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Letter

Association Between Nuclear Lamin A/C R482Q
Mutation and Partial Lipodystrophy

with Hyperinsulinemia, Dyslipidemia,
Hypertension, and Diabetes

Robert A. Hegele," Carol M. Anderson, Jian Wang, Doreen C. Jones,

and Henian Cao

Robarts Research Institute, London, Ontario, Canada N6A 5K8

Nuclear lamins A and C are encoded by LMNA and are present in terminally differentiated cells. Lamins
participate in DNA replication, chromatin organization, arrangement of nuclear pores, nuclear growth, and
anchorage of nuclear membranes. In several Canadian probands with partial lipodystrophy, since found to have
a common ancestor, we identified a rare novel LMNA mutation, R482Q), that completely cosegregated with the
partial lipodystrophy phenotype. We evaluated the relationship between quantitative metabolic phenotypes in
both diabetic and nondiabetic carriers of LMNA R482Q and family controls, who were LMNA R482/R482
homozygotes. We found that when compared with LMNA R482/R482 homozygotes: (1) diabetic LMNA
Q482/R482 heterozygotes had significantly higher glucose, glycosylated hemoglobin, triglycerides, insulin and
C-peptide, and significantly lower HDL cholesterol; and (2) nondiabetic LMNA Q482/R482 heterozygotes had
significantly higher triglycerides, insulin and C-peptide, and significantly lower HDL cholesterol. We also found
that diabetic LMNA Q482/R482 heterozygotes were older and more likely to take antihypertensive medications.
Thus, LMNA R482Q was associated with lipodystrophy, hyperinsulinemia, dyslipidemia, diabetes, and
hypertension. The results indicate that perturbations in plasma lipids precede the plasma glucose abnormalities
in LMNA Q482-associated hyperinsulinemia. Thus, rare mutations in a nuclear structural protein can be

associated with markedly abnormal qualitative and quantitative metabolic phenotypes

Nuclear lamins are members of the intermediate fila-
ment multigene family, and participate in DNA repli-
cation, chromatin organization, spatial arrangement of
nuclear pores, nuclear growth, and anchorage of
nuclear membranes (Stuurman et al. 1998). Lamins A
and C arise from differential splicing of the LMNA gene
message (Stuurman et al. 1998). Both lamins A and C
are absent from early embryos and undifferentiated
cells, but are present in most terminally differentiated
cells (Stuurman et al. 1998). Lamins A and C polymer-
ize to form part of the nuclear lamina, a structural
meshwork of 10 nm filaments on the nucleoplasmic
side of the inner nuclear membrane (Stuurman et al.
1998). Recently, mutations in LMNA were found in
families with autosomal-dominant Emery-Dreifuss
muscular dystrophy (EDMD-AD), which is character-
ized by regional and progressive degeneration of skel-
etal and cardiac myocytes (Bonne et al. 1999) and also
in families with an autosomal-dominant form of di-
lated cardiomyopathy (DCM-AD) (Fatkin et al. 1999).
In addition, we have recently identified a rare, novel
mutation in LMNA in individuals with Dunnigan-type
familial partial lipodystrophy (FPLD; OMIM 151660)
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(Cao and Hegele 2000). Our rationale to focus on
LMNA was based upon deductive reasoning: FPLD has
been mapped to chromosome 1q21-q22 (Peters et al.
1998) and there was analogy between the highly spe-
cific anatomical site involvement in these diseases
(Cao and Hegele 2000; Hegele 2000).

