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Aregion of linkage to type 1 diabetes has been defined

on human chromosome 10pll1-qll ( /DDMIO0;
P =0.0007) using 236 UK and 76 US affected sibpairs
and a 1 cM resolution microsatellite marker map.
Analysis by the transmission disequilibrium test (TDT)

in 1159 families with at least one diabetic child, from

the UK, the US, Norway, Sardinia and Italy provided
additional support for linkage at D10S193 (P = 0.006,
P. = 0.17). Notably, 5.1 cM distal to D10S193, marker
D10S588 also provided positive TDT results (P =0.009,
P. =0.25) but the allele under analysis was also prefer-
entially transmitted to nonaffected siblings ( P=0.0008,
P, =0.02). This allele was positively associated in an
independent UK case control study and, importantly,
was neutrally transmitted in control CEPH families.
These results suggest a type 1 diabetes susceptibility
locus on chromosome 10p11—qll (provisionally
designated /DDM10) and demonstrate the necessity of
analysis of non affected siblings in disease families, as

well as analysis of control families.

INTRODUCTION

accelerated the search for additional susceptibility mutdBoBs

By analysing affected sibpair sharing of alleles identical by descent
(IBD) at each marker, >20 chromosome regions showing some
positive evidence for linkagd®(< 0.05) were identified. These
regions are starting points for additional analyses in the same and
independent populations. To date, three more chromosome regions
have been conclusively linked to type 1 diabé@2dM4 (11q13),
IDDM5 (6g25) andDDM8 (6g27)(7,8).

One of the regions identified by the type 1 diabetes genome scans
extended fromD10S197to D10S220across the centromere of
chromosome 1(b) [Généthon map distance = 24 cM (9)]. Using
single point analysis, the peak evidence of linkage Wa$G$193
(MLS = 1.9,P = 0.002) and the proportion of sibpairs sharing
neither allele 1BD Zp) = 0.20. Furthermore, the gene which
encodes the 65 kDa form of glutamic acid decarboxy(GAEXs),

a major type 1 diabetes associated autoanii@)® has been
localized close to this region, iy situ hybridization (11) and
linkage analysi§12). Wapelhorset al. (12) nvestigated linkage
and linkage disequilibrium @ADs5 to type 1 diabetes in UK and
US ASP families and concluded that variation inGAd;5 gene
does not play a significant role in susceptibility to type 1 diabetes.
However, they did provide weak evidenée= 0.02) of linkage
disequilibrium to type 1 diabetes with a rare allele (frequency
= 5.8%) of a microsatellite marker closely linked38Dss5 (12).

A genome scan of French and US ASP fami{@s detected
linkage atD10S582(P < 0.05), 11 cM distal t®©10S1934 cM

The cause of human type 1 or insulin-dependent diabetes mellidistal to D10S197, possibly providing support for the linkage
(IDDM) is an undefined interaction between genetic andbserved in the genome scan of UK families (5). Affected sibpair
environmental factors. While the environmental agents arfkage and transmission disequilibrium test (TD(IB-15)
unknown, compelling evidence exists for type 1 diabetes aetiologinalyses of an increased density of markers in the original and

cal mutations at the HLA region (chromosome I§IHDM1) (1)
and the insulin gene region (chromosome 1DMM2) (2,3).

additional populations should better clarify this putative region of
susceptibility to type 1 diabetes on chromosome 10.

They do not, however, account for all of the risk attributable within In this study, large scale, high resolution, multipoint affected
families (4). Microsatellite marker loci based genome-wide scarsibpair linkage and single point TDT linkage analyses of
of type 1 diabetic affected sibpair (ASP) families have greatlghromosome 10pl11-qll has been undertaken in UK, US,
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Figure 1. Multipoint maximum lod scores (MMLS) obtained in UK98); UK140 (), total 236 UK (O) and US76 M) families. The markers are, from 10p11 to 10q11,
D10S2110.7D10S5822.1-GAD65/D10S19D.3-D10S5930.4D10S6110.3D10S6060.3D10S5881.4-D10S1214.9D10S2130.2D10S6010.2- D10S2240.3-
D10S2042.1-D10S19230.5-D10S208/D10S183/D10S565/D10S198D10S6752.6-D10S5780.4-D10S1762.6-D10S6041.1-RBP32.0D10S2263.0-D10S539

(where /" represents no observed recombination between markers). Intermarker distances were calculated from the 236 aidfareilie cMGADs5 has been
localized to 10p11.2 (9). The average percentage of IBD status information extracted at each marker from the 236 UKsfa8filigsamge 89—-100%). The maternal
recombination frequency within this map vi@sfold greater than the paternal recombination frequency (data not shown). An extreme sex difference in recombinatior
frequency extends fro@ADss to D10S604maternal distance = 30.0 cM: paternal distance = 1.3 cM), in agreement with another genetic map of the region (16).

