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Several candidate genes for non-insulin-dependent
diabetes mellitus (NIDDM) map on chromosome 20,
including the phosphoenolpyruvate carboxykinase
gene (PCK1) and one of the maturity onset diabetes of
the young genes ( MODY1). Thus, we have investigated
the entire long arm of chromosome 20. Linkage
analyses were conducted in a total sample of 148
NIDDM families (301 NIDDM sib pairs) and in a subset of
42 early onset NIDDM families, where genetic
components are likely to play a more important role (55
NIDDM sib pairs diagnosed at or before 45 years of age),
using 10 highly polymorphic markers with an average
map density of 7.5 cM. Using affected sib pair methods
(two-point linkage and multipoint linkage analyses),
significant results were obtained with the 20q13 region,
in the vicinity of the PCK1 locus, only in the subset of
55 early onset NIDDM sib pairs (multipoint MLS = 2.74,
P = 0.0004; MLS = 2.34, P = 0.0009 when using a
conservative weighting procedure). Moreover, another
region spanning the ribophorin II ( RPNII),
phospholipase C (PLC1) and adenosine deaminase
(ADA) loci suggested linkage with NIDDM (multipoint
MLS of 1.81 in all NIDDM sib pairs, P = 0.003; MLS = 1.31,
P = 0.012 when using a conservative weighting
procedure). Whereas our study suggests the location of
a susceptibility locus for early onset NIDDM in the PCK1
gene region, further investigation in larger data sets is
required to confirm these results and assess the role of
other regions on chromosome 20q in human NIDDM.

INTRODUCTION

It is widely accepted that non-insulin-dependent diabetes mellitus
(NIDDM) is a heterogeneous metabolic disorder with a complex

pattern of inheritance. NIDDM exhibits a combination of two
major alterations, insulin resistance and pancreatic β-cell dys-
function, but the primary defect is still largely unknown (1).
Candidate gene approaches and genome-wide scans are powerful
tools to search for NIDDM susceptibility loci. In this regard,
recent genome-wide searches led to mapping of major suscepti-
bility loci for NIDDM to chromosome 2q in Mexican-Americans
and to chromosome 12q in Finnish families (2,3). However, these
two chromosomal regions do not appear to be major contributors
to NIDDM in the French NIDDM families, illustrating the
difficulties of mapping common multifactorial traits (4,5).

On the other hand, and so far, the intensive search for NIDDM
candidate genes potentially involved in insulin secretion and/or
insulin action has only provided clues for limited subtypes of
NIDDM. This has led to the identification of rare Mendelian
sub-entities and few genetic variants having separately relatively
modest effects on insulin secretion and/or insulin action, therefore
accounting for no more than 5% of the familial clustering of
NIDDM (6–9). Insulin resistance is considered to be the earliest
detectable clinical defect in the pre-diabetic state (10) and
segregation analyses in several ethnic groups strongly suggest
that major loci may be involved in the familial clustering of
insulin resistance (11–13). Therefore, investigating genes of the
insulin pathways may potentially help to elucidate some forms of
human NIDDM. The cytosolic phosphoenolpyruvate
carboxykinase gene (PCK1) located on chromosome 20q13.3
(14) encodes a key regulatory enzyme (PEPCK) in liver glucose
metabolism. This enzyme governs the rate limiting step of
gluconeogenesis and thus in part hepatic glucose output. As
demonstrated in transgenic mice, over-expression of PEPCK
enzyme leads to hyperglycemia, insulin resistance and NIDDM
(15), and a similar mechanism may be expected to cause insulin
resistance with increased hepatic gluconeogenesis in human
NIDDM. Thus, PCK1 is a strong candidate gene for NIDDM,
which is characterized by abnormally increased and
non-suppressible hepatic glucose production (1,10).
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Preliminary genetic studies of several candidate genes for
insulin resistance showed some indication of linkage between a
PCK1 intragenic microsatellite marker and NIDDM in a limited
set of 42 French NIDDM families with multiple cases of NIDDM
(16). It is noteworthy that two other diabetogenes also map to
chromosome 20q, both centromeric to the PCK1 locus, namely
the MODY1 gene, causing a subtype of maturity onset diabetes of
the young, and the agouti signaling protein gene (ASP), which is
the human homolog of a murine gene responsible for an
obesity–diabetes syndrome in mice (17,18). This prompted us to
investigate the entire chromosome 20q in our collection of French
Caucasian NIDDM families. A sample of 148 families,
ascertained through at least two NIDDM siblings (including the
original set of 42 multiple case NIDDM families), was genotyped
for 10 polymorphic markers spanning a 67 cM region on the long
arm of chromosome 20q with an average map density of 7.5 cM.