FPLD is a rare autosomal-dominant disease, which
is a member of a heterogeneous family of disorders
characterized by complete or partial absence of adipose
tissue (Burn and Baraitser 1986; Kobberling and Dun-
nigan 1986). Patients with FPLD are born with normal
fat distribution, but begin to lose subcutaneous fat
from their extremities, trunk, and gluteal region after
the onset of puberty (Burn and Baraitser 1986; Kobber-
ling and Dunnigan 1986; Garg et al. 1999). Also, excess
fat may become deposited within the face, neck, back,
and labia majora (Burn and Baraitser 1986; Kobberling
and Dunnigan 1986; Garg et al. 1999). Furthermore,
patients with FPLD have normal stores of intermuscu-
lar, intra-abdominal, intrathoracic, and bone marrow
fat (Burn and Baraitser 1986; Kobberling and Dunni-
gan 1986; Garg et al. 1999). Affected subjects often
appear extremely muscular and the phenotype is
somewhat easier to detect in women than in men. Ad-
ditional phenotypic findings variably include acantho-
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sis nigricans, hirsutism, menstrual abnormalities and
polycystic ovarian disease (Burn and Baraitser 1986;
Kobberling and Dunnigan 1986). A biochemical hall-
mark of affected subjects is severe insulin resistance
with hyperinsulinemia. FPLD subjects often develop
diabetes later in life, which can require extremely large
doses of insulin in order to maintain glycemic control.
FPLD subjects can also present with dyslipidemia and
early coronary heart disease (Kobberling and Dunni-
gan 1986; Burn and Baraitser 1986).

We first identified the LMNA R482Q mutation in
several Canadian FPLD index cases (Cao and Hegele
2000). The genetic arguments in favor of a causal rela-
tionship between LMNA R482Q and FPLD include its
complete cosegregation with the FPLD phenotype, its
total absence from 2000 alleles from normal subjects,
and the conservation of the R482 residue throughout
evolution (Cao and Hegele 2000). We now report that
thorough evaluation of genealogical records has re-
vealed that these probands are members of the same
large, multigenerational extended family, and all share
a common ancestral pair. We can now use the LMNA
R482Q genotype to stratify affected family members
using molecular rather than clinical criteria to better
evaluate and understand the impact of LMNA R482Q
on quantitative and qualitative metabolic traits.

RESULTS

Composition of the Study Sample

There were six probands in this study; each had been
independently referred for clinical assessment on dif-
ferent occasions. Their relationship to one another was
reconstructed using archival genealogical records (Fig.

1). The 47 adult subjects (aged 18 and above) from the
FPLD kindred who had sufficient clinical data and ad-
equate plasma and cellular material available for all
analyses could be placed into six nuclear families (Fig.
1). Each subject studied was fewer than 10 generations
removed from a common ancestral husband-wife pair
(Fig. 1). Twenty-two subjects carried the mutant allele
and 25 subjects, almost all of whom were within a
second-degree relationship of a carrier, did not carry
the mutant allele. Thus, there was an adequate number
of genotypically normal adult subjects within the fam-
ily to serve as controls for LMNA R482Q heterozygotes
in pairwise nonparametric comparisons.

Association of Genotype with Variation
in Biochemical Variables
Table 1 shows the means (£=S.D.) of the clinical and
biochemical traits of seven adult family members with
diabetes who were LMNA Q482/R482 heterozygotes,
15 adult family members who were LMNA Q482/R482
heterozygotes, and 25 family-based control subjects
who were LMNA R482/R482 homozygotes. Table 2
summarizes the P-values from the nonparametric pair-
wise comparisons between groups in Table 1. There
were numerous significant differences between the
three categories of subjects. First, there was an ex-
tremely strong association of the LMNA R482Q variant
with a definite diagnosis of FPLD in both diabetic and
nondiabetic LMNA Q482/R482 heterozygotes. There
were fewer nondiabetic heterozygotes with a definite
diagnosis of FPLD, but the remaining five heterozy-
gotes were all classified as possibly having FPLD. No
heterozygote was classified as being definitely normal.
The only significant difference among the geno-

Table 1. Plasma Lipoproteins and Related Biochemical Variables in Nondiabetic FPLD Family

