
Abstract In order to understand the role of the insulin re-
ceptor substrate-2 (IRS2) gene (chromosome region: 13q34)
in obesity, a complex disorder associated with insulin re-
sistance and glucose intolerance, we determined single nu-
cleotide polymorphims (SNPs) and complex haplotypes in
women with morbid obesity and a body mass index (BMI)
of 41±0.8 kg/m2 (n=99) compared with controls having a
BMI of 23.8±0.1 kg/m2 (n=92). Sequencing of unphased
DNA or digestion of polymerase chain reaction fragments
revealed seven SNPs, including a new C/T(–769) replace-
ment at the 5’ untranslated region. Considering four or seven
SNPs, we reconstructed with the PHASE program nine or
24 haplotypes, respectively, that were well correlated into
the cladogram. Logistic regression analysis with nine hap-
lotypes in the whole sample revealed that obesity was as-
sociated with haplotype H3, with P<0.025, an odds ratio
(OR) of 1.9 and a 95% confidence interval (CI) of 1.1–
3.4, or pairs 3/3 (P<0.005, OR=8.7, CI=1.9–40.1) and 3/4
(P<0.023, OR=2.5, CI=1.1–5.6), all containing the the
Gly1057Asp allelic variant of IRS2, whereas controls were
associated with H5 and H6 (P<0.02, OR=0.2, CI=0.01–0.81).
Although obese H5 carriers (also containing Gly1057Asp
mutation) were the most insulin resistant, haplotypes of
IRS2 were poorly correlated (analysis of variance) with

insulin resistance. By contrast, haplotypes H3, H4 and
pairs 3/3 were consistently associated with increased 2-h
glucose levels during an oral glucose tolerance test in obese
individuals (P<0.0005, 0.025 and 0.027, respectively).
These data indicate that IRS2 is an influential gene in se-
vere obesity and glucose intolerance in this population,
whereas gene-based haplotypes of IRS2 have revealed
heterogeneity in the behaviour of the Gly1057Asp muta-
tion in relation to insulin resistance.
Electronic Supplementary Material Supplementary ma-
terial is available for this article if you access the article at
http://dx.doi.org/10.1007/s00439-003-0935-3. A link in the
frame on the left on that page takes you directly to the
supplementary material.

Introduction

Description of single nucleotide polymorphisms (SNPs)
in the human genome has significantly contributed to the
characterization of susceptibility genes in complex dis-
eases (Risch and Merikangas 1996; Collins et al. 1999).
SNPs are biallelic nucleotide variations, occurring every
500–1000 bp and are thus more frequent than short tan-
dem repeats (STR), which are classically used for linkage
studies. Because of their low mutation rate and linkage
disequilibrium, SNPs appear ideal for genetic association
in case-control studies (Judson et al. 2000; Nickerson et
al. 2000; Wilson and Sorant 2000; Bader 2001). In a sin-
gle gene, hundreds of SNPs that have been accumulated
through the history of a population are found as unique
combinations named gene-based haplotypes (Judson et al.
2000). Although individual SNPs may be investigated as
candidates for causative variations in disease-related genes,
association tests with gene-based haplotypes provide
greater statistical power and represent an alternative ap-
proach in deciphering complex traits, such as insulin re-
sistance or glucose intolerance (Bader 2001; Nyholt 2001).

Insulin resistance is a component of complex diseases
such as obesity or type 2 diabetes mellitus (DeFronzo et
al. 1992). Familial aggregation and ethnic variability sug-
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gest a genetic basis for which genes involved in insulin
action are good candidates (Pedersen 1999; Kido et al.
2000). Studies of several allelic variants in human popu-
lations have provided clear evidence for the involvement
of the insulin receptor substrate (IRS) gene family in the
pathogenesis of insulin resistance (White 1998; Kadowaki
et al. 2000). IRS genes encode for substrates of tyrosine-
specific kinases, such as insulin and insulin-like growth
factor 1 (IGF-1) receptors, and contain, at the N-terminal,
pleckstrin homology (PH) and phosphotyrosine-binding
(PTB) domains involved in attachment to plasma mem-
brane and hormone receptors, respectively. IRSs are phos-
phorylated at multiple sites that are located within specific
sequence motifs (Tyr-Met-Xaa-Met) and responsible for
association with SH2 domains of several signalling pro-
teins, such as PtdIns 3’ kinase (White 1998). In humans,
the best studied genes are IRS1 and IRS2. The IRS1 gene
(chromosome region: 2q36–37) contains the allelic vari-
ant Gly972Arg, which appears more prevalent in type 2
diabetes, predisposes obese individuals to glucose intoler-
ance and is associated with both altered insulin action and
secretion (Almind et al.1993; Sigal et al. 1996; Porzio et
al. 1999; Baroni et al. 2001; Ait El Mkadem et al. 2001).
IRS2 (chromosome region: 13q34) is another gene in-
volved in insulin action and is thought a good candidate for
glucose intolerance (Sun et al. 1995; Bernal et al. 1998;
Whithers et al. 1998; Almind et al. 1999). Initial linkage
studies and searches for pathogenic mutations have ex-
cluded this gene from the pathogenesis of type 2 diabetes
(Kalidas et al. 1998; Bektas et al. 1999). However, one
common variant (Gly1057Asp) of IRS2 has been demon-
strated as being influential in other forms of insulin resis-
tance (e.g. polycystic ovary syndrome), although its role
remains elusive (Mammarella et al. 2000; Ait El Mkadem
et al. 2001; Fritsche et al. 2001; ‘t Hart et al. 2002). In
lean subjects, this variant has a protective effect against
diabetes, but in obese individuals, the same variant in-
creases the risk for type 2 diabetes, suggesting a particular
interaction with overweight (Mammarella et al. 2000).
More recently, in a series of elegant experiments in mice,
the IRS2 gene has received particular attention as a possi-
ble integrator of energy homeostasis (Burks et al. 2000).
Thus, female IRS2-null mice consume 30% more food
and display 20% increase body weight, suggesting that
the IRS2 gene is involved in defective leptin-stimulated
STAT-3 at the hypothalamic level (Burks et al. 2000; Kim
et al. 2000; Withers 2001). Although obesity in humans
arises from complex interactions between multiple genes
and from behavioural and environmental factors (for a re-
view, see Chagnon et al. 2000) and the search for obesity
genes remains challenging, IRS2 appears a potentially in-
fluential gene responsible for alterations of glucose homeo-
stasis in obesity.

