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Positional cloning is expected to identify novel susceptibility genes underlying complex traits, but replication
of genome-wide linkage scan findings has proven erratic. To improve our ability to detect and prioritize
chromosomal regions containing type 2 diabetes susceptibility genes, the GIFT consortium has implemented
a meta-analysis of four scans conducted in European samples. These included the Botnia I and Botnia II
scans, with respectively 58 and 353 pedigrees from Finland and Sweden, the Warren 2 scan performed in
573 multiplex sibships from the UK, and a scan of 143 families from France. The meta-analysis was
implemented using the genome-search analysis method (GSMA), an exploratory data analysis technique
which is robust across study designs. The analysis provided evidence for linkage of type 2 diabetes to six
regions, with the strongest evidence on chromosome 17p11.2–q22 (P¼ 0.0016), followed by 2p22.1–p13.2
(P¼ 0.027), 1p13.1–q22 (P¼ 0.028), 12q21.1–q24.12 (P¼ 0.029), 6q21–q24.1 (P¼ 0.033) and 16p12.3–q11.2
(P¼ 0.033). Linkage analysis of the pooled raw genotype data generated maximum LOD scores in the same
regions as identified by GSMA. Altogether, our results have indicated that GSMA is a valuable tool to identify
chromosomal regions of interest and that accumulating evidence for linkage from small peaks detected
across several samples may be more important than getting a high peak in a single sample. This meta-
analysis has led to identification of a novel region on chromosome 17 linked to type 2 diabetes; this region
has not been highlighted in any published scan to date but on the basis of these data justifies further
exploration.

INTRODUCTION

Type 2 diabetes is a complex and heterogeneous disease
characterized by insulin resistance and pancreatic b-cell
dysfunction. Almost one in 10 of the world population already
has this condition, or can be expected to develop it during their
lifetime, with prevalence rates forecast to double within the

next 15 years. Type 2 diabetes is a potent risk factor for
cardiovascular disease, and, uncorrected, the chronic hyper-
glycaemia leads to various complications, including retino-
pathy, neuropathy and nephropathy. All the available evidence
indicates that type 2 diabetes is a multifactorial disease with
individual susceptibility determined by a rich mix of genetic
and environmental factors.
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Considerable effort has been made worldwide during the last
decade to identify the genetic determinants of type 2 diabetes.
Studies of rare monogenic forms of type 2 diabetes have led to
the identification of several genes, including the genes that
cause MODY (maturity-onset diabetes of the young), as well as
mutations in mitochondrial DNA (1). However, these genes
appear to play a minor role in the common form of type 2
diabetes.

In recent years, candidate gene studies have had increasing
success in identifying variants that influence the risk of
type 2 diabetes, with substantial evidence supporting a role
for polymorphisms in the genes for peroxisome proliferator-
activated receptor-gamma, insulin receptor substrate 1, glycogen
synthase, insulin, the potassium inwardly rectifying channel 11,
and insulin promoter factor 1, amongst others (1,2).

The complementary, positional cloning approach is expected
to reveal additional novel susceptibility loci and genome-wide
scans for linkage have been conducted in a wide range of
populations, including African-Americans (3), Ashkenazim (4),
British (5), Chinese (6), Finns and Scandinavians (7,8–11),
French (12), Mexican Americans (3,13,14), Pima Indians (15)
and US Europeans (3,16). These scans have reported a number
of chromosomal regions that may harbour genes involved in
type 2 diabetes, with the most promising, replicated findings on
chromosomes 1q21–q24 (5,12,15,16), 2q37 (13), 12q24
(3,7,10,11) and chromosome 20 (8,9). Linkage to the latter
region was also reported by candidate region studies (17–19)
and in a meta-analysis of chromosome 20 data from many of
the scans described above (20). There has been, to date, one
example whereby the positional cloning approach has led to
identification of a diabetes-susceptibility gene: evidence for
linkage to type 2 diabetes on chromosome 2q37 in Mexican
Americans led to the characterization of susceptibility variants
within the CAPN10 gene (13,21). This raises the possibility
that other type 2 diabetes genes may be identified in the near
future using the same approach.