Members According to LMNA R482Q Genotype

Q482/R482
with diabetes without diabetes R482/R482

Number/females 7/6 15/10 25/15
Definite FPLD (%) 100 66.7 0.0
Age (years) 49.1 = 10.0 33.8 £ 154 393 £ 154
BMI (kg/m?) 25.2 + 3.5 26.4 + 4.6 26.7 + 5.4
Cholesterol (mmoles/liter)

total 5.90 + 1.67 5.34 = 0.75 5.24 +1.17

LDL 2.92 + 0.31 3.54 + 0.68 3.55 £ 1.13

HDL 0.75 = 0.20 1.07 + 0.20 1.32 + 0.32
Triglycerides (mmoles/liter) 6.65 = 5.55 2.19 = 1.44 1.20 = 0.60
Insulin (U/liter) 20.8 + 9.3 19.2 + 13.1 10.0 + 13.1
C-peptide (pmoles/liter) 1219 + 262 977 = 439 610 = 414
Glucose (mmoles/liter) 8.73 + 3.00 4,94 + 0.78 4.72 = 0.47
Hemoglobin A,C (%) 7.74 = 1.25 5.68 + 0.35 5.70 = 0.44
Medication use

diabetes (%) 57.1 0.0 0.0

hypertension (%) 42.9 6.7 8.0

dyslipidemia (%) 14.3 6.7 4.0
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Table 2. Summary of P-Values of Pairwise Comparisons

Q482/R482° Q482/R482 with
diabetes vs.
with diabetes without diabetes Q482/R482

vs. R482/R482

vs. R482/R482 without diabetes®

Definite FPLD (%) 0.0000004
Age (years) 0.047
BMI (kg/m?) N.S.
Cholesterol (mmol/liter)
total N.S.
LDL N.S.
HDL 0.0003
Triglycerides (mmoles/liter) 0.0007
Insulin (U/liter) 0.0056
C-peptide (pmoles/liter) 0.0014

Glucose (mmoles/liter) 0.003

Hemoglobin A;C (%) 0.0003
Medication use
hypertension (%) 0.025
dyslipidemia (%) N.S.

0.000000008 N.S.
N.S. 0.026
N.S. N.S.
N.S. N.S.
N.S. N.S.
0.0038 0.0081
0.011 0.022
0.0027 N.S.
0.0017 N.S.
N.S. 0.01
N.S. 0.0017
N.S. 0.04
N.S. N.S.

Comparisons are from Table 1.
4(N.S.) Not significant.

typic classes in baseline clinical attributes was a higher
mean age in LMNA Q482/R482 heterozygotes with dia-
betes. Notably, there was no difference between the
groups with respect to body mass index.

Compared with control LMNA R482/R482 homo-
zygotes, LMNA Q482/R482 heterozygotes with diabetes
had significantly higher mean concentrations of tri-
glycerides, insulin, C-peptide, glucose, and hemoglo-
bin A,;C and had lower mean concentrations of high
density lipoprotein (HDL) cholesterol (Tables 1 and 2).
A significantly greater proportion of LMNA Q482/R482
heterozygotes with diabetes received treatment for hy-
pertension. However, there was no difference in treat-
ment for hypertension between control LMNA R482/
R482 homozygotes and LMNA Q482/R482 heterozy-
gotes with diabetes, suggesting that hypertension was
related to aging and/or the presence of diabetes in
LMNA Q482/R482 heterozygotes with diabetes. There
was no difference in the mean concentration of total
and LDL cholesterol in LMNA Q482/R482 heterozy-
gotes with diabetes compared with control LMNA
R482/R482 homozygotes.

Compared with control LMNA R482/R482 homo-
zygotes, LMNA Q482/R482 heterozygotes without dia-
betes had significantly higher mean concentrations of
triglycerides, insulin, and C-peptide and had lower
mean concentrations of HDL cholesterol (Tables 1 and
2). There was no difference in the mean concentration
of glucose and hemoglobin A,C, total, and LDL cho-
lesterol in LMNA Q482/R482 heterozygotes without
diabetes compared with control LMNA R482/R482 ho-
mozygotes.