The aim of this study has been to investigate the role of
IRS2 in a particularly severe form of obesity by using a
new approach of complex haplotype determination. In
this report, we have detected SNPs in IRS2, reconstructed
gene-based haplotypes in the population by computational
procedures and demonstrated genetic association with obe-

sity. In addition, in view of numerous reports on the po-
tential causative role of the Gly1057Asp variant, we have
compared the effects on insulin resistance and glucose in-
tolerance of this variant alone with those of complex hap-
lotypes.

Materials and methods

Nomenclature

Gene symbols used in this article follow the recommendations of
the HUGO Gene Nomenclature Committee (Povey et al. 2001).

DNA samples

Genomic DNA was obtained from whole blood (Nucleon BACC 3
DNA isolation kit; Amersham, Buckingham, UK) from a Caucasian
population of obese women with class II obesity, i.e. a body mass
index (BMI) of 35.0–39.9 kg/m2, and co-morbidities or class III
obesity, i.e. a BMI of >40 kg/m2. These unrelated individuals pre-
sented for medical checkup prior to surgical gastric banding, ac-
cording to our national recommendations (Recommendation for
the diagnosis, prevention and treatment of obesity 1998). Control
women were randomly selected from 1000 Caucasian individuals
of the general population who were registered by the Nîmes Ob-
stetricians and Haematologist Association from the Languedoc-
Roussillon region of France, as previously described in detail (Ait
El Mkadem et al. 2001). Phenotypic features of both populations
are indicated in Table 1.

For the initial detection of SNPs in the IRS2 gene, we investi-
gated, by complete gene sequencing, a core sample (n=89) com-
posed of 38 obese patients and 51 normal-weight non-diabetic con-
trol women. SNP screening was then completed in an extended
sample (n=191). Insulin resistance was evaluated by the homeosta-
sis model assessment (HOMAIR) index (Matthews et al. 1985). In
a subgroup of obese subjects (n=34), this index was compared with
intravenous glucose tolerance test (IVGTT) data by using the
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Table 1 Clinical and laboratory features of women with obesity
and of controls. Numerical variables are expressed as mean ± SEM
and statistical significance (P) was obtained with Mann-Whitney
test between controls and obese subjects (BMI was excluded; ND
not done)

Obese Controls P
(n=99) (n=92)

Age (years) 38.1±0.9 41.4±0.9 0.0093
BMI (kg/m2) 41.1±0.8 23.8±0.1
Fasting blood glucose (mmol/l) 4.7±0.05 4.6±0.1 0.03
AUCgluc (mmol/l × h) 15.2±0.7 ND
2-h glucosea (mmol/l) 7.2±0.2 ND
IGT (%)b 44.7 ND
Insulin (µU/ml) 14.5±0.8 7.4±0.1 0.0001
AUCins (µU/ml × h) 121.9±8.9 ND
2-h insulina (µU/ml) 68.1±6.3 ND
HOMAIR

c 2.9±0.2 1.5±0.0 0.0001
Total cholesterol (mmol/l) 5.6±0.1 3.9±0.1 0.0001
Triglycerides (mmol/l) 1.5±0.1 1.1±0.0 0.0002

a2 h during 75 g oral glucose tolerance test
bImpaired glucose tolerance (IGT) was categorized according to
American Diabetes Association (1997) criteria
cHomeostasis model assessment (HOMAIR) index for insulin resis-
tance was calculated as (fasting insulin × fasting glucose)/22.5



“Minimal Model” calculation as previously described (Brun et al.
1996). To eliminate potential interference of the HOMAIR index
with the metabolic consequences of chronic hyperglycemia, dia-
betic individuals were excluded.

SNP detection and reconstruction of haplotypes

Variable sites of IRS2 were detected in the core sample by se-
quencing diploid DNA (n=89, 178 chromosomes) over 4.48 kb
corresponding to the large exon 1, the putative flanking intron of

the short exon 2 and 751 bp at the 5’ untranslated region (5’UTR)
of IRS2 as previously described (Ait El Mkadem et al. 2001; Ap-
pendix 1). Polymerase chain reaction (PCR) fragments were se-
quenced from both ends on an ABI 373A DNA sequencer by using
the AmpliTaq FS ABI PRISM Dye Terminator Cycle Sequencing
Kit (Applied Biosystems, Roissy, France) as described (Ait El
Mkadem et al. 2001). ABI software (version 2.1.2) was used for
lane tracking and base calling. High quality chromatograms were
visually inspected and litigious SNPs were sequenced twice (Ait El
Mkadem et al. 2001). In the extended sample, C/T replacement at
–769 5’UTR was screened by BtgI digestion of the corresponding
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Table 2 SNPs and haplotypes
determined for IRS2 gene in
obese and control populations.
SNPs were identified by direct
sequencing on an ABI 377A
DNA sequencer and haplo-
types were reconstructed with
the PHASE program. Nu-
cleotide change refers to the
replacement of the frequent al-
lele. Allelic frequency (q) was
calculated for sites 723, 816
and 829 only in the core sam-
ple. Haplotypes (H) from vari-
ations at four sites (–769,
1031, 1033 and 1057) were de-
termined in both core and ex-
tended samples (n=191),
whereas haplotypes (h) from
variations at seven sites (–769,
723, 816, 829, 1037, 1033 and
1057) were determined only in
the core sample (n=89). Statis-
tical significance was consid-
ered at P<0.05 and calculated
by the Chi2 test (NS not signifi-
cant)