The variability in linkage findings reported between popula-
tions may reflect not only the intrinsic complexity of the
disease architecture, but also differences in family ascertain-
ment, phenotype definition, markers genotyped and analytical
methods (22). One approach that may assist in the identification
of the regions which are most likely to contain susceptibility
genes for type 2 diabetes would be to conduct a meta-analysis
to assess the evidence for linkage across studies. Given the
likely ethnic heterogeneity of type 2 diabetes, it is probably
sensible to initiate such meta-analysis in populations of similar
ethnic origin. We have formed a European consortium (the
Genomics Integrated Force for type 2 Diabetes, GIFT) to
combine our efforts in identifying genes involved in type 2
diabetes (more detailed information on GIFT can be found at
www.gift.med.ic.ac.uk). Constituent groups within GIFT have
previously reported their genome-wide scans conducted in
Swedish–Finnish (Botnia I and Botnia II scans) (7,10,11), UK
(5) and French family samples (12). These studies have
provided evidence for linkage at a number of different
chromosomal regions.

Various methods of meta-analysis have been described (23,24):
each is designed to allow a rapid genome-wide assessment of
regions of interest as a prelude to embarking on the more
demanding task of a pooled analysis of raw genotype data.

Recently, the genome search meta-analysis (GSMA)
method has been proposed as an exploratory data analysis
technique which is robust across study designs (23). To better
characterize the chromosomal regions showing the strongest
evidence for linkage across European data sets, we have
applied GSMA to the four genome screens of the GIFT
consortium. This was then followed by linkage analysis of the
pooled raw data for those chromosomes showing significant
results by GSMA.

RESULTS

Genome search meta-analysis

Chromosomal regions that show consistently increased linkage
statistics (LOD scores or NPL scores) (25) in the four European
genome scans were identified by the non-parametric ranking
GSMA method. For each scan, genetic regions (bins of equal
length defined on each chromosome) were ranked according to
the maximum linkage statistic achieved in a given region. The
summed ranks across scans were then compared with their
probability distribution derived under the null hypothesis
that ranks are randomly assigned. The main characteristics of
the four genome-wide screens to which GSMA was applied are
shown in Table 1. GSMA results are presented in Figure 1. The
summed ranks (vertical axis) are plotted against the bin
location by chromosome (horizontal axis) with a single point
plotted for the summed rank for each bin. The 90th and 95th
percentiles for the distribution of summed ranks are also shown
in Figure 1. A total of six bins lie above the 95% threshold.
The strongest evidence for linkage from the GSMA occurs
on chromosome 17p11.2–q22 with a summed rank of 428
(P¼ 0.0016). Other significant regions are on chromosomes
2p22.1–p13.2 (P¼ 0.027), 1p13.1–q22 (P¼ 0.028), 12q21.1–
q24.12 (P¼ 0.029), 6q21–q24.1 (P¼ 0.033) and 16p12.3–qll.2
(P¼ 0.033). Results from the GSMA and the original genome
screens are presented in Table 2. Note that the P-values
shown in this table for the original scans corresponded to the