Norwegian, Sardinian and Italian type 1 diabetic Caucasigoresence of a type 1 diabetes susceptibility locus in the
populations. We present data suggesting a type 1 diabetEpl1—qll region. Multipoint analysis of 10 of the marker loci in
susceptibility locuslIPDM10) in the chromosome 10p11 region. 76 US type 1 diabetic ASP families provided no evidence for

linkage (Fig. 1). The combined 312 UK and US families had a

RESULTS peak MMLS of 2.44R = 0.0007Z, = 0.22) aD10S208

Multipoint linkage mapping of type 1 diabetes TDT analysis of microsatellite marker alleles

susceptibility in the 10p11-10qg11 region
pribiity P q g The evidence supporting linkage for the total 312 ASP families

Originally, three out of four microsatellite marker loci at the(P = 0.0007) could be expected to occur by chance at least once
peri-centromeric region of chromosome 10 showed soma agenome-wide search for polygenic disease susceptibility loci
positive evidence of linkage in 96 UK type 1 diabetic ASR17). However, thevidence of linkage exceeds that obtained
families (UK96) P = 0.002) (5). In this report analysis is from analysis of confirmed lodDDM2, IDDM4, IDDM5 and
extended to an additional 21 published microsatellite markei®DM8 in similar numbers of ASPs from the same populations
(extending 2.8 and 3.0 cM gter from the initial putative region of4; and data not shown). Therefore, thailltesvarranted further
linkage identified by genome scanning) that had been mappedsindy by using the TDT to test for linkage in the presence of allelic
this region of chromosome 10. A further 140 UK ASP familiesassociation in familieg13-15), which is a more seiige
(UK140), in addition to the UK96, were analyzed with all 25approach to detecting and localizing susceptibility genes and can
microsatellite markers and multipoint maximum lod scorebe done in families with only one affected child thereby extending
(MMLS) values calculated (Materials and Methods) (Fig. 1)the available data sets (4,18—20tially, linkage by the TDT
Peak evidence of linkage in the UK96 waPa0S193MMLS  was assessed in the 236 UK ASP families because they were
= 2.13,P = 0.001,Z5 = 0.20). Peak evidence of linkage in thelinked by ASP analysis to type 1 diabetes whereas the 76 US ASP
UK140 was aD10S208MMLS = 1.28,P = 0.01,Z5 = 0.19), families were not. To reduce the number of independent statistical
0.5 cM from D10S193 thereby extending and replicating the tests and the potential for false positives only the common alleles
initial result of linkage in this region. When the UK family sets(frequency=20% in parents) of those marker loci within the
were combined the peak evidence of linkage wd31&S208 region of linkage with MMLS > 1.597 < 0.006) were analyzed.
(MMLS = 2.96,P = 0.0002 2y = 0.20). These two independent Because the candidate gene marker |GAB;5 lay <1 cM distal
observations of linkage and the overall evideice 0.0002) in  of this region our analysis was extended to that marker. Table 1
the 236 UK type 1 diabetic families provide support for theshows TDT analysis in the total 236 UK families of the 17 marker