aNegative values indicate loca-
tion upstream from coding se-
quence
bUnderlined base indicates the
replacement compared with
haplotype H6 and h13 in the
extended and core sample, re-
spectively. These two haplo-
types contain the major allele
of all SNP and therefore were
considered as reference haplo-
types

Position Nucleotide Amino acid/ Obesity Controls P
position affected

Allelic frequency q (95% CI) of SNPs of IRS2 genea

–769 C/T 5’UTR 0.36 (0.29–0.43) 0.43 (0.36–0.50) NS
723 T/C Ser/Ser 0.33 (0.22–0.44) 0.32 (0.23–0.42) NS
816 T/C Cys/Cys 0.40 (0.28–0.51) 0.66 (0.56–0.75) 0.0005
829 C/T Pro/Pro 0.25 (0.15–0.35) 0.23 (0.14–0.31) NS
1031 G/A Pro/Pro 0.02 (0.00–0.04) 0.01 (-0.01–0.03) NS
1033 A/G Pro/Pro 0.27 (0.21–0.33) 0.29 (0.23–0.36) NS
1057 G/A Gly/Asp 0.38 (0.32–0.45) 0.29 (0.23–0.36) NS

Haplotype determinationb

Haplotypes from four variable sites and their relative frequency (extended sample, 2n=382)
(2n=198) (2n=184)

H1 TGAG 0.333 0.337 NS
H2 CAGG 0.020 0.005 NS
H3 CGAA 0.359 0.217 0.024
H4 CGGG 0.237 0.272 NS
H5 TGAA 0.020 0.076 0.01
H6 CGAG 0.020 0.076 0.01
H7 TGGG 0.005 0.011 NS
H8 CGGA 0.005 0.000 NS
H9 TAGG 0.000 0.005 NS

Haplotypes from seven variable sites and their relative frequency (core sample, 2n=178)
(2n=76) (2n=102)

h1 CTTCGAA 0.224 0.000 0.0001
h2 CTTCGGG 0.118 0.000 0.0008
h3 TCTCGAG 0.079 0.098 NS
h4 CTCCGAA 0.079 0.206 0.039
h5 TCTTGAG 0.105 0.147 NS
h6 CTCCGGG 0.145 0.304 0.012
h7 CTTCAGG 0.013 0.000 NS
h8 TCCTGAG 0.105 0.000 0.0008
h9 TTCCGAA 0.013 0.098 0.02
h10 TTCTGAG 0.105 0.000 NS
h11 TCTCGAA 0.013 0.000 NS
h12 TCTCGGA 0.013 0.000 NS
h13 CTTCGAG 0.026 0.010 NS
h14 TTCCGAG 0.026 0.000 NS
h15 TCTTGAA 0.013 0.010 NS
h16 CCTTGAG 0.000 0.049 0.05
h17 TTCCAGG 0.000 0.010 NS
h18 TTTTGAG 0.000 0.010 NS
h19 CTTTGAG 0.000 0.010 NS
h20 TCCCGAA 0.000 0.010 NS
h21 CCTCGAG 0.000 0.010 NS
h22 TTCCGGG 0.000 0.010 NS
h23 TTTCGAG 0.000 0.010 NS
h24 CTCCAGG 0.000 0.010 NS



PCR fragment by using 5’-ctcttccgcgccccttttccc-3’ (forward) and
5’-catgtgactcggcgttac gcag-3’ (reverse) probes (conditions indicated
in Appendix 2). The Gly972Arg variant of IRS1 was screened in
the extended sample by digestion with SmaI (New England Bio-
labs, Beverly, Mass.) as described (Ait El Mkadem et al. 2001).
Haplotypes and assignment of haplotype-pairs to each individual
were obtained from unphased genotypes by using version 1.0 of
the PHASE program running on a LINUX (bi-processor) worksta-
tion (Stephens et al. 2001). Parameters for population genetics
were calculated with the Arlequin package (version 2.0, Schneider
et al. 2001) and the TreeView program was used for the construc-
tion of the cladogram.