Figure 1. GSMA results from four genome screens for type 2 diabetes (Botnia
I, Botnia II, UK and French). The horizontal axis indicates the bin number and
the vertical axis shows the summed ranks across the four scans. The two solid
lines represent the 90th (summed rank¼ 332) and 95th (summed rank¼ 356)
percentiles of the summed rank distribution.
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maximum NPL scores (25) observed in a given bin, as provided
by each group to the GIFT database for GSMA. However,
more significant levels may have been published in the same
regions by using other linkage statistics (e.g. LOD scores from
GENEHUNTER PLUS) (26). Three of the significant results
from GSMA (P� 0.05) were significant at this level (or lower)
in the Botnia II (6q21–q24, 12q21–q24, 16p12–q11) and French
scans (1p13–q22, 2p22–p13, 17p11–q22), while two were
significant in the Botnia I scan (16p12–q11, 17p11–q22) and
none in the UK scan (three bins on 1p13–q22, 2p22–p13
and 6q21–q24 showing marginal results with 0.05<
P� 0.10). Contributions to the most significant 17p11–q22
region come mainly from the Botnia I and French scans with
marginal contribution from Botnia II. Evidence for other
regions comes from different combinations of any two or three
scans. Moreover, two bins, one 30 cM telomeric to the
significant bin on 1q (1q25–q32) and another one adjacent to
the significant bin on 12q (12q24.13–q24.32), have summed
ranks that are marginally significant (0.05<P< 0.10) with
contributions from the same samples, French and UK for lq,
Botnia I and Botnia II for 12q. In addition, three other regions
lie between the 90th and 95th percentiles (Fig. 1): 4q mainly
due to Botnia I, 5q with contributions from Botnia I and UK
screens and 7p with contributions from Botnia II, French and
marginally Botnia I scans. However, there were other potential
linkages, reported by the published analyses of the individual
raw data, that show no evidence for linkage in GSMA: mainly,
3p, 4q and 9p in Botnia I; 4p, 5q and 18p in Botnia II; 3q, 10q,
20p and 20q in the French scan; and 5q, 8p, 8q and 10q in the
UK scan. The non-replication of significant results across
genome screens may be due to false-positive results, lack of
power, stochastic variation in the strength of the linkage signal
detected, or may represent population-specific susceptibility
genes.

Linkage analysis of the raw data

Linkage analyses of the raw data (Fig. 2) were carried out,
using the Genehunter Plus program (26), for the six
chromosomes which displayed significant results, as obtained

from the previous GSMA. Table 3 shows the multipoint
maximum LOD scores (with corresponding pointwise P values)
(26) obtained in the pooled raw data and the highest scores
observed in each data set in the same region, a region having
the same length as a bin. All maximum LOD scores in the
pooled data were reached in the same bin as found significant
by GSMA, except for 12q where it was reached in the adjacent
bin (12q24.13–q24.32) lying between the 90th and 95th
percentiles when using GSMA. The highest maximum LOD
scores were observed on chromosomes 2p22–p13 (LOD
score¼ 1.82, P¼ 0.002) and 17p11–q22 (LOD score¼ 1.54;
P¼ 0.004), followed by 6q21–q24 (LOD score¼ 1.32;
P¼ 0.007), 12q21–q24 (LOD score¼ 0.92; P¼ 0.020 in the
bin significant with GSMA and LOD score¼ 1.23; P¼ 0.009
in the adjacent bin), 16p12–q11 (LOD score¼ 1.09; P¼ 0.013)
and 1p13–q22 (LOD score¼ 0.97; P¼ 0.017). As seen from
Table 3, the respective contributions of the data sets to these
results are similar to those presented in Table 2, but with lower
P-values, due to the use of the more powerful allele sharing
LOD score statistic (Table 3) as compared with the NPL score
(Table 2).

DISCUSSION

One of the main difficulties in the genetic analysis of
multifactorial traits has been the frequent failure to observe
signal replication across studies. Replication is regarded as an
essential step in the identification of regions meriting further
exploration and positional cloning endeavours. Problems with
replications arise from false-positive results, from inadequate
power and from the genetic, clinical, ethnic and experimental
heterogeneity between data sets. Meta-analysis cannot over-
come totally the problem of genetic heterogeneity but can
identify regions that may contain disease genes in a subset of
the pooled studies. It may not only confirm evidence for
regions highlighted in at least one scan but also identify novel
regions where the genetic effect is too small to be detected in a
single study.