We report here suggestive evidence for linkage of early onset
NIDDM to the chromosome 20q13 region, in the vicinity of the
PCK1 locus in a subset of 55 NIDDM sib pairs diagnosed at or
before 45 years of age. In addition, our data indicate a possible
linkage of NIDDM to the 20q12–13.11 region, proximal to
PCK1, spanning the ribophorin II (RPNII), phospholipase C
(PLC1) and adenosine deaminase (ADA) loci.

RESULTS

This study was conducted in a total sample of 148 multiplex
NIDDM pedigrees, including 156 sibships with a maximum of
301 NIDDM sib pairs available for genotyping. Affected status
was defined as having overt NIDDM according to the WHO
criteria (individuals with fasting plasma glucose >7.8 mM and/or
>11 mM after a 2 h glucose load and/or if treated by oral
hypoglycemic agents or by insulin at least 1 year after diagnosis)
(19). Since NIDDM is a heterogeneous disorder and, as reported
in a previous study, the contribution of the genetic component to
NIDDM decreases as the age at diagnosis increases (20), we
selected a subset of 42 sibships including at least two siblings with
NIDDM diagnosed at or before the age of 45 years, where genetic
factors may be easier to detect. This subset of families, designated
in this paper ‘early onset NIDDM’, included a total of 55 early
onset NIDDM sib pairs. We did not consider those sib pairs
diagnosed after the age of 45 years separately, as these are
probably a mixture of early and late onset cases (early onset
diabetic patients remaining frequently undiagnosed for a long
period of time). Indeed, analysis of this late-onset subset would
increase the number of statistical tests without any likely gain
with respect to the whole sample. Available parents and siblings
(affected and unaffected) were genotyped for 10 markers with an
average heterozygosity of 0.77 ± 0.06 (mean ± SD), estimated
from the data (Fig. 1).

Two-point linkage analyses were conducted using three
different sib pair methods which may display different statistical
properties (21): the Haseman–Elston method (22,23), based on
the estimated mean proportion of alleles shared identical by
descent (IBD) among affected sib pairs (π); a method comparing
the number of shared and non-shared alleles among affected sib
pairs using only informative meioses (Joe Terwilliger, personal
communication); the maximum likelihood method (MLS test),
based on the estimated IBD probabilities with constraints
imposed by the ‘possible triangle’ (24,26).

Figure 1. Ideogram of chromosome 20 showing the 10 markers used in the
linkage study. The order of markers and genetic distances in cM were obtained
from the Généthon map (recombination fractions between adjacent markers
estimated from our data agree with those reported on that map). The percent
heterozygosity of each marker is indicated in parentheses next to the marker
name. The assumed locations of the MODY1 gene and human homolog of the
mouse agouti gene, agouti signaling protein gene (ASP), are also shown.

