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Mutations in LMNA encoding lamin A and C proteins cause

monogenic syndromes characterized by muscular dystro-

phy and familial partial lipodystrophy. Eight tag single

nucleotide polymorphisms in the LMNA locus were geno-

typed in 7,495 Danish whites and related to metabolic and

anthropometric traits. The minor T-allele of rs4641 was

nominally associated with type 2 diabetes (odds ratio 1.14

[95% CI 1.03–1.26], P � 0.01) in a study of 1,324 type 2

diabetic patients and 4,386 glucose-tolerant subjects and

with elevated fasting plasma glucose levels in a population-

based study of 5,395 middle-aged individuals (P � 0.008).

The minor T-allele of rs955383 showed nominal association

with obesity in a study of 5,693 treatment-naı̈ve subjects

(1.25 [1.07–1.64], P � 0.01), and after dichotomization of

waist circumference, the minor alleles of rs955383 and

rs11578696 were nominally associated with increased

waist circumference (1.14 [1.04–1.23], P � 0.003; 1.12

[1.00–1.25], P � 0.04). The minor G-allele of rs577492 was

associated with elevated fasting serum cholesterol and

short stature (P � 3.0 � 10�5 and P � 7.0 � 10�4). The

findings are not corrected for multiple comparisons and are

by nature exploratory. However, if replicated, these find-

ings suggest that less severe variation in a gene locus

known to harbor severe mutations causing monogenic syn-

dromes may modestly increase susceptibility to common

metabolic and anthropometrical phenotypes of polygenic

origin. Diabetes 56:694–698, 2007

L
MNA encodes lamin A and C proteins, which are
components of the nuclear lamina. This protein
network is involved in DNA replication, chroma-
tin organization, nuclear growth, spatial arrange-

ment of nuclear pores, and anchorage of nuclear
membranes (1,2). Lamin A and C proteins are co-ex-
pressed and widely distributed, e.g., in adipocytes and
myocytes (3). Alternative RNA splicing of exon 10 in
LMNA produces either lamin A or C, both of which play
important roles in physiology as demonstrated in studies
of animal models. Lamin A knockout mice develop nor-
mally to term, whereas at 2–3 weeks their growth is
impaired and characterized by muscular dystrophy and
cardiac and skeletal myopathy (4). Lamins A and C, but
not lamin B1, regulate nuclear mechanisms (4,5), and
fibroblasts from Lmna�/� mice show increased nuclear
deformation and an impaired mechanically activated ex-
pression of mechanosensitive genes, as well as all attenu-
ated nuclear factor �B–regulated luciferase activity (6).

Human LMNA has been mapped to chromosome 1q21.2-
q21.3 (7), a locus previously linked to type 2 diabetes
(8–11). Several mutations have been identified in LMNA,
of which most have shown association with monogenic
syndromes, e.g., muscular dystrophy, cardiomyopathy,
progeroid syndromes, and familial partial lipodystrophy;
the latter being characterized by altered fat distribution,
type 2 diabetes, and severe insulin resistance (12–17).
Interestingly, in a study of 306 nondiabetic Canadian
Oji-Cree subjects, the 1908C�T (rs4641, His566His) poly-
morphism located at the site of alternative splicing in exon
10, homozygous carriers of the T-allele had higher levels of
fasting plasma leptin, BMI, percentage body fat, and
waist-to-hip ratio than C/T and C/C carriers (18). Most of
these findings were replicated in studies of 186 nondia-
betic Canadian Inuits, indicating that lamin A/C may
influence obesity-related traits (19). In a study of the
metabolic syndrome involving 971 first- and second-degree
relatives of Amish type 2 diabetic probands, the LMNA
rs4641 polymorphism was associated with the metabolic
syndrome, higher fasting serum levels of triglyceride, and
lower HDL cholesterol (20). Thus, the chromosomal local-
ization of LMNA and previous findings of relationships
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between variation in this gene locus and metabolic phe-
notypes make LMNA a positional and biological candidate
gene in the pathogenesis of type 2 diabetes, obesity, and
quantitative traits of growth and metabolism.