Table 1. Descriptive characteristics of type 2 diabetes genome-wide screens

Characteristics of each scan Botnia I Botnia II United Kingdom French

Population Swedish–Finnish Swedish–Finnish UK subjects French
Sample size 58 pedigrees 353 pedigrees 573 multiplex sibships 143 families (148 nuclear)
Total no. of subjectsa 440 (7.6)c 1488 (4.2) 1386 (2.4) 633 (4.4)
Total no. affectedb 229 (3.9)d 959 (2.7) 1223 (2.1) 432 (3.0)
Age at diagnosis of type 2 diabetes (years) 57.5� 0.8e 52.1� 11.5 55.6� 8.6 49.5� 10.7
Number of markersf 387 468 418 401
Programs used in the published papers Genehunter 2.0 Genehunter Plus Allegro 1.1 MLBGH 1.0

Mapmaker-Sibs 2.0
Genehunter 2.0

References (11) (10) (5) (12)

aThe total number of subjects includes only those with a known affection status and corresponds to siblings in the UK data set.
bThe total number of affected subjects are the affected sibs in the UK data set.
cAverage number of subjects per family in parentheses.
dAverage number of affected subjects per family in parentheses.
eMean age� standard deviation.
fNumber of markers used by each initial scan.

Human Molecular Genetics, 2003, Vol. 12, No. 15 1867

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/12/15/1865/2527250 by guest on 24 April 2024



The present GSMA identified a total of six regions, the most
significant result being on chromosomes 17p11.2–q22 followed
by 2p22.1–p13.2, 1p13.1–q22, 12q21.1–q24.12, 6q21–q24.1 and
16p12.3–q11.2. Most of these regions did not tend to be the
most significant linkages in any single scan, but instead
provided modest evidence for linkage in at least two analyses.
The contribution of the four scans to the significant results of
the GSMA appears highest for Botnia II and French followed
by Botnia I and then UK sets. The contribution of any given
scan may depend upon many factors including the number of
families, the family structure (pedigrees or nuclear families),
the number of affected and genotyped subjects, their ages at
diagnosis and other clinical characteristics, the mode of family
selection and the number of informative markers. Although a
different weight could be assigned to each scan in GSMA to
take into account the various factors described above, the
optimal weighting strategy is unknown and arbitrary choices
might be expected to influence the outcome of the analysis. The
GSMA results may also depend upon the way the maps used in
the different analyses are adjusted for and upon the way the
bins are defined on the chromosomal maps. However, use of
different ways to adjust the GENEHUNTER maps of the four
scans (e.g. to the French/UK map since these two scans used
similar marker sets) did not lead to any substantial change in
the results obtained. For example, the bins on chromosomes 17
and 2 provided the highest summed ranks in all analyses.

Linkage analysis of the pooled raw data generated maximum
LOD scores within the same bins as those found significant
with GSMA, except for 12q where the maximum LOD was
reached in the adjacent bin. This latter result is in agreement
with the wide confidence intervals classically observed around
a peak LOD score and the difficulty in defining precisely the
limits of a linkage region.

It is important, however, to realize the intrinsic differences
between the GSMA methodology and the computation of LOD
scores based on the pooled raw data. Most notably, the P-values
derived from the maximum LOD scores cannot be directly
compared with those obtained from GSMA since they are
based on different test statistics. The P-values from GSMA
are derived from the distribution of the summed rank R, with
a highly significant result (P¼ 0.0016) obtained for the
17p11–q22 region. The P-values obtained from the analysis
of the pooled raw data need to be interpreted in the light of
their genome-wide significance, and to take account of the
multiple testing implicit in such a genome scan (27). Note that

the LOD scores presented here were computed only for the six
chromosomes harbouring significant GSMA bins. Moreover,
these LOD scores rely on the available marker information,
especially for a late onset disease such as type 2 diabetes where
most parents are not genotyped (28). Although a multipoint
analysis of the pooled raw data was conducted, it could not use
the full multipoint information from all markers since the vast
majority of markers were not common to the four data sets.
Thus, both non-overlap of marker locations and absence of
parental genotype data can reduce the power of the pooled-data
linkage analysis. In addition, it is important to recognize that
the non-parametric ranking procedure which makes GSMA
robust to study design also has its limitations. It tends to
amplify the effects of modest changes in linkage statistic scores
in the middle or lower part of the LOD score range, and to
reduce the impact of changes in the linkage statistic score in the
higher part of the range. This can potentially lead to some
discordance between peak localization by the two methods,
particularly where linkage peaks from different component
studies fall into adjacent bins (as on chromosome 1q in the UK
data). Nevertheless, the strong correspondence between the
initial GSMA results and the subsequent examination of
the positive regions based on the pooled raw data indicates
that the GSMA-based approach is a valuable tool for the
identification of chromosomal regions of interest since it is
robust across study designs and does not rely on a common set
of markers across studies.