In all NIDDM sib pairs (Table 1) the most significant results in
favor of linkage were obtained with the RPNII locus (P = 0.001
without weighting, P = 0.009 with weighting), whichever sib pair
method was used. Nominal evidence for linkage (P < 0.05) was
also observed with the PLC1 marker, the ADA marker and the
PCK1 locus (10, 15 and 45 cM distal to RPNII, Fig. 1). When
considering the early onset NIDDM sib pairs (Table 2), an excess
of allele sharing was observed with the following markers, from
centromere to telomere: D20S112 (0.003 < P < 0.03, depending
on the method used), RPNII (0.005 < P < 0.020), ADA (0.0002 <
P < 0.004), D20S196 (0.004 < P < 0.009), D20S100 (0.004 < P
< 0.015) and PCK1 (0.001 < P < 0.01). To determine empirical P
values, which may be more accurate in small samples, simulations
of 5000 replicates of the data were conducted under the null
hypothesis of no linkage with three loci,  RPNII, ADA and PCK1.
The empirical P values calculated using the Haseman–Elston
method were very close to those obtained from the observed data
using the one-sided t-test distribution. The empirical P values
versus the P values provided by the observed data were 0.002
versus 0.001 for PCK1, 0.0002 versus 0.0002 for ADA and 0.007
versus 0.005 for RPNII in early onset NIDDM pairs and 0.002
versus 0.001 for RPNII in all NIDDM pairs. Analyses by the
shared/not shared allele method led to similar results.
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Table 1. Sib pair analyses of 301 NIDDM sib pairs,using three different methods

Locus na π ± SDb Pb Shared/not sharedc Pc MLSd Pd

D20S112 292 0.52 ± 0.30 0.159 254.3/233.4 0.172 0.23 0.211

181.3/167.1 0.223 0.17 0.255
RPNII 270 0.55 ± 0.29 0.001 233.1/173.2 0.001 2.27 0.001

173.1/132.3 0.009 1.39 0.009
PLC1 290 0.53 ± 0.31 0.048 246.5/210.9 0.048 1.12 0.019

177.7/151.3 0.073 0.83 0.040
ADA 288 0.53 ± 0.28 0.023 229.4/191.0 0.030 0.98 0.027

168.3/143.0 0.076 0.57 0.079
D20S119 290 0.52 ± 0.27 0.061 219.9/190.6 0.073 0.61 0.070

164.7/144.2 0.121 0.37 0.140
D20S176 276 0.51 ± 0.26 0.253 181.8/168.9 0.246 0.12 0.304

136.4/127.9 0.300 0.06 0.377
D20S196 284 0.51 ± 0.32 0.329 245.9/235.8 0.322 0.22 0.214

178.4/170.1 0.329 0.17 0.250
D20S100 281 0.52 ± 0.28 0.106 224.2/199.9 0.119 0.41 0.122

168.8/157.4 0.264 0.23 0.210
PCK1 294 0.53 ± 0.28 0.035 250.2/215.8 0.055 0.71 0.055

182.4/158.6 0.098 0.46 0.105
D20S173 273 0.50 ± 0.27 1.000 178.0/181.7 0.923 0.005 0.537

128.3/138.6 0.764 0.00 0.600

an is the total number of affected sib pairs genotyped for a given marker.
bEstimated mean proportion ± SD of IBD alleles and the corresponding P value, using the Haseman–Elston method.
cNumber of shared and non-shared IBD alleles among affected sib pairs computed from informative meioses (observed or inferred) and the corresponding P value
(Terwilliger’s approach).
dMaximum LOD score using the possible triangle and the corresponding P value (Risch and Holmans’ approach).
The results in italics shown on the second line for each marker are obtained when weighting for non-independent sib pairs from multiple affected sibships, as made
possible by the second and third approaches.

Table 2. Sib pair analyses of NIDDM diagnosed at or before 45 years of age using three different methods, in a maximum of 55 sib pairs, available for
genotyping

