21). Such discrepancies may be attribut-
able to differences in disease gene frequen-
cies or may be due to other factors; from
the results presented here, such factors
may include the relative proportion of
HLA-disparate sib pairs and the sex bias in
the particular data set. The number of
affected sib pairs required to attain confir-
mation of linkage is much higher than
that required for demonstration of linkage
(22). Confirmation of linkage of a diabe-
tes susceptibility gene to D2S301 will re-
quire analysis of more multiplex families,
but will be assisted by including ICA™
nondiabetic sibs and by testing those fam-
ilies in which HLA-nonidentical females
are preferentially affected.
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