The most significant result obtained from GSMA concerns
the 17p11–q22 region which was not among the most
highlighted results in any of the individual component scans.
It was reported at a nominally-significant P-value in Botnia I
(11) but was not mentioned in the published French scan (12)
and the Botnia II linkage peak on 17q was 40 cM telomeric to
the upper bound of the significant GSMA bin (10). However,
this region has been recently reported to be linked to plasma
leptin levels in a genome-wide screen of 507 Caucasian nuclear
families (29). This QTL was suggested to act epistatically with
a QTL on chromosome 3q27 linked to six traits related to the
metabolic syndrome. Linkage of chromosome 17 to total
cholesterol and high density lipoprotein-cholesterol (HDL-C)
was also found in a genome scan of 232 multigenerational
pedigrees randomly selected from the population (30). This
region contains several potential candidate genes including the
nuclear receptor corepressor 1(NCOR1), MAPKK3, MAPKK4,
MAPK7, SREBP1, pancreatic polypeptide 2, very long chain

Table 2. Results obtained from GSMA (P values for the summed ranks) and individual genome screens (P-values for NPL scores)

Chromosomal regiona Bin (cM)b GSMA Botnia I Botnia II French UK

17p11.2–q22 29–58 0.0016 0.018 �0.10 0.04 NS
2p22.1–p13.2 58–87 0.027 �0.10 NSc 0.007 �0.10
1p13.1–q22 145–174 0.028 NS NS 0.02 �0.10
12q21.1–q24.12 87–116 0.029 �0.10 0.04 NS NS
6q21–q24.1 116–145 0.033 NS 0.04 NS �0.10
16p12.3–q11.2 29–58 0.033 0.03 0.03 NS NS

aThe cytogenetic region corresponding to the position of each bin on the Marshfield map was obtained from the National Center for Biotechnology Information
(NCBI) web site (www.ncbi.nlm.nih.gov).
bThe position of each significant bin (29 cM length) is indicated in centimorgans (cM) with respect to the Marshfield map.
cNS¼ not significant.
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acyl-CoA dehydrogenase (VLCAD), carboxypeptidase D,
syntaxin 8, TCF2 (HNF1b), PPARBP, STAT5B etc. Given
the role of variants in the PPARg gene and its coactivator
PGC-1 in type 2 diabetes, NCOR1 is an interesting candidate
which has been shown to interact with all three forms of PPAR
receptors. It spans 200 kb at 17p12 and contains 48 exons.
Work is in progress to explore the role of variants in these
genes for the linkage to chromosome 17.

The 2p22–p13 region, which scored mainly in the French
screen (12) with marginal contributions from the UK and
Botnia I screens, was reported to be linked to obesity related-
phenotypes, including leptin levels, fat mass or body mass
index in different populations (31–33).

The 1p13–q22 region, with evidence mainly from the French
scan and from the UK scan, has been reported by a number of
other scans in subjects of Northern European origin (16,34,35)
and Pima Indians (15). Note that the peak LOD score in the UK
scan (LOD¼ 1.50; P¼ 0.004) was rather obtained in the
adjacent bin (1q23–q25) which was not significant with GSMA
since the Botnia scans had much lower ranking scores in this
bin (see above). The definition of bin width and boundaries
used in GSMA can be crucial to the ranking of scores in
situations such as this where different component scans peak in
neighbouring regions. This issue was discussed by Wise et al.
(23), who recommended a bin width of about 30 cM, being
wide enough to limit the correlation between adjacent bins and
not too wide to avoid including distinct peak LOD scores from
different studies within the same bin.