Compared with nondiabetic LMNA Q482/R482
heterozygotes, diabetic LMNA Q482/R482 heterozy-

gotes had significantly higher glucose and hemoglobin
A,C (by definition), higher mean triglycerides, and
lower mean HDL cholesterol (Tables 1 and 2). Subject
VIII-5 had been diagnosed as possibly affected based
on increased plasma insulin and C-peptide. He had
none of the typical morphological features of FPLD.
Thus, the high plasma insulin in subject VIII-S was
very likely to simply have been the common form re-
lated to abdominal obesity (Lamarche 1998). There was
no effect on any analysis when this individual was ex-
cluded.

DISCUSSION

The availability of a genetic marker for FPLD has al-
lowed us to stratify family members according to
LMNA genotype. This has eliminated the need to de-
duce carrier status from clinical criteria, which can be a
problem for a trait that is variably penetrant, such as
FPLD, especially at younger ages. This improved diag-
nostic discrimination has aided in the evaluation of
the association of the LMNA genotype with quantita-
tive and qualitative metabolic traits in the extended
Canadian FPLD family. For example, we have found
that, when compared with LMNA R482/R482 homozy-
gotes, diabetic LMNA Q482/R482 heterozygotes had
significantly higher concentrations of glucose, hemo-
globin A,C, triglycerides, insulin, and C-peptide and
significantly lower concentrations of HDL cholesterol.
We also found that, when compared with LMNA R482/
R482 homozygotes, nondiabetic LMNA Q482/R482
heterozygotes had significantly higher concentrations
of triglycerides, insulin, and C-peptide and signifi-
cantly lower concentrations of HDL cholesterol. We
also found that diabetic LMNA Q482/R482 heterozy-
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gotes were older, had more severe dyslipidemia, and
were more likely to receive antihypertensive medica-
tion. Thus, LMNA R482Q was strongly associated with
lipodystrophy, hyperinsulinemia, dyslipidemia, hyper-
tension, and diabetes.

Because the onset of the FPLD phenotype occurs
during puberty, it may be possible to use the LMNA
genotype to diagnose at-risk individuals prepubertally.
There is presently no information regarding the poten-
tial efficacy of any intervention to delay or avert the
development of the metabolic phenotype and clinical
complications in FPLD. However, there are some newer
therapeutic modalities, such as the thiazoladinedione
family of drugs, which have a theoretical benefit for
the treatment of insulin-resistance syndromes. Con-
tinuous low doses of leptin have been shown to reverse
insulin resistance in mice with congenital lipodystro-
phy (Shimomura et al. 1999). Being able to identify
carriers presymptomatically using LMNA genotype at
least raises the possibility of pharmacogenetic stratifi-
cation of subjects for therapeutic intervention proto-
cols.

The proatherogenic lipoprotein abnormalities as-
sociated with LMNA R482Q included elevated plasma
triglycerides and reduced plasma HDL cholesterol,
with no difference in plasma total or LDL cholesterol.
These are the typical lipoprotein abnormalities seen in
the insulin-resistance syndrome related to obesity in
the general population (Lamarche 1998). It is now gen-
erally accepted that the visceral fat is the best correlate
of most of the highly atherogenic metabolic complica-
tions seen in individuals with abdominal obesity in the
general population (Lamarche 1998). These include
the features seen in LMNA R482Q carriers, such as in-
sulin resistance and hyperinsulinemia, hypertriglyceri-
daemia, and reduced plasma HDL cholesterol. Abdomi-
nal obesity may be the most prevalent common de-
nominator of highly atherogenic dyslipidemia and
hyperinsulinemia/insulin-resistant states in affluent,
sedentary societies (Lamarche 1998). The abdominal
obesity in LMNA R482Q carriers with FPLD is a genetic
and clinically extreme form, with all adipocytes lo-
cated centrally owing to complete absence of subcuta-
neous peripheral fat. The lipoprotein abnormalities in
the FPLD kindred appeared to be specifically related to
differences in body fat distribution, and not to differ-
ences in age or body mass index. The results suggest
that hyperinsulinemia and insulin resistance underlie
a proatherogenic lipoprotein profile, regardless of
whether they are associated with abdominal obesity in
the general population or with LMNA R482Q-
associated peripheral adipose wasting in FPLD.