Data and statistical analysis

The areas under the curve for glucose (AUCgluc)and for insulin
(AUCins) were obtained from an oral glucose tolerance test
(OGTT) by the trapezoidal method. The same method was used for
the calculation of acute insulin response to glucose (AIRg) from
IVGTT data (Brun et al. 1996). The abundance of SNPs in IRS2
was expressed as the allelic frequency (q) and 95% confidence in-
terval (CI), whereas that of haplotypes was expressed as the rela-
tive frequency in 2n chromosomes. Statistical differences were ob-
tained by means of the Chi2 test (Table 2). Genetic association of
haplotypes was performed by multivariate analysis with logistic
regression by using a plurimodal model and by a descendent strat-
egy (StatView 5.0 and SAS, Abacus Concepts, Berkeley, Calif.) as
described (Ait El Mkadem et al. 2001). To assess potential con-
founding bias or particular interactions with insulin resistance and
glucose intolerance, variations in crude odds ratios (OR) of genetic
association were analyzed after stratification of obese population
as a function of family history of obesity, age or HOMA index or
by taking into account the presence or absence of the Gly972Arg
variant of IRS1. For insulin resistance, patients were stratified as
insulin resistant (IR) and non-insulin resistant (NIR) considering
the cut-off value of 10.5 µU/ml fasting insulin (mean ± 2SD of
control population). IGT patients were designated by using Amer-
ican Diabetes Association criteria taking into account fasting
plasma glucose (FPG) as >7.0 mmol/l and 2-h glucose (PG) as
>11.1 mmol/l during OGTT (American Diabetes Association 1997).
More detailed analysis of various haplotypes (or allelic variants)
with regard to insulin resistance and glucose intolerance was per-
formed by the covariance model (ANOVA) with the 2α level set at
5% for power calculation (StatView 5.1) only in obese individuals.
When effects of haplotypes were investigated for insulin resis-
tance, the HOMAIR index was introduced as a co-variable with BMI.
For glucose intolerance, the final conclusions were drawn from ac-
tual values of 2-h glucose, but all other available parameters were
tested (glucose levels during OGTT and AUCgluc, AUCins) Statistical
significance was considered in all cases at P<0.05 and, for ANOVA,
significant values were considered by taking into account the Bon-
ferroni correction. To improve the illustration of the effect of haplo-
types on insulin resistance, predicted values of HOMAIR were calcu-
lated from linear regression model as a function of BMI and then
only residuals (obtained by subtraction) were depicted. Similarly, for
2-h glucose, only residuals obtained by subtraction of values seen in
non-carriers were illustrated. All other biological assays were per-
formed as previously described (Ait El Mkadem et al. 2001).

Results

SNP detection and haplotypes of IRS2

Full sequencing of DNA in the core sample (2n=178 chro-
mosomes) revealed seven SNPs in IRS2 as G/A or C/T
transitions (Table 2). Six of these SNPs were located at
sites 723, 816, 829, 1031, 1033 and 1057 and were previ-
ously described in IRS2 gene (Almind et al. 1999). A new

SNP (C/T) was detected in the 5’UTR region at position
–769. At position 1057, the cSNP1057 corresponds to a
non-synonymous substitution Gly1057Asp (variant) in
the IRS2 protein. Except for SNP1031, all variations were
relatively frequent and, based on the conformity test, in
Hardy-Weinberg equilibrium (data not shown). SNP816
was more frequent in controls than in obese individuals
(P<0.0005, Chi2 test), whereas all other SNPs had similar
allelic frequencies in both populations.

Haplotypes were computationally reconstructed con-
sidering variations either at four or seven sites in the IRS2
gene. When four sites (–769, 1031, 1033 and 1057) were
considered, SNPs from the extended sample (2n=382) co-
segregated as nine distinct haplotypes (designated H1–H9).
Haplotypes H1, H3 and H4 were frequent (>20%) and
shared by obese and control populations. Haplotype H9
occurred uniquely in controls and H8 in obese individu-
als. Others haplotypes were found at a low prevalence rate
(<5%). Haplotype H3 was more prevalent in obesity
(P<0.024, Chi2) whereas H5 and H6 were more prevalent
in controls (P<0.01). Structural relationships between four-
site-derived haplotypes is indicated in cladogram of Fig. 1A.
The Gly1057Asp mutation was contained by haplotypes
H5, H3 and H8, located on the same branch. The –769
(C/T) replacement was contained by haplotypes H1, H7
and H9, whereas variations at sites 1033 and 1031 were
carried by haplotypes H4, H2 and H9.

Complete sequencing of IRS2 in the core sample (2n=
178) allowed the reconstruction of haplotypes from varia-
tions at seven sites, taking into account three additional
SNPs (723, 816 and 829). With the PHASE program, we
generated 24 haplotypes (indicated as lower case h1–h24).
Their relative frequency and structural relation with previ-
ous four-site haplotypes are indicated in Table 2 (mutated
nucleotide is underlined) and illustrated in the cladogram
in Fig. 1A. These enlarged seven-site haplotypes segre-
gated better between control and obese populations. Thus,
haplotypes h16–h24 were found only in obese individuals
and h1, h2, h7, h8, h10–h12 and h14 characterized the
control population. Among shared haplotypes, significant
differences between two populations were found for h4,
h6 and h9. Haplotypes derived from variation at four and
seven sites were structurally well correlated. Thus, H5,
H3 and H8 (containing Gly1057Asp mutation) clustered
with seven-site haplotypes: h9, h11, h15, and h20 for H5;
h1 and h4 for H3 and h12 for H8. Figure 1 also indicates
that genotyping of the Gly1057Asp variant of IRS2 en-
compasses three different four-site haplotypes (H3, H5
and H8) and seven different seven-site haplotypes (h1, h4,
h9, h11, h12, h15 and h20).

The distribution of haplotype pairs (arbitrarily desig-
nated on chromosome A/B or C/D and also designated as
genotypes) is indicated in Fig. 1B and was obtained from
the PHASE program. Analysis of four-site haplotypes
(chromosome A/B) revealed that pairs 3/3 and 3/4 were
more prevalent in obesity, whereas pairs 3/6 and 4/5 were
more prevalent in controls (Fig. 1B, top). Pairs 1/1, 2/3,
5/5 and 6/6 were carried uniquely by controls, whereas
1/2 and 7/8 were carried only by obese individuals. In
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general, there was a good correlation between the distri-
bution of pairs from seven-site and four-site haplotypes
(Fig. 1B, bottom, chromosome C/D). Since only haplo-
types derived from four sites were determined in the ex-
tended sample, further statistical computations were per-
formed with this reduced number (H1–H9) of haplotypes
in the population.