The chromosome 12q21–q24 region, detected by the present
analysis, is adjacent to the nearby marginally significant bin
(12q24.12–q24.32) that includes the MODY3 locus (36) and
the tightly linked NIDDM2 locus showing linkage to type 2
diabetes in a subset of Botnia I pedigrees with low insulin
levels (7). This region was also implied in a recent screen of
four American populations as part of the GENNID study (3),

where it was found to interact with chromosome 5 in the
phase 1 white samples but was not replicated in phase 2
samples. Linkage to this region was also reported in type 2
diabetic patients with nephropathy (17) and in one large
Australian family with late-onset type 2 diabetes (37).

The 6q21–q24 region, scoring positively in the Botnia II and
UK scans, has not been highlighted by any published scan of
type 2 diabetes to date, but was reported to be linked to fasting
insulin concentrations and insulin-resistant phenotypes with a
pleiotropic effects on obesity-related phenotypes in a genome
scan of non-diabetic Mexican Americans (38). This region
contains the gene responsible for transient neonatal diabetes
mellitus (TNDM), a rare condition that resolves before one year
of age but predisposes to type 2 diabetes later in life (39).

Finally, the chromosome 16p12–q11 region scored mainly in
the two Botnia scans. To our knowledge, significant linkage to
this region has not been reported in previous scans of type 2
diabetes. The nearby 16q21–q22 region includes the BBS2
gene responsible for the Bardet–Biedl syndrome, an autosomal-
recessive disorder characterized by obesity, retinitis pigmentosa
and congenital abnormalities (40) and the RRAD (Ras-Related
Associated with Diabetes) gene found associated to type 2
diabetes in white Americans (41). This association has not been
confirmed in Finns (42).

As is well known and recently discussed by Terwilliger and
Goring (43) replication of genome scan results is often difficult
to achieve. This paper shows that accumulating evidence for
linkage from small peaks from many samples may provide a
complement to the more dramatic finding of a major, but
unreplicated, peak in a single sample. This approach can also
lead to the detection of novel regions, as the 17p11–q22 region
found here.

In conclusion, our meta-analysis of four European genome
wide scans has provided further insights into the distribution of
the evidence for linkage to type 2 diabetes in this population.

Table 3. Maximum LOD scores (P-values) obtained in the pooled raw data using Genehunter Plus and highest scores observed in each data set within the same bin
for the chromosomes displaying significant results with the previous GSMA

Chromosomal regiona Bin (cM)b Pooled data Botnia I Botnia II French UK

17p11.2–q22 29–58 1.54 (0.004) 1.05 (0.014) 0.51 (NS) 0.83 (0.025) 0.35 (NS)
(D17S921; 36 cM)d

2p22.1–p13.2 58–87 1.82 (0.002) 0.55 (0.055) 0.05 (NS) 1.63 (0.003) 0.76 (0.03)
(D2S391; 70 cM)

1p13.1–q22 145–174 0.97 (0.017) 0.04 (NS)e 0.11 (NS) 1.00 (0.015) 0.59 (0.05)
(D1S1679; 171 cM)

12q21.1–q24.12 87–116 0.92 (0.020) 0.77 (0.03) 1.05 (0.014) 0.06 (NS) 0.75 (0.03)
(D12S84; 116 cM)

12q24.12–q24.32 116–145c 1.23 (0.009) 1.21 (0.009) 1.17 (0.010) 0.06 (NS) 0.08 (NS)
(D12S342; 145 cM)

6q21–q24.1 116–145 1.32 (0.007) 0.43 (NS) 0.80 (0.028) 0.05 (NS) 0.98 (0.017)
(D6S262; 130 cM)