In nondiabetic carriers of LMNA R482Q, the lipo-
protein abnormalities were more apparent than the ab-
normalities in glucose and hemoglobin A;C. This sug-
gests that the lipoprotein perturbations occur earlier in
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the natural history of LMNA R482Q-associated insulin
resistance. Conversely, it would appear that diabetes
and hypertension, with markedly worse dyslipidemia
occur later in the course of LMNA R482Q-associated
insulin resistance. This suggests that there might be a
greater compensatory capacity within the pathways
that maintain glucose homeostasis. The results indi-
cate that the lipoprotein abnormalities antedate the
development of diabetes but then become worse after
the decompensation of glucose homeostasis and devel-
opment of diabetes.

The findings confirm our previous conclusion that
rare mutations in a nuclear structural protein can be
associated with markedly abnormal qualitative and
quantitative metabolic phenotypes (Cao and Hegele
2000). Different mutations in LMNA can underlie the
disparate clinical entities of EDMD-AD and FPLD,
analogous to the relationship between different muta-
tions in the RET proto-oncogene and the disparate
clinical entities of multiple endocrine neoplasia type 2,
related sporadic tumors, and Hirschsprung disease
(Eng and Mulligan 1997). The position of the mutant
residue within LMNA appears to be a crucial determi-
nant of both the affected cell type and the anatomical
distribution of the affected cells. This suggests a high
degree of functional specificity for particular lamin
A/C residues and raises the possibility that LMNA mu-
tations could underlie other diseases characterized by
degeneration of specific cell types in particular ana-
tomical distributions.

Lamins A and C are members of the intermediate
filament multigene family, which form part of the
nuclear lamina, a structural meshwork of 10-nm fila-
ments on the nucleoplasmic side of the inner nuclear
membrane (Stuurman et al. 1998). The nonconserva-
tive Argl Gln change at LMNA codon 482 occurs
within the carboxy-terminal tail sequence that is com-
mon to both lamins A and C and is conserved in lamin
A/C across species (Stuurman et al. 1998). However, it
is not conserved among other members of the lamin
multigene family. The importance of residue 482 in
LMNA as being specific for FPLD was supported by the
subsequent identification of two more mutations af-
fecting this residue in European FPLD kindreds (Shack-
leton et al. 2000). In contrast, the mutated residues in
EDMD-AD are each conserved not just in lamin A/C
across species but also among other members of the
lamin multigene family (Bonne et al. 1999). This might
explain why LMNA R482 underlies a different pheno-
type than the EDMD-AD mutations.

The LMNA disease mutations in FPLD, EDMD-AD,
and DCM-AD, by affecting charge or hydrophobicity,
could simply destabilize lamin dimers and multimers,
thereby disrupting the integrity of the nuclear lamina
(Hegele 2000). The specificity of affected tissues might
simply reflect the domain altered by the mutation:
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LMNA mutations in DCM-AD tend to be within the
a-helical rod domain, which might affect polymeriza-
tion, whereas the LMNA mutations in EDMD-AD and
FPLD tend to be within the carboxy-terminal domain,
which might affect dimer stability or interfere with as-
sembly of filaments in a head-to-tail orientation. Con-
versely, any mechanism that so fundamentally under-
mines the nuclear envelope might be expected to have
widespread consequences, which would be difficult to
reconcile with the specific, progressive tissue involve-
ment in the diseases due to mutant LMNA.