Locus na π ± SDb Pb Shared/not sharedc Pc MLSd Pd

D20S112 54 0.59 ± 0.25 0.003 53.3/32.6 0.013 1.63 0.005

45.2/29.0 0.030 1.22 0.014
RPNII 54 0.61 ± 0.30 0.005 53.8/30.4 0.005 1.59 0.006

44.9/26.8 0.016 1.09 0.020
PLC1 55 0.57 ± 0.33 0.061 54.0/38.5 0.053 0.85 0.038

44.5/36.1 0.176 0.37 0.139
ADA 53 0.64 ± 0.27 0.0002 57.1/27.1 0.0005 2.84 0.0003

47.4/24.9 0.004 1.91 0.002
D20S119 55 0.58 ± 0.29 0.029 49.5/33.0 0.035 0.85 0.038

41.5/30.1 0.088 0.44 0.112
D20S176 53 0.54 ± 0.27 0.105 38.9/28.8 0.109 0.54 0.085

34.1/26.0 0.146 0.42 0.118
D20S196 53 0.61 ± 0.31 0.006 55.4/31.7 0.006 1.72 0.004

47.6/27.3 0.009 1.55 0.006
D20S100 53 0.60 ± 0.27 0.004 50.7/29.1 0.008 1.55 0.006

43.4/25.4 0.015 1.31 0.012

PCK1 55 0.60 ± 0.24 0.001 57.8/34.6 0.008 2.04 0.002
50.3/29.6 0.010 1.92 0.003

D20S173 50 0.50 ± 0.29 1.000 33.3/33.9 0.969 0.05 0.404

27.4/31.2 0.808 0.00 0.600

an is the total number of affected sib pairs genotyped for a given marker.
bEstimated mean proportion ± SD of IBD alleles and the corresponding P value, using the Haseman–Elston method.
cNumber of shared and non-shared IBD alleles among affected sib pairs computed from informative meioses (observed or inferred) and the corresponding P value
(Terwilliger’s approach).
dMaximum LOD score using the possible triangle and the corresponding P value (Risch and Holmans’ approach).
The results in italics shown on the second line for each marker are obtained when weighting for non-independent sib pairs from multiple affected sibships, as made
possible by the second and third approaches.
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Following these two-point linkage analyses, multipoint map-
ping, based on the MLS method (25), was carried out on the two
sets of NIDDM sib pairs, using the whole map of 10 markers. In
all NIDDM pairs the MLS reached 1.81 (1.31 when weighted,
0.003 < P < 0.012) at a location linked to RPNII, with a 1 LOD
unit confidence interval of 28 cM, contained within the region
spanning the loci from D20S112 to ADA (Fig. 2). In the 55 early
onset NIDDM pairs the peak MLS was 2.74 (2.34 when
weighted, 0.0004 < P < 0.0009) at a location 7 cM proximal to
PCK1, with a 1 LOD unit confidence interval of 24 cM, spanning
the D20S176, D20S196, D20S100 and PCK1 loci (Fig. 3).

Given this latter result, a direct involvement of PCK1 in early
onset NIDDM was suggested. Since the PCK1 gene is essentially
regulated in a negative manner by insulin, we screened for
mutations in the PCK1 gene promoter sequences. Thus, a 579 bp
segment located at the 5′-end of the structural gene and containing
the necessary regulatory elements accounting for the normal
pattern of gene expression, especially inhibition by insulin, was
directly screened by SSCP in early onset NIDDM patients.
However, we did not find any DNA polymorphism in the
probands studied (data not shown).

DISCUSSION

This study shows suggestive evidence for linkage of early onset
NIDDM with a 24 cM region on 20q13, including the PCK1
locus. Measurement of the contribution of each sib pair to the
multipoint MLS of 2.74 at the PCK1 locus indicates that the LOD
scores corresponding to the initial set of 25 sib pairs and the
second set of 30 sib pairs are 1.85 (P = 0.003) and 0.88 (P = 0.035)
respectively, both in favor of linkage. It is common usage to
weight non-independent sib pairs from sibships with s affecteds
if s > 2. However, a recent simulation study showed that the
weighting procedure, which multiplies the LOD score of each sib
pair by 2/s, as implemented in the computer program Mapmaker/
Sibs, leads to conservative tests, especially when parents are not
genotyped (27). Since analyses were repeated on two data sets,
the early onset sample and the whole sample, it is also common
usage to multiply the P values by the number of samples analyzed
to correct for multiple testing. The P value of 0.0004 associated
with the MLS of 2.74 would thus become equal to 0.0008, still
close to the conservative threshold of suggestive linkage
(P = 0.0007) recommended by Lander and Kruglyak for a dense
map in a complete genome scan (28).