16p12.3–q11.2 29–58 1.09 (0.013) 0.78 (0.029) 1.41 (0.005) 0.09 (NS) 0.22 (NS)
(D16S412; 43 cM)

aThe cytogenetic region corresponding to the position of each bin on the Marshfield map was obtained from the NCBI web site.
bThe bins (29 cM length) are those which were significant with GSMA and their position is indicated with respect to the Marshfield map.
cFor 12q, two bins are shown: the one significant with GSMA and the adjacent one lying between the 90th and 95th percentiles corresponding to the maximum
LOD score obtained in the pooled raw data.
dMarker and position on Marshfield map (in cM from pter) corresponding to the maximum LOD score reached in the pooled raw data.
eNS¼ not significant.
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Figure 2. Linkage analysis of the raw data using the Genehunter Plus program. In each graph, the left vertical axis indicates the LOD scores and the horizontal axis
shows the microsatellite markers; not all genotyped markers are represented. The LOD scores are represented by a black line for the pooled raw data, a brown line
for the BOTNIA I set, a pink line for the BOTNIA II set, a blue line for the UK data and a green line for the French data. On each graph, the shaded area corres-
ponds to the significant GSMA bin with the corresponding location on Marshfield map (lower and upper bounds below the marker names).
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This analysis has delineated several new chromosomal regions
showing potential linkage to type 2 diabetes and has not
confirmed a few other regions reported by the original genome
screens. These GSMA results will guide further linkage
disequilibrium mapping and positional cloning efforts to
identify the susceptibility genes responsible for type 2 diabetes.

MATERIALS AND METHODS

Family samples

The four European data sets included two Swedish–Finnish
family samples (Botnia I and Botnia II), one French sample and
one UK sample. All these studies had been approved by their
local ethical committee and consent forms were obtained from
all participating subjects.

The Botnia I set included 440 individuals (229 affected;
average family size of 7.6) from 58 multiplex pedigrees (at
least two individuals with type 2 diabetes) from western
Finland (11). Families with type 1 diabetes mellitus or MODY
were excluded. Diabetes was diagnosed on the basis of World
Health Organization guidelines (44): either (a) a previous
diagnosis of type 2 diabetes mellitus with treatment with oral
agents and/or insulin, or (b) either fasting blood (fB)-glucose
>6.7 mmol/l or 2 h blood (2hrB) glucose �8.5 mmol/l. This
lower threshold for 2 h glucose was used as it has been shown
that these individuals have a very high risk of developing
diabetes over the next 5 years (11).

The Botnia II set included 1488 individuals (959 affected)
from 353 pedigrees (from different parts of Finland and
southern Sweden) with at least two affected members (being
mainly two affected siblings) diagnosed with type 2 diabetes
before the age of 70 years (10). Families with early-onset
diabetes (before 25 years of age) and with a dominant type of
inheritance consistent with MODY were excluded as well as
families including patients with type 1 diabetes. Type 2
diabetes in this sample was defined using the WHO criteria,
as defined above, or based on treatment (oral hypoglycaemic
drugs and/or insulin).

The French sample comprised 143 pedigrees (148 nuclear
families), ascertained for an affected sibpair and including 432
diabetic patients among a total of 633 subjects of known
affection status (12). Diabetes status was based upon clinical
records and contemporary glucose results interpreted accor-
ding to the American Diabetes Association criteria (45).
Subjects were considered to have diabetes if receiving oral
hypoglycaemic agents or insulin �1 year after the diagnosis, or
when fasting glycemia was �7 mmol/l or 2 h glycaemia after an
oral glucose load was �11.1 mmol/l. As in the other samples,
potential MODY families and families with a mixture of type 1
and type 2 diabetes were discarded.

The UK screen was conducted in 573 nuclear families with at
least two affected siblings and including a total of 1223
affected sibs (5). Diagnosis of diabetes was based either on
current treatment (oral hypoglycaemics and/or insulin) or, for
subjects with diet alone, historical or contemporary laboratory
evidence of hyperglycaemia (as defined by WHO). Other forms
of diabetes (MODY, mitochondrial diabetes, type 1 diabetes,

families containing subjects positive for anti-GAD antibodies)
were excluded.