Association of haplotypes or allelic variant Gly1057Asp
with obesity

When haplotypes H1–H9 were tested by logistic regres-
sion, obesity was associated with haplotype H3 (P<0.025,

OR=1.9, CI=1.1–3.4). Introduction of cholesterol and tri-
glyceride as co-variables in the model increased the inde-
pendent effect of H3 (P<0.02, OR=3.1, CI=1.19–8.5).
Haplotypes H5 and H6 were associated with controls
(P<0.02, OR=0.2, CI=0.01–0.81). When haplotype pairs
were considered, obesity was strongly associated with
pair 3/3 (P<0.005, OR=8.7, CI=1.9–40.1) and to a lesser
extent with pair 3/4 (P<0.023, OR=2.5, CI=1.1–5.6). The
OR of association of 3/3 genotype was substantially in-
creased in the absence of the Gly972Arg variant of IRS1
(P<0.01, OR=14.6, CI=1.86–113.6). These data clearly
indicate the involvement of the IRS2 gene in morbid obe-
sity in this female population and raise further questions
regarding the potential role of the Gly1057Asp mutation
contained in haplotypes H3 and H5.

Because haplotypes H3 and H5 have opposite effects on
obesity and both contain the Gly1057Asp mutation, we have
tested the association considering this variant as an indivi-
dual (causative) SNP. Prevalence rates of the Gly1057Asp
variant were 59.4% and 54.9% in obese and control indi-
viduals, respectively. When tested as a bimodal variable, no
association with obesity could be demonstrated (P<0.07).
Positive association was found only for homozygous
forms Asp1057Asp (P<0.023, OR=3.5, CI=1.2–10.5).
The absence of the Gly972Arg variant of IRS1 increased
this association (P<0.013, OR=4.5, CI=1.37–15.14). Since
the allelic variant Gly1057Asp did not associate as strongly
as one of the haplotypes containing the mutation, we con-
clude that the behaviour of the mutation Gly1057Asp is
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Fig. 1A, B Haplotypes of IRS2 gene and haplotype pairs deter-
mined in obese and control populations. A Cladogram indicating
structural relationship between haplotypes determined either as
four-site variation (H1–H9) or seven-site variation (h1–h24). Hap-
lotypes were determined with the PHASE program and the clado-
gram was constructed with the TreeView program. Area of circles
Relative frequency of H1-H9 in the sample, numbers position of
various SNPs, large boxes haplotypes containing Gly1057Asp mu-
tation (white), replacement C/T in –769 5’UTR (dark grey), or
other haplotypes (light grey). B Distribution of haplotype pairs in
obese (Ob) and control (Ctr) populations. Assignment of haplo-
type pairs was obtained from the PHASE program and their distri-
bution is expressed as prevalence (%) over arbitrarily designated
chromosome A/B (for four-site haplotypes H1–H9) or chromo-
some C/D (for seven-site haplotypes h1–h24). Statistical analysis
was performed on allelic frequency and is indicated in Table 2.
Color codes are as in A and allow a comparison of the distribution
of four- and seven-site haplotypes



heterogeneous. To understand this aspect further, associa-
tion with obesity was also tested taking into account the
coexistence of SNP –769 in the 5’ UTR region, because
haplotypes H3 and H5 differ by this SNP (Fig. 1). The OR
for association of homozygous variant Asp1057Asp in-
creased in the absence of SNP –769 (P<0.025, OR=7.2,
CI=1.2–41.15) suggesting a protective effect against obe-
sity. Haplotypes could not be tested in a similar manner,
because their reconstruction had considered the –769 C/T
replacement (Fig. 1). However, the association could be
tested with haplotypes caring this polymorphism and,
when performed, no significant effect was observed for
haplotypes H5, H7, H1 and H9 (data not shown).

Assessing genotype-phenotype correlation 
for insulin resistance

Insulin resistance is a characteristic of obesity and, in large
populations of individuals, there is in general a good cor-
relation between the degree of obesity (e.g. BMI) and the
level of fasting insulin (e.g. HOMAIR index). Moreover,
our previous studies have indicated that, in obese individ-
uals but not in type 2 diabetes or hypoglycemic disorders,
there is a good correlation between the level of fasting in-
sulin and parameters obtained from IVGTT by using min-
imal model calculations (Brun et al. 2000). Because sev-
eral gene-based haplotypes of IRS2 were significantly as-
sociated with severe obesity, we hypothesized that influ-
ential haplotypes in obesity may be related with higher
degree of insulin resistance or BMI. To test this hypothe-
sis, we analyzed the genetic association of haplotypes in
stratified obese population as non-IR and IR strata. Inter-
estingly, haplotype H3, or pairs 3/3 and 3/4 were associ-
ated with similar ORs in non-IR individuals as compared
with an unstratified population. To eliminate the possibil-
ity that this was a simple statistical phenomenon (because
of the reduction of sample size), we further studied, by
ANOVA, the potential effects of IRS2 haplotypes on the
HOMAIR index. This parameter was introduced in the
model together with the BMI. Effects of haplotypes on in-
sulin resistance were heterogeneous and at a poor statisti-
cal level. Thus, with the exception of H1, which was as-
sociated with a moderate decrease of HOMAIR, all other
haplotypes displayed higher but variable HOMAIR values
(data not shown). The best effects were found for H3
(2.9±0.3 vs 3.0±0.3, P<0.05) but were not supported by
the Bonferroni test and for H5 in interaction with BMI
(H5*BMI; 2.9±0.2 vs 5.2±1.6, P<0.049). Similar conclu-
sions were drown when haplotype pairs were tested (data
not shown). The strongest effect was detected in one pa-
tient with the 1/5 genotype who displayed a HOMAIR in-
dex of 8.1, which is much higher than that of non-carriers
(2.9±0.2, n=98). To examine further whether the hetero-
geneous effects of IRS2 haplotypes on insulin resistance was
not simply attributable to an inadequacy in the HOMAIR
measurement, we compared our findings with data from
IVGTT. Analysis of various parameters from minimal
model calculations confirmed that carrier 3/3 and 3/4 hap-