We have chosen a priori the cut-off point of 45 years of age to
define an early onset subset, where a genetic component is likely
to play a more important role, as was done in our previous linkage
analyses of NIDDM (4,29). However, analyses were repeated by
increasing this cut-off point to 46 and 47 years, since true age at
onset of NIDDM is usually not accurately known, the latter
corresponding to the mean age of NIDDM diagnosis in the whole
sample. The multipoint MLS is 2.32 (P = 0.001) at a position
9 cM proximal to PCK1 when using 46 years as a cut-off point
(59 sib pairs) and 1.47 (P = 0.008) at a position 14 cM proximal
to PCK1 when using 47 years as a cut-off point (64 sib pairs). In
the latter case, there is another maximum of the same order of
magnitude (MLS = 1.53, P = 0.007) tightly linked to RPNII.
There is thus a trend to a decrease in the MLS in the PCK1 region
and a rise in another MLS in the RPNII region as NIDDM cases
with an increasing age at diagnosis are taken into account in the
analysis.

Figure 2. Multipoint LOD scores at different locations of the putative NIDDM
susceptibility gene in the total set of NIDDM sib pairs with and without
weighting non-independent sib pairs.

Linkage of early onset NIDDM to the chromosome 20q13
region may suggest a possible genetic predisposing defect of the
phosphoenolpyruvate carboxykinase gene. It is known that PCK1
gene expression is regulated by multiple hormones and,
especially, is inhibited by insulin. In this regard, the development
of NIDDM could be due to variations in the PCK1 gene
cis-regulatory elements, rather than to mutations in the coding
regions impairing PEPCK activity, as PEPCK deficiency is one
of the causes of hypoglycemia in infancy (30). SSCP screening
of the regulatory sequences required for normal expression of the
PCK1 gene failed to reveal any DNA abnormality in the early
onset NIDDM patients. Similarly, Ludwig et al. have recently
screened the regulatory sequences of the PCK1 gene for
mutations (SSCP and DNA direct sequencing) and found no
DNA variation either in Caucasian patients with early onset or
late onset NIDDM or in obese Pima Indian patients (31).

In addition to the PCK1 gene region, other loci on chromosome
20q showed some evidence for linkage to NIDDM. Multipoint
mapping indicated a possible linkage of NIDDM to a 28 cM
region on 20q12–13.11, extending from D20S112 to ADA and
spanning the RPNII and PLC1 loci (MLS = 1.81 close to RPNII,
P < 0.003). Interestingly, potential candidate genes for NIDDM
map near the RPNII and ADA loci: indeed, the MODY1 gene is
tightly linked to the ADA locus (32). Recently this MODY1 gene
has been identified as the hepatocyte nuclear factor-4α encoding
gene (HNF-4α), with a nonsense mutation co-segregating with
the MODY phenotype in a large Caucasian pedigree (33).
However, investigating the HNF-4α gene by direct sequencing in
our NIDDM probands showed that HNF-4α gene mutations are
unlikely to be a common cause of NIDDM in our population
(E.H.Hani et al., manuscript in preparation). Furthermore, RPNII
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Figure 3. Multipoint LOD scores at different locations of the putative NIDDM
susceptibility gene in 55 early onset NIDDM sib pairs with and without
weighting non-independent sib pairs.

is located to an interval encompassing <5 cM along with the
human homolog of the agouti gene, responsible for a form of
adult onset diabetes, insulin resistance and obesity in mice (32).
It is noteworthy that several additional candidate genes for
NIDDM are also located on chromosome 20q: the PLC1 gene,
encoding an intracellular second messenger involved in signal
transduction pathways; the CCAAT/enhancer binding protein β
gene (C/EBP-β), encoding a transcription factor that regulates
cAMP-induced expression of the PCK1 gene in the liver (34,35).
Therefore, the chromosome 20q region may contain one or more
genes causing monogenic forms of NIDDM and/or contributing
to the common (polygenic) forms of NIDDM.