Human Molecular Genetics, 1997, Vol. 6, No. 7013

loci in the region of linkage (a total of 28 alleles were testedforrected for the number of independent tests (Materials and
Allele 7 (298 bp) 0D10S193and allele 4 (142 bp) @10S588 Methods)P. = 0.17]. To determine that transmission of the allele
provided some evidencP & 0.05) by the TDT for linkage with to diabetic children is dependent upon type 1 diabetes, and not
type 1 diabetes. owing to segregation distortion, we investigated transmission of
allele 7 to non-diabetic children from the same type 1 diabetic
families (Table 2a) and to all available members of the 61 CEPH
reference families. When the data for transmission to non affected
Analysis of transmission from parents to type 1 diabetics of allefhildren of all type 1 diabetic families were combined the
7 of D10S193was extended to an additional 142 UK ASP andransmission was 47%. A2 2 test of heterogeneity provides
simplex families, 185 US ASP families (including the 76 US ASRevidence P = 0.006,P; = 0.17) that transmission of allele 7 to
families previously tested by MMLS), 375 Norwegian, 167diabetic children is increased in comparison with non-diabetic
Sardinian and 54 Italian simplex families. Non-diabetic siblingghildren in type 1 diabetic families. Transmission of allele 7 to all
from these families, for which DNA was collected, were als@vailable members of the 61 CEPH reference families exceeded
analyzed. Table 2a shows transmission of allele D16fS193 non-transmission, but not significantly [274 transmissions (T)
from parents to diabetic and non-diabetic children. In alversus 235 non-transmissions (NT); 54%%,0.05]. A population
populations, transmission of allele 7 to diabetic children wabkased test for association of allele D&DS193o type 1 diabetes
>50%. However, only in the UK was tievalue <0.05 (55% gave no independent evidence of linkage disequilibrium with
transmissionP = 0.01). When the data for all populations weretype 1 diabetes (32, 100 and 98 patients with two, one or zero
combined the transmission was 54% F 0.006, and when 298 bp alleles versus 52, 168 and 197 controls).

TDT and case control analysis 0D10S193

Table 1. Transmission to diabetic children in 236 UK ASP families of the common alleles of microsatellite marker loci on chromosbme 10p

Marker Allele Frequency Transmitted Not transmitted % transmitted P
GAD65 5 22 115 119 49
8 25 125 112 53
D10S197 5 20 124 146 46
6 43 251 216 54
D10S593 12 55 182 154 54
D10S611 1 20 137 145 49
30 184 204 47
45 231 199 54
D10S600 10 26 182 175 51
12 22 151 157 49
D10S588 4 68 233 189 55 0.03
D10S1214 NA NA NA NA NA
D10S213 14 31 202 164 55
D10S601 4 21 157 149 51
D10S224 5 32 187 181 51
6 44 216 235 48
D10S204 3 35 227 198 53
D10S193 5 30 188 192 49
7 32 229 187 55 0.04
D10S208 6 22 120 137 a7
7 35 153 176 a7
8 23 141 118 54
D10S183 14 22 149 129 54
D10S565 10 86 92 114 45
D10S199 4 23 146 168 46
6 22 132 162 45
7 26 185 154 55
D10S675 5 27 183 194 49
9 47 233 227 51

Alleles are designated a rank by the PCR product size (1 = smallest). Only=#lRgesrequency in the parental population were included for analygitest
against the hypothesis of 50% transmission was usedPordjues <0.05 are given. NA, no alleles were present at a frequ2aef.
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Table 2. (a) Percentage transmission of allele Ddf0S193to diabetic and non-diabetic children in UK, US, Norwegian, Sardinian and Italian families. Novel
PCR primers were designed for this study, allele 7 (298 bp) is identical to the 225 bp allele amplified using the pubéghed @Bieners (7)b) Percentage
transmission of allele 4 @10S588&o diabetic and non-diabetic children in UK, US, Norwegian, Sardinian and Italian families

UK us Norwegian Sardinian Italian Total
(n=378) = 185) fr=375) 0 =167) f=54) (n = 1159)
(a) D10S193allele 7)
Diabetic 55 54 51 52 55 54
(365:299% (174:151) (134:127) (51:48) (12:10) (736:685)
Non-diabetic 48 51 47 45 44 47
(58:64) (24:23) (155:175) (38:47) (12:15) (287:324)
(b) D10S588allele 4)
Diabetic 55 57 51 49 38 54
(344:286% (163:121% (137:130) (59:62) (12:20) (715:61D)
Non-diabetic 57 66 55 52 61 56
(74:56) (46:24p (190:154) (51:48) (22:14) (383:296%

Number of transmissions versus number of non-transmissions are in brackétespagainst the hypothesis of 50% transmission was used.
3 < 0.05;PP < 0.01;°P < 0.001.