lotype pairs had relatively low AIRg values (61±14.3 and
120±21.6 µU/ml insulin). Based on the Si index, the same
individuals were more insulin sensitive than were wild-
type carriers (6.4±2.1 and 5.0±1.2 vs 5.2±0.9×10-3pmol/
lmin-1, respectively). Compared with wild-type carriers
(95±24.4, n=33), the highest AIRg value was displayed by
one individual with the 4/5 genotype (360 µU/ml). This
genotype was also the most IR (Si=1.26×10-3pmol/lmin-1

vs 5.75±1.9 in non-carriers). Taken together, these data in-
dicate that, despite the positive association of the H3 hap-
lotype (or various combinations as pairs) with obesity,
IRS2 haplotypes are not major determinants of insulin re-
sistance and produce heterogeneous effects. At this stage,
it appeared important to understand what effect the vari-
ant Gly1057Asp would have as an independent SNP. Ex-
amination of the Gly1057Asp mutation alone indicated a
poor effect by increasing HOMAIR values from 2.8±0.2
(non-carriers, n=39) to 3.0±0.4 (carriers, n=60, P<0.013)
and without a gene-dosage effect. To illustrate better the
comparative effects of Gly1057Asp variant alone and gene-
based haplotypes, Fig. 2 depicts residuals obtained over
the expected values of HOMAIR calculated from BMI.
Both heterozygous and homozygous variants of the 1057
mutation encompass three different haplotype pairs (1/5,
3/4 and 3/5) with heterogeneous effects on insulin resis-
tance.
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Fig. 2 Comparative effects on insulin resistance and glucose in-
tolerance in obesity by genotyping Gly1057Asp variant alone or
haplotype pairs. Top Effects on insulin resistance when variables
are expressed as residual values from the actual and predicted value
of the HOMAIR index (as a function of BMI). Bottom Effects on 
2-h glucose where variables are expressed as residuals after subtrac-
tion of values in non-carriers. Statistical analysis was performed by
ANOVA on row data (not on residuals). Grey circles Haplotypes
corresponding to heterozygous (Gly1057Asp) variants, black cir-
cles haplotypes corresponding to homozygous (Asp1057Asp) vari-
ants
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for impaired glucose tolerance

Another feature that could be explained by IRS2 in obese
individuals is glucose intolerance. Therefore, haplotypes
were tested for potential effects on several parameters.
Multivariate analysis with IGT or non-IGT as the nominal
variable indicated a poor effect of haplotype H3. These re-
sults may be simply attributable to discrete effects of hap-
lotypes on glucose level and so to test the potential effects
of IRS2 further, we analyzed all available numerical pa-
rameters by ANOVA (data not shown). The main conclu-
sions can be adequately summarized by examination of
the 2-h glucose levels. Thus, haplotype H3 explained sig-
nificantly high levels of 2-h glucose (6.8±0.4 vs 7.9±0.4
in non-carriers, P<0.0005). The best significance was ob-
tained for pair 3/3 (also associated with obesity) for an in-
crease from 6.9±0.4 to 7.8±1.0 (P<0.027). Although some
effect from haplotype H4 could be suspected, either analyzed
independently (7.3±0.3, n=40 vs 7.5±0.4, n= 59, P<0.025)
or as a component of pair 3/4 (7.2±0.4, n=45 vs 7.8±0.5,
n=2), we concluded that H4 haplotype is not influential
and that the effects of the 3/4 pair are probably explained
by the H3 haplotype. With regard to the analysis of insulin
resistance, the increase in 2-h glucose values was also stud-
ied as a potential effect of the independent SNP Gly1057Asp.
This mutation explained the increase in 2-h glucose val-
ues from 6.9±0.4 to 7.7±0.4 (P<0.046) with a gene-dosage
effect (Fig. 2).

If one takes into account data on insulin resistance, the
effect on 2-h glucose should be considered as heteroge-
neous. At the phenotype level, when patients were stratified
as a function of insulin resistance, IR obese individuals
had higher mean values of 2-h glucose than non-IR obese
subjects (80.3±7.8 vs 39.1±3.5, P<0.0006, Mann-Whitney).
They also had higher AUCins (141.6±10.9 vs 74.2±6.2,
P<0.0001) and AUCglucose (16.0±0.9 vs 13.1±0.5, P<0.03)
values during OGTT. Most investigators are accustomed
to this classical relationship between insulin resistance
and glucose intolerance. However, when haplotypes were
considered, our data did not support this classical relation-
ship. As illustrated in Fig. 2, pairs 3/3 and 3/4, which were
associated with obesity and normal insulin sensitivity, ap-
peared as influential as pair 3/5, which was associated with
insulin resistance. We conclude from these data that, de-
spite the consistent effect of IRS2 haplotypes on glucose
intolerance, the various degrees of insulin resistance in
these individuals depends on some additional factors.