In this regard, two North American studies have recently
reported linkage between NIDDM and markers on chromosome
20q (36,37). The first, conducted in large Caucasian pedigrees
with multiple NIDDM cases, showed suggestive evidence for
linkage in a subset of 14 families with age at diagnosis of NIDDM
>47 years (36). The multipoint non-parametric linkage score
reached a maximum of 3.3 (P < 0.009) for two tightly linked
markers, D20S178 and D20S197, located ∼8 cM centromeric of
D20S196 (37). Moreover, one allele of the D20S197 marker was
found to be transmitted from heterozygous parents to NIDDM
offspring more frequently than expected (P < 0.01), suggesting a
possible linkage disequilibrium between this allele and a disease
locus and making the MODY1 gene (8 cM centromeric of
D20S197) an unlikely candidate for NIDDM in these families.
The second study, conducted in African-American and Caucasian
pedigrees with multiple NIDDM affected members and a history
of diabetic nephropathy, suggested linkage with the same
markers, D20S178 and D20S197, in only 53 Caucasian NIDDM
sib pairs (multipoint MLS = 1.48, P = 0.008) (38). As compared

with our own results, the peak multipoint scores in the two North
American studies occur at a position which is ∼15 cM
centromeric of the peak obtained in our early onset subset and
22 cM telomeric of the peak observed in our whole sample. The
confidence intervals surrounding these peaks may be wide and we
found that the centromeric bound of the l LOD unit confidence
interval of the maximum LOD score obtained in our early onset
subgroup corresponded to the position of the D20S197 and
D20S178 markers. Moreover, whereas evidence for linkage was
stronger in the late onset subset of families (mean age at NIDDM
diagnosis ranging from 48 to 63 years) in the former study, the
average age of diagnosis of all Caucasian NIDDM patients with
a history of nephropathy in the latter study was 45.7 years, which
is in closer agreement with our findings in the early onset subset.
A meta-analysis of these different samples may be useful to
clarify these issues and assess whether one or more NIDDM
susceptibility genes are located on chromosome 20q.

Stern et al. have recently performed a segregation analysis on
Mexican-Americans that showed evidence for a major locus
influencing early age of onset of NIDDM (39). Therefore, the
early onset NIDDM subgroup may be more homogeneous than
the late onset forms of NIDDM, which could increase the power
of linkage analysis. In this case, investigating these pedigrees may
help to map NIDDM susceptibility genes, at least in European
Caucasians, where confounding factors like severe obesity
(which may reveal earlier and prematurely worsen diabetes in
individuals with a family history of diabetes) are not very
prevalent.

In summary, these results suggest the location of a
susceptibility locus for early onset NIDDM in the PCK1 region
but confirmation in larger data sets is required. Whether this locus
and other loci on chromosome 20q are involved in NIDDM
requires further investigation in larger data sets.