The objective of the present study was to tag the LMNA
locus (44 kb) and to evaluate whether these tag single
nucleotide polymorphisms (SNPs) associate with type 2
diabetes, obesity, or quantitative metabolic or anthropo-
metric traits in the Danish middle-aged population.

To cover the LMNA region, the following polymor-
phisms were chosen from previous published data and by
browsing the HapMap project (www.hapmap.org/index.
html.en): rs4641, rs622834, rs12063564, rs577492,
rs6661281, rs955383, rs11578696, and rs12035615. The mi-
nor T-allele of rs4641 was more prevalent among 1,324
type 2 diabetic patients than among 4,386 glucose-tolerant
subjects (odds ratio [OR] 1.14 [95% CI 1.03–1.26], P � 0.01)
(Table 1). Studies of quantitative traits among 5,395 mid-
dle-aged individuals without known diabetes showed that
those carrying the rs4641 T-allele had elevated fasting
plasma glucose levels (P � 0.008) and lower fasting serum
LDL cholesterol levels (P � 0.04). In a study of 5,693
treatment-naı̈ve subjects, the minor C-allele of rs955383
was a risk allele for obesity (BMI �30 vs. �30 kg/m2: 1.25
[1.07–1.64], P � 0.01; BMI �25 vs. �30 kg/m2: 1.16
[1.03–1.3], P � 0.02) (online appendix Table A [available at
http://dx.doi.org/10.2337/db06-0927]). The treatment-naı̈ve
subjects were dichotomized according to their waist cir-
cumference (waist �94 cm for men and �80 cm for
women vs. waist �94 cm for men and �80 for women) and
rs955383 or rs11578696 genotype, respectively (online
appendix Table A). The minor C-allele of rs955383 and the
minor G-allele of rs11578696 were associated with larger
waist circumference (1.14 [1.04–1.23], P � 0.003 and 1.12
[1.00–1.25], P � 0.04, respectively). Interestingly, homozy-
gous carriers of the minor G-allele of rs577492 had shorter
stature when assuming a recessive model (P � 3.0 � 10�5)
and had higher fasting serum levels of total cholesterol
and triglyceride (P � 0.0007 and P � 0.003) (Table 2).

Haplotype blocks were constructed using linkage dis-
equilibrium patterns ( R2 � 0.8) (www.hapmap.org/index.
html.en). Two blocks were identified: block 1 comprising
rs4641, rs622834, and rs577492 and block 2 comprising
rs12063564, rs12035615, and rs6661281. We selected com-
mon haplotypes (frequency �0.05) from each block; how-
ever, there was no significant association between
common haplotypes and type 2 diabetes, obesity, or
quantitative metabolic or anthropometric traits (data not
shown).

In the present study, we tagged the region of LMNA
including the promoter using eight SNPs and showed that

variation in this gene locus may associate with several
traits related to metabolism and body stature. Assuming
an additive model, we found nominal association of the
minor T-allele of the LMNA rs4641 with type 2 diabetes
and at the population level of unrelated, middle-aged
individuals to elevated fasting glycemia. These effects of
the LMNA variant were independent of body weight. The
present findings of genotype-phenotype associations are
consistent with previous reports on the impact of variation
of LMNA (17,18). Thus, the association with type 2 diabe-
tes is in accordance with the type 2 diabetes–like pheno-
type caused by severe LMNA mutations in the same gene
of patients with familial partial lipodystrophy (21). The
relationship between rs4641 and diabetes susceptibility
has also been examined in 2,490 U.K. type 2 diabetic case
and 2,556 control subjects with unknown glucose toler-
ance status. Although the British study failed to confirm
our finding, the minor allele at rs4641 tended to be more
frequent in case subjects (allelic OR 1.07 [95% CI 0.98–
1.17], P � 0.15), and the CIs showed substantial overlap.
Moreover, in a combined analysis with other available data
(including the present study), the evidence that rs4641 has
a modest effect on diabetes susceptibility was more con-
vincing (1.10 [1.04–1.16], P � 0.001) (22).