Discussion

In this paper, we have explored, for the first time, gene-
based haplotypes of IRS2 and provide evidence for the
potential involvement of this gene in morbid obesity and
impaired glucose tolerance. The association with IRS2
haplotypes has been demonstrated in a female Caucasian
population located in the South of France where morbid
obesity in females displays the highest prevalence rate in

this country (0.7%). These data warrant further investiga-
tion in other populations of various ethnic origins. Our
findings are concordant with recent studies involving IRS2
as a potential regulator of glucose homeostasis and sug-
gest that IRS2 may be, among numerous other candidate
loci for obesity, an influential gene. In addition, in an at-
tempt to understand the potential causative role of the
Gly1057Asp mutation, our study provides evidence for
heterogeneity at this locus, since haplotypes containing
this mutation are associated with both normal and obese
phenotypes and display variable effects on insulin resis-
tance.

The detection of SNPs and the determination of complex
haplotypes represent a relatively new approach in modern
genetics (Nickerson et al. 2000). In a gene, a haplotype con-
tains more information than does the simple collection of
individual SNPs and this may considerably increase the sta-
tistical power in case-control association studies (Judson et
al. 2000). However, despite rapid progress in this field, many
questions remain unanswered, such as those regarding the
optimal number of SNPs to be considered in candidate
genes, the methods employed for the computation of haplo-
types and the statistical tests or power calculations required
for genetic association. Taking obesity as an example of
complex disease, this study confirms recent developments
in the strategy of gene-based haplotypes.

By screening the 5’UTR region and the large exon 1
(which represents the major coding region), we detected
seven SNPs in IRS2 (Almind et al. 1996; Vaben et al.
1999). Taking into account that intron 1 was not investi-
gated (the putative exon 2 contains only two nucleotides),
this number of SNPs is in agreement with the averaged
number of 12.8 SNPs per gene in the human genome
(Judson et al. 2000). The nine and 24 haplotypes obtained
with the PHASE program also appears to be a good esti-
mate, since, in considering variations at four and seven
sites in IRS2, these numbers were much lower than all
theoretically possible combinations (2n) of n SNPs in a
gene (Judson et al. 2000). Sequence examination indicated
that haplotypes determined from four and seven sites of
IRS2 were well correlated (Table 2). Thus, haplotypes H3,
H5 and H6 derived from variations at four sites were more
prevalent in the obese population and concern the same
nucleotide replacements as those observed haplotypes de-
rived from seven variable sites: h1 and h4 for H3, h9 for
H5 and h16 for H6. The only exception is h6, which was
significantly more frequent in controls, whereas H4 ap-
peared not to be significantly different. These data vali-
date our method for computing haplotypes and provide
examples of meaningful applications of the PHASE pro-
gram. Numerous preliminary experiments, including the
computation of haplotypes in separate versus cumulated
populations or in several families, and comparative stud-
ies by using Clark’s (parsimony method) or EM (expecta-
tion maximization) algorithms (Clark et al. 2001) have
confirmed other recent reports in this field and will be
presented elsewhere.

An aspect that deserves discussion in association stud-
ies is the number of SNPs that have to be considered in or-
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der to obtain statistical significance in a given population.
It is obvious that, by increasing the number of SNPs, the
statistical power for association will decrease. Thus, a ma-
jor problem that remains unsolved is the way to optimize
the number of SNPs and sample size. In this study of a
relatively small sample (2n=382 chromosomes), the de-
termination of four-site-derived haplotypes was sufficient
to obtain positive association with the disease and demon-
strate heterogeneity in the effect of the 1057 mutation.
Consideration of seven-site haplotypes in the core sample
(2n=178) did not change our conclusions (although, because
of the difference in size, comparative statistics between the
core and extended samples are not shown).

Another aspect that deserves discussion is the association
with obesity by considering either individual SNP1057
(variant alone) or complex haplotypes containing this mu-
tation. When considered as a bimodal variable (presence
or absence of mutation Gly1057Asp), no association was
found with obesity. Association was obtained only for ho-
mozygous Asp1057Asp, but without a gene-dosage effect
(homozygous versus heterozygous). When haplotypes
H3, H5 and H6 or haplotype pairs 3/3 and 3/4 were con-
sidered, the OR of association was much higher, despite
the relatively lower number of subjects included in the
statistical test. This may be explained by the fact that hap-
lotypes better describe the population than does the muta-
tion alone; this emphasizes the major advantage of our
strategy.

Based on gene-based haplotypes, our data clearly indi-
cate heterogeneity in the behavior of the 1057 mutation,
because both haplotypes H3 (associated with obesity) and
H5 (associated with controls) contain this mutation. A sim-
ilar heterogeneous interaction of the Gly1057Asp muta-
tion has been noted in a previous study of an Italian pop-
ulation with type 2 diabetes by Mammarella et al. (2000),
who have shown different effects of the Gly1057Asp mu-
tation in lean versus overweight individuals. Thus, in non-
diabetic subjects, the mutation was associated with higher
insulin sensitivity, suggesting a protective effect, whereas
in overweight patients, the mutation was associated with
insulin resistance and β-cell failure (Mammarella et al.
2000). These findings are concordant with our data and
demonstrate the particular interaction of IRS2 with obe-
sity. Inclusion of cholesterol and triglyceride levels as co-
factors in the logistic regression model increases the OR
of association of H3 with obesity suggesting that the
mechanism involving IRS2 gene in obesity is different
from but synergistic with that involving lipid levels. How-
ever, since detailed data for the lipid profile were not
available for this study, particularly that of the high-den-
sity lipoprotein (HDL) cholesterol, this conclusion should
be viewed with caution until more extensive studies be-
come available.