MATERIALS AND METHODS

Subjects

From an initial pool of 278 multiplex NIDDM families, we have
selected 46 multiple case pedigrees. Family information was
collected in France through a multimedia campaign and clinical
data for each family member were obtained during a standardized
clinical examination performed at the Endocrinology Department
of the Hôpital Saint Louis, Paris, or by the subject’s personal
physician. Four of these families were excluded from the study
because both parents had NIDDM. Subjects were considered
affected if they presented NIDDM as defined by WHO criteria
(19). The 42 selected families presented NIDDM cases in at least
two consecutive generations. To increase the sample size, a
second set of 116 NIDDM families (smaller in size than those in
the first set), with at least one NIDDM sib pair, was selected. Ten
families with both parents affected were excluded and only 106
families were included in the study, making a total of 148 families
when added to the initial set. Criteria used to select our family
samples comprised exclusion of linkage to the MODY3 locus on
chromosome 12q (4) and absence of mutations in the glucokinase
gene and a tRNALeu mutation in mitochondrial DNA when
testing at least one affected individual from each family. In the
total set of 148 NIDDM families studied there were 393 family
members presenting NIDDM; the first set of 42 NIDDM families
and the total set have been previously described (4,16). All 393
NIDDM subjects were tested for fasting glucose levels, and 16%
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of the affected members from these families who were not being
treated for NIDDM consented to oral glucose tolerance testing.
Among all NIDDM patients of the total set, 69% were being
treated with oral hypoglycemic agents and 15% with insulin. The
total sample of 148 families included 156 sibships with at least
two NIDDM cases available for genotyping, making an overall
sample size of 301 NIDDM sib pairs. Since the genetic
component is suggested to play a more important role in early
onset NIDDM, we selected a subset of 42 sibships with at least
two sibs with NIDDM diagnosed at or before age 45 years,
including a total of 55 early onset NIDDM sib pairs (39% of
affected family members in the whole sample were diagnosed for
NIDDM at or before the age of 45 years). The cut-off point of 45
years of age was chosen as in our previous linkage studies (4,29),
since true age at onset of NIDDM is difficult to know accurately
and 45 years seemed a reasonable choice to define an actual early
onset subgroup. Characteristics of NIDDM patients in this subset
and the whole sample of sib pairs are as follows: mean age at
diagnosis of NIDDM 36.9 ± 6.9 in the early onset group and
47.7 ± 11.8 in the whole set; proportions of males among all
patients 57 and 51% respectively (not significantly different,
P = 0.47); mean body mass indices (BMI) similar, being
respectively 27.1 ± 4.0 and 27.0 ± 4.4. Moreover, comparison of
the early onset (55 NIDDM sib pairs diagnosed at or before
age 45) and late onset (246 NIDDM sib pairs diagnosed after
age 45) subgroups did not show any significant difference in
terms of sex ratio, mean BMI, waist/hip ratio, blood glucose and
insulin levels or cholesterol and triglycerides levels. The
proportions of families with no, one or two parents genotyped are
respectively 77, 19 and 4% in the whole sample of 156 families
and 69, 26 and 5% in the subset of 42 early onset families.
Moreover, the distributions of these sibships according to the
number of affected sibs s available for genotyping is as follows:
the total of 156 sibships includes 109 sibships with s = 2, 37 with
s = 3, six with s = 4, three with s = 5 and one with s = 6, while the
42 early onset sibships include 37 sibships with s = 2, four with
s = 3 and one with s = 4. The number of genotyped sib pairs
differed slightly according to the marker studied and are
presented in Tables 1 and 2.

Genotyping

DNA from individuals of NIDDM families was extracted from
peripheral blood leukocytes by standard procedures (40). All
family members were genotyped by PCR using highly
polymorphic simple tandem repeat DNA polymorphisms
(STRPs) located within or in the vicinity of the PCK1, ADA,
PLC1 and RPNII genes as previously described (41–44). Six
Généthon anonymous markers (D20S173, D20S112, D20S119,
D20S176, D20S100 and D20S196) were also investigated (45).
The PCR reactions were carried out with unlabeled primers and
dNTPs and the PCR products were separated by electrophoresis

on a 6% denaturing polyacrylamide gel containing 8 M urea.
Electrophoresed PCR products were then transferred by blotting
onto Hybond N+ nylon membranes which were then hybridized
in a non-radioactive labeling procedure using one of the primers
used in DNA amplification (46).