We have also provided evidence of an association of the
minor C-allele of LMNA rs955383 with obesity and larger
waist circumference, whereas the minor G-allele of
rs577492 was associated with increased fasting serum
levels of total cholesterol and triglycerides. Similarly,
Hegele et al. (19) demonstrated that variation in LMNA
was associated with obesity-related traits. Also, the
present observations of LMNA genotypes and altered
fasting serum lipid profiles are consistent with findings in
patients with familiar partial lipodystrophy (21). A possi-
ble mechanistic explanation for the association of LMNA
variation and altered glucose metabolism might be related
to interference of the minor T-allele of the LMNA rs4641
with alternative splicing of exon 10. Such splicing varia-
tion may change the lamin A–to–C ratio and thereby
prevent the lamin A and C proteins from forming func-
tional polymers. Eventually, this may affect signaling cas-
cades in adipose and muscle cells (3). In murine studies of
lamin A–deficient mice, lamin C has been shown to be
sufficient for health (5). This might, however, not be the
case in humans; in mice, only homozygous carriers of
Lmna mutations are affected, whereas human laminopa-
thies are caused by dominant heterozygous mutations
(23).

The finding that variation in LMNA associates with a
pleiotrophic impact on lipid metabolism, as well as on
body composition/stature, might in part be related to the

TABLE 1
Genotype distribution and minor allele frequencies of the rs4641 polymorphism of LMNA among 1,324 (1,416 subjects available for
genotyping) type 2 diabetic patients and 4,386 control subjects (4,883 subjects available for genotyping) who were both glucose
tolerant and had normal fasting glucose

rs4641 Control subjects Type 2 diabetic patients PGD PAF

n (male/female) 4,386 (2,039/2,347) 1,324 (801/523)
CC 2,517 (57) 709 (54)
CT 1,589 (36) 516 (39) 0.04
TT 280 (6) 99 (8)
MAF (95% CI) 24.5 (23.6–25.4) 27.0 (25.3–28.7) 0.01

Data are number of subjects with each genotype (percent of each group) and minor allele frequency (MAF). P values compare genotype
distribution (PGD) and allele frequency (PAF) between type 2 diabetic patients and control subjects and are calculated using Fisher’s exact
test. All genotype groups obeyed Hardy-Weinberg equilibrium.
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implication of lamin proteins in organizing DNA transcrip-
tion, replication, and repair (1,2), and, thereby, these
proteins might in pre- and postnatal life have the potential
to interfere with the expression of multiple genes involved
in maintenance of cellular growth and differentiation, as
well as energy metabolism.

The observed difference in height among 21 homozy-
gous carriers of the rs577492 G-allele is of particular
interest, since Lmna�/� mice are growth retarded (4). The
finding of association of variation in LMNA with shortened
stature is a phenotype also observed in Werner’s syndrome
and Hutchington-Gilford progeria syndrome, which are
caused by mutations in LMNA (17).

In contrast to the single-variant analyses, the analyses of
the haplotypes in LMNA did not demonstrate any signifi-
cant association with the examined traits.

Taken together, the phenotypic diversity of both the
lamin A knockout mouse (which is growth retarded and
has several metabolic abnormalities) and the phenotypes
of laminopathies do clinically appear in much less severe
forms to be mirrored by the diversity of phenotypes of
human carriers of minor variation in LMNA. Obviously,
given the explorative nature of the present study and since
no corrections for multiple comparisons were applied,
these preliminary findings call for further studies in statis-
tically powered and carefully phenotyped study samples.