Particular attention has been paid, in this study, to the
potential effect of IRS2 on insulin resistance and glucose
intolerance, which are associated with obesity. Gene-
based haplotypes of IRS2 are hypothesized to give a new
insight into the understanding of these complex traits
compared with the simple analysis of the 1057 mutation.

In analyzing insulin resistance, we firstly observed that
pairs containing haplotype H3 (1/3, 3/4, 3/3) were associ-
ated with obesity. Stratification of populations as function
of HOMAIR (or fasting insulin) indicated that haplotypes
associated with obesity were not correlated with insulin
resistance. Similar conclusion was drawn when haplotypes
were analyzed by ANOVA in the obese population. The
association of the H3 haplotype with higher insulin sensi-
tivity was partially confirmed by IVGTT tests in vivo. Be-
cause H3 contains the Gly1057Asp mutation, one can
conclude, at first sight, that the mutation would induce bet-
ter insulin sensitivity rather than insulin resistance. How-
ever, we also observed that haplotype H5, which contains
the same mutation but which characterizes the control phe-
notype, was associated with insulin resistance in obesity.
Indeed, carriers of various combinations of H5 (1/5 and
3/5, Fig. 2, right) were the most IR among obese subjects and
displayed the lowest Si values during IVGTT. This second
observation suggests that the mutation Gly1057Asp (as a
causative SNP) behaves differently in various haplotypes
and, thus, may explain why the analysis of individual SNP
as performed in numerous previous reports cannot demon-
strate the relationship with insulin resistance (Fig. 2, left).
It is unlikely that the heterogeneous effect of haplotypes
in insulin resistance is simply attributable to the inade-
quacy of using the HOMAIR index as the measurement of
insulin resistance. Previous studies in our group have
clearly indicated that fasting insulin levels are well corre-
lated with the Si index from the minimal model calcula-
tion during IVGTT, particularly in obese individuals who
do not possess concomitant failure in insulin secretion
(Brun et al 2000). This good correlation has also been ob-
served in the population that has been studied in this re-
port, viz. a population that is composed of females with
severe obesity and from which diabetic patients were ex-
cluded (data not shown).

Despite the heterogeneity in the role of IRS2 haplo-
types in insulin resistance, results concerning glucose in-
tolerance were more consistent, clearly indicating that both
H3 and H5 haplotypes were associated with high values
of 2-h glucose. Similar results were obtained with AUCglucose
(data not shown). This finding may appear somewhat con-
tradictory with the heterogeneous effect on insulin resis-
tance. Indeed, by using classical parametric statistics, a
well-known correlation between insulin resistance and
glucose intolerance could be found in our obese popula-
tion. However, when haplotypes were considered, this re-
lationship appeared more heterogeneous. We do not have
a definitive explanation for these discrepancies but it is
tempting to believe that the gene-based haplotype is a
strategy that better describes such heterogeneous situa-
tions, which are common in complex diseases.

The observation of a positive association of 3/3 geno-
types with obesity and of carriers of H5 haplotypes with a
normal phenotype requires further explanation with re-
gard to the potential causative role of the Gly1057Asp
mutation in IRS2. Two major scenarios are possible.

First, it is possible that SNP1057 is a causative muta-
tion but that the overall effect is modulated by combina-
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tion with another causative SNP. For instance, one poten-
tial candidate SNP tested in this study was the C/T re-
placement at –769 in the 5’UTR. The OR of association
of the 1057 variant was indeed modified as function of
C/T replacement. However, further analysis by using hap-
lotypes was unable to demonstrate a pathogenic effect. It
is also possible that the effects of the 1057 mutation are
simply masked by combination with the Gly972Arg vari-
ant of IRS1. This variant was found in 15.7% and 12.26%
of controls and obese subjects, respectively, and is associ-
ated in general with insulin resistance. Other studies have
shown that the Gly972Arg variant of IRS1 induces both
alterations of insulin signalling and insulin secretion (Porzio
et al. 1999; Almind et al. 1996; Clausen et al. 1995). In
this study, the OR of the association of IRS2 (e.g. the
1057 mutation or pairs 3/3) was substantially increased
after the stratification of patients as a function of the IRS1
variant. These data suggest that the variant Gly972Arg of
IRS1 has a discordant effect with H3 haplotypes (the al-
ternative concordant effect with the H5 haplotype was not
established, because of the low number of carriers).

Second, another major explanation of the heterogene-
ity in the effect of the 1057 variant would be that this mu-
tation is simply a surrogate SNP in linkage disequilibrium
with another causative SNP at the 5’ or 3’UTR of the gene.
This warrants further examination of potential causative
mutations in IRS2 gene. Pathogenic haplotypes identified
in this study represent a solid basis for further investiga-
tion in this direction. It should be emphasized that one
major advantage of gene-based haplotype strategy is the
possibility of obtaining positive association regardless of
the clear effect of a particular mutation, since complex
haplotypes take into account all variations over a short ge-
netic distance where linkage disequilibrium and particular
combinations of SNPs (accumulated through the history
of a population) may be helpful in genetic association.

In conclusion, our study has revealed the potential role
of IRS2 gene in severe obesity and glucose intolerance
and uses, for the first time, gene-based complex haplo-
types in deciphering the potential effects of this gene. In
addition, this work provides a general framework for a ge-
netic association study based on gene SNP-ing and haplo-
type determination, which appear to be new powerful strate-
gies in elucidating the role of candidate genes in complex
diseases.
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