Table 3. Association of allele 4 d10S588n UK type 1 diabetic patients reference families and found little deviation from the expected

and controls 50:50 (239T versus 242NT).
_ Association of allele 4 @10S588o type 1 diabetes was tested
Allele/phenotype/genotype Diabetics Controls in an independent collection of UK Caucasian diabetics and
(n=221) 0 =404) controls. Table 3 shows some evidence that the allele 4
Allele frequencie3 homozygous genotype confers increased risk to type 1 diabetes
4 312 71% 532 66% (odds ratio = 1.5; 95% C.I. = 1.1-2R= 0.009).
X 130 29% 276 34% DISCUSSION
Phenotype frequencits . .
4 199 0% 369 919% Linkage to type 1 diabetes on human chromosome 10p11-gql11
° ? provides suggestive evidence for a susceptibility IdE3N110)
X 22 10% 35 9% in this region. Evidence of linkage in the presence of association
Genotype frequencits at D10S193and D10S588extends this evidence. The type 1
diabetes locus on chromosome 10p11—q11 has provisionally been
4/4 113 51% 163 40% designatedDDM!0.
4IX 86 39% 206 51% The TDT is valid as a test of association but only when
XIX 22 10% 35 9% transmission is analysed to probands in multiplex fam(ilié3.

Support for association in the 1159 families is not significant for
32 test of heterogeneify > 0.05,°x2 test of heterogeneify = 0.01, odds ratio  allele 7 0fD10S193n the 1159 familiesHpropand(Materials and

for 4/4 genotype = 1.5 (95% C.I. = 1.1-225 0.009). Methods) = 0.057] but significant for allele 4 Bf10S588
(Pproband= 0.021). Possible linkage disequilibrium of allele 4 of
D10S588 with type 1 diabetes is also supported by the
independent evidence of association of this allele in a case-control
We extended our analysis of the transmission of allele 4 study. However, it has to be stressed that owing to population
D10S588to the same families used for the TDT study ofstratification effects arising from incorrectly matched controls,
D10S193Table 2b shows transmission from parents to diabeticase-control results must be viewed with cauii@h). The

and non-diabetic children, of allele 4@10S588n the UK, US, evidence is, however, complicated by the increased transmission
Norwegian, Sardinian and lItalian type 1 diabetic families. Wheof allele 4 to non-diabetic siblings of type 1 diabetics, whereas
the data for all populations were combined the transmission tansmission in the CEPH reference families is at the expected
diabetic children was increased (54P= 0.009,P. = 0.25). level of 50%. Islet cell autoantibodies (ICA) are a predictor of
However, transmission was only increased in the UK (55%ype 1 diabetes in first-degree relatives of type 1 diabetic patients
P=0.02) and US (57%® = 0.01) populations a® < 0.05. (22). Itis postble that the observed positive transmission of allele
Surprisingly, transmission of allele 4 to non-diabetic children it of D18S588to non affected siblings in the diabetic families
type 1 diabetic families was >50% in all five populations. Whemeflects transmission to those siblings that are positive for ICA or
the data for all populations were combined the transmission for other autoantibodies and insulitis, and that allele 4 is
non-diabetic children was 56% € 0.0008P. = 0.02). We tested associated with a disease allele that predisposes to ICA
transmission of allele 4 to all available members of the 61 CEP#kevelopment/insulitis and overt disease. This would be consistent

TDT and case control analysis 0D10S588
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with both the neutral transmission in the CEPH families and the Microsatellite markers were identified from the public
evidence of association in the case control study. The ICA statiistabases except for tAD;5 locus microsatellite identified

of non affected siblings used in this study is unknown. Evidendeom Wapelhorset al.(12). Huorescence-based genotyping was
for linkage of chromosome 2g34 with both type 1 diabetes anechdertaken using ABI 373A automated sequencers and
ICA positivity has been report¢a3). associated genotyping software (Applied Biosystems) as

Given that th&ADs5 microsatellite and the very closely linked previously describe@25). Modifications were as follows. (i)
D10S197microsatellite give no evidence of linkage by the TDTPCRs were performed in 96-well microtitre plates (Costar) in a
to type 1 diabetes a role fBADs5 in genetic susceptibility isless 10 pl volume containing 0.2 U of AmpliTag polymerase
likely, at least in the populations studied here. Furthermore, whil@Perkin-Elmer). (ii) Twenty-eight cycles (5 s at°@5 30 s at
transmission of the rare allele 8 of B&Ds5 microsatellite to 50-60C, 1 s at 72C) were performed in PTC-200
diabetic children was increased in the study of Wapelebedt  thermocyclers (MJ Research). (iii) Co-precipitation of PCR
(12) (54T versus 24NT), wepdind no significant increase in products was omitted and.| pl per marker was combined with
transmission of allele 8 to diabetic children (34T versus 30NT}he internal size standard and formamide. (iv) Single strand size
Our results are in agreement with their conclusion th&&ig&s  markers GS-350 or GS-500 (Applied Biosystems) were used and
gene does not play a significant role in genetic susceptibility ilhree separate electrophoresis runs made with each gel. Raw
type 1 diabetes. Nevertheless, only a very high resolution linkagdlele sizes were allocated into bins and designated as
disequilibrium map of single nucleotide mutations including anghopulation-specific alleles using the global adaptive binning
surrounding the gene and regulatory region, in multipléacility of the Genome Analysis System software [GAS version
populations, can comprehensively exclude a minor role fa.0:(c) A. Young, University of Oxford, 1993—-1995] available on
GADs5 in susceptibility to type 1 diabetes. the internet at http://users.ox.aclikyoung/gas.html.