RESEARCH DESIGN AND METHODS

The rs4641 (C�T), rs622834 (T�C), rs12063564 (C�T), rs577492 (A�G),
rs6661281 (T�C), rs955383 (T�C), rs11578696 (A�G), and rs12035615 (C�T)
polymorphisms were genotyped in 7,495 unrelated white subjects comprising
three study groups. An LD plot of the tag SNPs is shown in Fig. 1. The first is
a population-based sample (Inter99) of middle-aged Danes sampled at the
Research Centre for Prevention and Health (24). The mean � SD age of the
Inter99 participants was 46 � 8 years (BMI 26 � 4 kg/m2), and 4,523 subjects
were both normoglycemic in the fasting state and had normal glucose
tolerance following an oral glucose tolerance test (OGTT); 1,196 had either
impaired fasting glucose (IFG) or impaired glucose tolerance (IGT), 100 had
known diabetes, and 252 had screen-detected type 2 diabetes. The second
group comprised 360 subjects with both fasting normoglycemia and normal
glucose tolerance, with a mean age of 62 � 5 years and a mean BMI of 26 �
4 kg/m2, recruited from the Research Centre for Prevention and Health (25).
The third group comprised 1,064 type 2 diabetic patients (aged 59 � 11 years,
age of clinical diagnosis 52 � 11 years, BMI 29 � 5 kg/m2, and A1C 8.1 � 1.6%)
sampled through the out-patient clinic at Steno Diabetes Center. Normal
subjects (from study groups 1 and 2 [4,883 subjects]) and type 2 diabetic
patients (from study groups 1 and 3 [1,416 subjects]) were included in the
case-control study of type 2 diabetes. Diabetes and pre-diabetes categories
were diagnosed according to the 1999 World Health Organization criteria (26).
Patients with diabetes due to known chronic pancreatitis, hemochromatosis,
severe insulin resistance, maturity-onset diabetes of the young, maternally
inherited diabetes and deafness, a family history of first-degree relatives with
type 1 diabetes, insulin requirement within the 1st year after diabetes
diagnosis, or a fasting serum C-peptide level �150 pmol/l at time of recruit-
ment were excluded from the category of clinically defined type 2 diabetes.
There was no evidence of population stratification bias (27). All subjects of
study groups 1 and 2 underwent a standard 75-g OGTT in the fasting state in
the morning. The treatment-naı̈ve subjects were also examined in a study of

TABLE 2
Anthropometric and metabolic characteristics of treatment-naïve subjects stratified according to LMNA rs4641 or rs577492 genotype
(6,071 treatment-naïve subjects were available for genotyping)

rs4641 C/C C/T T/T P

n (male/female) 3,051 (1,522/1,529) 1,981 (995/986) 363 (163/200)
Age (years) 46 � 8 46 � 8 46 � 8
Height (cm) 172 � 9 172 � 9 172 � 9 1.0
BMI (kg/m2) 26.2 � 4.5 26.2 � 4.5 26.5 � 5.0 0.3
Waist circumference (cm) 86 � 13 86 � 13 86 � 14 0.3
Fasting serum lipids (mmol/l)

Cholesterol 5.5 � 1.1 5.5 � 1.1 5.5 � 1.0 0.8
HDL cholesterol 1.4 � 0.4 1.4 � 0.4 1.5 � 0.4 0.1
LDL cholesterol 3.6 � 1 3.5 � 0.9 3.5 � 0.9 0.04
VLDL cholesterol 0.6 � 0.3 0.6 � 0.3 0.6 � 0.3 0.3
Triglyceride 1.3 � 1.2 1.3 � 1 1.3 � 0.9 0.2

Plasma glucose (mmol/l)
Fasting 5.5 � 0.8 5.6 � 0.9 5.6 � 1.0 0.008
30-min post-OGTT 8.7 � 1.9 8.7 � 1.9 8.7 � 1.8 0.8
120-min post-OGTT 6.2 � 2.1 6.2 � 2.2 6.3 � 2.1 0.5

rs577492 A/A A/G G/G
n (men/women) 5,140 (2,548/2,592) 628 (330/298) 21 (10/11)
Age (years) 46 � 8 46 � 8 44 � 10
Height (cm) 172 � 9 173 � 9 166 � 9 3 � 10�5

BMI (kg/m2) 26.2 � 4.6 26.3 � 4.5 26.4 � 3.4 0.7
Waist circumference (cm) 86 � 13 87 � 13 86 � 9 0.4
Fasting serum lipids (mmol/l)

Cholesterol 5.5 � 1.1 5.5 � 1.0 6.2 � 1.0 0.0007
HDL cholesterol 1.4 � 0.4 1.4 � 0.4 1.4 � 0.4 0.7
LDL cholesterol 3.5 � 1 3.5 � 1 4.4 � 0.6 0.01
VLDL cholesterol 0.6 � 0.3 0.6 � 0.3 1.0 � 0.5 0.002
Triglyceride 1.3 � 1.4 1.3 � 1.0 2.5 � 3.4 0.003