Genome search meta-analysis method

Meta-analysis of these four genome screens was carried out
using the GSMA method. This method is a data exploratory
tool that combines genome-wide statistics (NPL scores, LOD
scores or other statistics) for each chromosomal region across
studies, using a non-parametric ranking method, after dividing
the genome into a series of bins of equal length. It does not use
raw genotypic data. In our analysis, we used 120 bins of about
29 cM each, as recommended by Wise et al. (23). For each scan
to be included, the most significant result (e.g. maximum NPL
score) within each bin was recorded. The bins were then ranked
according to this maximum value, the bin containing the most
significant result in the study being awarded the highest rank.
Once this ranking procedure was completed for all screens,
the ranks for each bin were summed across the screens. Under
the null hypothesis of no linkage in any chromosomal bin, the
ranks are randomly distributed within each study. For m studies
and n chromosomal bins, the probability that the ranks Xi

(i¼ 1, . . .m) from a specific bin sum to R is:

P
Xm

i¼1

Xi ¼ R

 !
¼ 0 for R < m

¼
1

nm

Xd

k¼0

ð�1Þk
R � kn � 1

m � 1

� �

�
m

k

� �
for m � R � nm

¼ 0 for R > mn

where d is the integer part of (R7m)/n and index k varies from
0 to d. This equation allows the distribution of R to be derived
and the type 1 error rate to be computed analytically, i.e. the
probability that a summed rank of R or greater is obtained
within a bin under the null hypothesis. For example, for four
studies and 120 bins, as in the present analysis, a summed rank
R� 356 corresponds to a type 1 error of 5%.

Linkage results from the four European scans were entered
by each group into the common GIFT database. These results
consisted of multipoint NPL scores computed at different
positions on each chromosome using the Genehunter program
(25). Since markers and maps differed among studies, the
different maps used by the Genehunter analyses were adjusted
to the reference Marshfield map (this genetic map can be found
at http://research.marshfieldclinic.org/genetics). Each group
indicated the first and last markers genotyped on each
chromosome, which were placed on the Marshfield map. Let
x be a given Genehunter map position and m(x) the position
adjusted for Marshfield map: m(x)¼m(first) þ fx, where
m(first) is the position of the first marker on Marshfield map
and f¼m(last)7m(first)/y, m(last) being the position of the
last marker on Marshfield map and y being the total map length
used by a given Genehunter run. The adjusted maps were
divided into bins of equal length (about 29 cM), the number of
bins for a given chromosome being determined from the
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Marshfield map. Software to adjust map positions and to
conduct GSMA were integrated into the GIFT database.

Linkage analysis of the raw data

Linkage analysis of the pooled raw data was carried out for the
chromosomes which displayed significant results, as obtained
from the previous GSMA. All data, including pedigree
information, clinical data and marker genotypes together with
allele frequencies and the maps used by each scan were
uploaded to the GIFT database. The pooled data files were built
by renumbering sequentially the alleles of markers that were
common to at least two scans and using allele frequencies
specific to each data-set, as allowed by Genehunter (25). For
example, if a given marker has i alleles in one scan and k alleles
in another scan, alleles are numbered 1 to i for the first data set
and i þ 1 to i þ k in the second data set. Allele frequencies
were re-estimated from each data set using a maximum
likelihood-based method, as implemented in the Vitesse soft-
ware (46). This takes into account all the available genotypic
information within families. We checked that these frequencies
were in agreement with those used in the original scans.

To build the maps for the selected chromosomes, inter-
marker distances were estimated in each data set using Vitesse
and compared with those provided by each group to the GIFT
database and those in the published Marshfield map. A
common map for the pooled analysis was constructed by using
all markers genotyped across the four data sets, the marker
order being taken from the published Marshfield map. The
inter-marker distances were basically set at the values taken
from the Marshfield map with slight modifications to fit the
distances estimated from the data sets. We did not compute a
map from the pooled raw data themselves since most markers
were not shared by all four data sets; only the French and UK
scans had used similar marker sets. Model-free multipoint
linkage analyses were performed with the Genehunter Plus
program (26). We used the Sall scoring statistic for calculation
of the NPL Z-scores (25) and the exponential model to
compute the allele sharing LOD scores (26).
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