Linkage analyses

Evidence for linkage was sought using three non-parametric
affected sib pair methods which were shown to display different
statistical properties (21). The Haseman–Elston sib pair method
(22,23) consists of estimating the mean proportion of alleles
shared identical by descent (IBD) among affected sib pairs, using
all marker information available in parents and siblings (affected
and unaffected). This mean proportion is tested against the
expected value of 0.5, under the null hypothesis of no linkage, by
a one-sided t-test with degrees of freedom (df) equal to (n – 2) (n
being the total number of affected pairs). This method is
implemented in the computer program Sibpal of the Sage package
(47). The second method, based on the number of shared and
non-shared alleles among affected sib pairs computed from
informative meioses (heterozygous parents and IBD status
unambiguously determined in sib pairs) either observed or
inferred from marker information in the data (J.Terwilliger,
personal communication). The number of shared and non-shared
alleles are equal under the null hypothesis of no linkage, whereas
there are more shared than non-shared alleles when there is
linkage. This is tested by a one-sided χ2 test with 1 df. This
method has been recently implemented in the program Sibpair of
the Analyze package (distributed by J.Terwilliger). The third
method is a maximum likelihood method which estimates the
IBD probabilities among affected sib pairs from observed marker
information and compares it with the expected distribution
(1/4, 1/2, 1/4) when there is no linkage using a LOD score test
(MLS method; 24). The power of this method can be increased
by imposing constraints on IBD probabilities based on the
‘possible triangle’ (25) and 2ln(10) times the MLS is distributed
as a mixture of χ2 values with 1 df and 2 df. The MLS was
computed using the computer program Mapmaker/Sibs (25). The
latter two methods, as implemented in the computer programs,
make it possible to correct for the non-independence of multiple
affected sib pairs from the same sibship by weighting the
contribution of each sib pair by 2/s (s being the number of affected
sibs). To compute empirical P values, marker data were simulated
in affected sib pairs under the null hypothesis of no linkage using
observed marker information in parents and unaffected siblings.
Multipoint mapping was conducted using the MLS approach and
the computer program Mapmaker/Sibs with and without
weighting sib pairs from multiple affected sibships (26).

Marker allelic frequencies were estimated using all family
information from the data set with the ILink program of the
Linkage package (48).

Table 3. PCR amplification primers for SSCP screening of the PCK1 gene promoter

Fragment Forward primer Reverse primer Position Fragment size (bp)

1 5′-ACAGAGCAGACAATCAATAC-3′ 5′-TAGCAGCACATTTTGTGTAC-3′ –547/–348 199

2 5′-GACTGTGACCTTTGACTATG-3′ 5′-CCAACTGACTAAACCTTGAC-3′ –434/–246 188

3 5′-TGACCCACCTGCCTGTTAAG-3′ 5′-CAACTCACTGCAACACGCCC-3′ –322/–137 185

4 5′-CAATGATTATCTCCCTGGGG-3′ 5′-CAGCAAGTTTGTGTTCCCAG-3′ –174/+32 206
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LOD score calculations

In this study we have genotyped the PCK1 and RPNII markers in
the CEPH pedigrees and positioned them with respect to a subset
of polymorphic markers using multipoint mapping analyses with
the Linkage package of programs (48).

SSCP screening of the PCK1 gene promoter

A 579 bp segment of the PCK1 promoter region (from
–547 to +32), encompassing all the PCK1 regulatory elements,
including the insulin response element (49), was subdivided into
four small overlapping segments (<250 bp, Table 3). Each
fragment of this regulatory sequence was screened for mutations
by PCR amplification followed by SSCP analysis in 41 affected
individuals with NIDDM diagnosed at or before 45 years of age
and 40 unrelated normoglycemic control individuals. Genomic
DNA extracted using the standard procedures was amplified in a
total volume of 25 µl under the following PCR conditions: an
initial denaturation at 94�C for 6 min, 30 cycles of 94�C for 30 s,
60�C for 30 s and 72�C for 30 s for all fragments except
fragment 2 (amplified at 58�C in a 35 cycle PCR reaction) and a
final extension step at 72�C for 6 min. For SSCP analysis, 1 µl
PCR product was denatured in 1 µl formamide loading buffer and
then directly loaded onto a preprepared polyacrylamide gel
(Pharmacia, PhastSystem�) and run under each fragment’s
optimized conditions. Gels were silver stained and checked for
the presence of an abnormal pattern of migration of the PCR
fragments.
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