Plasma glucose (mmol/l)
Fasting 5.5 � 0.8 5.5 � 0.7 5.6 � 0.7 0.5
30-min post-OGTT 8.7 � 1.9 8.7 � 1.8 8.7 � 1.9 0.6
120-min post-OGTT 6.2 � 2.1 6.2 � 2.0 6.5 � 2.4 0.4

Data are means � SD. Values of serum triglyceride were logarithmically transformed before statistical analysis. Calculated P values were
adjusted for age, sex, and BMI (where appropriate) and were for rs4641, calculated assuming an additive model, and for rs577492, calculated
assuming a recessive model.
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quantitative traits (6,071 subjects), including normal subjects (i.e., those
fulfilling the criteria of both fasting normoglycemia and normal glucose
tolerance during an OGTT), subjects with IFG or IGT, and screen-detected
type 2 diabetic subjects of study group 1.

The case-control study of obesity and waist circumference involved 6,071
treatment-naı̈ve subjects (having both normal fasting glycemia and glucose
tolerance, IGT, IFG, or screen-detected type 2 diabetes) from study group 1.
The cut off values for BMI and waist circumference (online appendix Table A)
were taken as recommended (28,29). The number of subjects included in
Tables 1 and 2 and in the online appendix Table A differs from the above
numbers for various SNPs due to variation in genotyping success rates (see
below). Informed written consent was obtained from all subjects before
participation. The study was approved by the Ethical Committee of Copen-
hagen County and was in accordance with the principles of the Declaration of
Helsinki.
Anthropometrical and biochemical measurements. Height and body
weight were measured in light indoor clothes and without shoes, and BMI was
calculated as weight in kilograms divided by the square of height in meters.
Waist circumference was measured in the standing position midway between
the iliac crest and the lower costal margin and hip circumference at its
maximum. Blood samples were drawn after a 12-h overnight fast. Plasma
glucose was analyzed by a glucose oxidase method (Granutest; Merck,
Darmstadt, Germany). A1C was measured by ion-exchange high-performance
liquid chromatography (normal reference range 4.1–6.4%), and serum insulin
[excluding des(31,32) and intact proinsulin] was measured using the Au-
toDELFIA insulin kit (Perkin-Elmer, Turku, Finland). Serum triglyceride and
total and HDL cholesterol were analyzed using enzymatic colorimetric meth-
ods (GPO-PAP and CHOD-PAP; Roche Molecular Biochemicals, Mannheim,
Germany).
Genotyping. SNPs were selected from the HapMap project and previously
published data capturing �90% of common variation in the selected region at
an r2 of 0.8. Genotyping of LMNA rs4641 was performed using chip-based
matrix-assisted laser desorption/ionisation time-of-flight (MALDI-TOF) mass
spectrometry analysis of PCR-generated primer extension products as de-
scribed (30) (Sequenom, San Diego, CA). The remaining polymorphisms were
genotyped using TaqMan allelic discrimination (KBioscience, Herts, U.K.).

The genotyping success rate was �90% for rs4641 and �95% for the remaining
SNPs, and among 451 replicate samples, there were �0.05% mismatches.
Genotype distributions obeyed Hardy-Weinberg equilibrium in all study
groups.
Statistical analysis. Fisher’s exact test was applied to examine for differ-
ences in allele frequencies and genotype distributions between type 2 diabetic
patients and control subjects, as well as for the case-control studies of obesity
and waist circumference. Quantitative trait studies were performed using a
general linear model including sex and genotype as fixed factors and age and
BMI as covariates. Quantitative traits were checked for normality of the
residuals and, if appropriate, logarithmically transformed. P � 0.05 was
considered significant. Haplotype analyses were performed as a case-control
study of type 2 diabetes, obesity, and for association with selected quantitative
traits, with adjustment for sex, age, and BMI. Analyses were performed using
RGui version 2.2.0.
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