Experience with type 1 diabetes indicates that identification of The order of markers with the least total number of apparent
regions of linkage and/or linkage disequilibrium to polygeniaecombinants was identified by the BESTORDER option of the
disease is difficult. Investigations in one or two small populationSIBMAP analysis routine in GAS and used in conjunction with
are prone to false positives and are not sufficient to definethe Whitehead institute/MIT human physical mapping project
disease locus. In this study the chance of false positives wdatabase (http://www-genome.wi.mit.edu) to produce the order
reduced by analysing a large number (1159) of type 1 diabeti markers shown in Figure 1. The inter-marker recombination
families and minimizing the number of statistical tests [foifractions were calculated by GAS. Distances <0.5 cM are based
example, by analyzing only frequex20%) alleles]. Even so, on one or zero recombinants and are therefore not accurate. This
>1159 families or families from more genetically isolatedrapid method of linkage mapping provides a rudimentary map of
populations, and haplotypes of very closely linked markers fromery closely linked markers for which only a detailed physical
regions showing evidence of increased transmission ahap will identify the exact marker order and inter-marker
microsatellite alleles to affected children will have to be analysedistance. Novel primers were designed for markeDd6S213
to provide further evidence for the existence of a type 1 diabet®d0S193 D10S183 D10S199 D10S578 D10S604 D10S220
gene in the chromosome 10p11-g11 region. and D10S539 Primer sequences and allele frequencies for all
markers are available on the internet at http://www.well.ox.ac.uk.

Multipoint maximum lod scores (MMLS)Zp values and
informativity across the region were calculated with the MAP-

The 1159 type 1 diabetic families in this study are Caucasian wil}AKER/SIBS program (26). The values assigned to MMLS
sgores are theoretical (27).

at least one diabetic child and both parents included. Whe e \ _
available DNA from non-diabetic siblings was obtained. The 378 1€ _transmission disequilibrium test (TD{}3-15) was

UK families consisted of 24 simplex families collected from theindertaken using the ASSTDT analysis routine in GAS. Allelic
g nsmissions from heterozygous parents to all children in each

MATERIALS AND METHODS

Yorkshire region incorporating one diabetic diagnosed under agé

17 years and one unaffected sibling, and 354 ASP familid@Mmily are included. The test statistic (the ‘TDT’) ix%(1df)
recruited as part of the British Diabetic Association-Warre tatistic, Whl(_:h tests deviation of transmission from the expected
repository. The total 185 US families were obtained from thg0% transmission of an allele from heterozygous parents to
Human Biological Database Interchange (HBDI). The UK96°SPring. TDT P values are reported uncorrected) (and
UK140 and 76 US portions of the total ASP families, used foforrectedRe) for the multiple tests done initiallpfalues were
MMLS and TDT analyses, consisted of one diabetic diagnosdfU!tiPlied by 28, to account for the 28 microsatellite marker
under age 17 years and the other under age 29. The additional £18/€S _initially tested by the TDT). Extent of linkage
UK and 109 US ASP families, analyzed by TDT only, were no isequilibrium of a marker allele with disease was quantitated by

restricted by number of diabetic children nor age of diagnosi@€"cent transmission which is the number of times an allele is

The 375 Norwegian simplex families were comprised of ond@nsmitted from heterozygous parents to affected children
diabetic diagnosed under age 15 years and available non-diab&fided by the total number of transmissions, expressed as a
siblings. The 167 Sardinian simplex families incorporated ongercentage. T_he DT was also used as a test of association by
diabetic diagnosed under age 17 years and at most ofsund ransmission to probands of@$) Pproband-

non-diabetic sibling. The 54 Iltalian type 1 diabetic families

consisted of one diabetic child and available non-diabetisgCKNOWLEDGEMENTS
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