There are tissue-specific differences in the distribu-
tion of the other nuclear laminar proteins, such as la-
min B1, which has been suggested to be another de-
terminant of the specificity of the impact of particular
LMNA mutations (Morris and Manilal 1999). It is pos-
sible that a function lost due to a LMNA mutation
could be rescued as a result of the redundant interac-
tions involving another lamin and lamin-associated
proteins (Hegele 2000). A complicating attribute in
FPLD is that puberty is clearly related to the onset of
adipocyte degeneration. This suggests that changes in
the hormonal or metabolic milieu trigger the expres-
sion of the specific histological and anatomical
changes in carriers of the LMNA R482Q mutation. Such
complexity might overwhelm the capacity of current
in vitro functional assays of lamin interactions with
other laminar proteins to fully explain the phenotypic
changes observed in FPLD; other in vitro models of
lamin A/C function might be required.

The availability of a genetic marker for FPLD will
be helpful to evaluate such attributes as epitasis or
gene-environment interactions that could affect pen-
etrance of the FPLD phenotype in LMNA Q482 carriers.
So far, only probands heterozygous for LMNA Q482/
R482 have been ascertained because of the striking
FPLD phenotype. By systematic extension of the fam-
ily, it might be possible to identify LMNA Q482 carriers
who are not obviously clinically affected and would
have been missed through ascertainment based upon
clinical features. The putative existence of carriers with
a less severe clinical phenotype should create an op-
portunity to evaluate factors that can affect penetrance
of quantitative and qualitative phenotypes, because
carriers can now be unequivocally identified using
LMNA genotyping.

METHODS

FPLD Kindred

The kindred is designated FPLD, and was ascertained through
six separate probands whose relationship to each other was
reconstructed after complete pedigree data were obtained. Af-
ter informed consent was obtained, we performed clinical
evaluations and drew blood samples from six probands and
members of their families, shown in Figure 1. A total of 55
subjects over age 18 were studied: Medical histories and clini-

cal examinations were performed in the field. Each family
member was assessed for characteristic physical attributes of
FPLD and provided a fasting serum sample for biochemical
determinations, including serum insulin and C-peptide. The
phenotype was classified as definitely affected, probably af-
fected or definitely unaffected based upon clinical and bio-
chemical criteria. The absence of subcutaneous fat tissue from
upper and lower extremities and an extremely muscular ap-
pearance commencing in adolescence was the essential crite-
rion for a definitive diagnosis of FPLD. Other important phe-
notypic criteria for a definite diagnosis included the presence
of grossly excessive adipose tissue in the face and neck, giving
a pseudo-Cushingoid appearance and/or acanthosis nigri-
cans. Subjects in whom anthropometric features were equivo-
cal, but who had at least two additional supportive criteria,
including the presence of hirsutism, menstrual abnormalities,
and/or laboratory data confirming the presence of diabetes-
elevated insulin and/or elevated C-peptide were called prob-
ably affected.

A priori exclusion criteria included an inadequate blood
sample available for all determinations and incomplete phe-
notypic information. After these exclusions, 47 subjects re-
mained; 22 were carriers of the mutant LMNA Q482 allele, of
whom seven had diabetes; and 25 were homozygous for the
wild-type LMNA R482 allele. Of the 22 carriers, 17 had a defi-
nite diagnosis of FPLD, whereas none of the LMNA R482/R482
homozygotes was definitely affected (P<10~°).

Biochemical and Genetic Determinations

Plasma lipoproteins and serum glucose, hemoglobin A,C, in-
sulin, and C-peptide were measured using established proce-
dures (Hegele et al. 1998ab). Amplification using the oligo-
nucleotide primers 5'-GCAAGATACACCCAAGAGCC-3' and
5'-ACACCTGGGTTCCCTGTTC-3’ produced a 1069-bp prod-
uct. This amplification product was digested with Mspl, and
the digestion products were electrophoresed in 2% agarose
gels. Digestion of the amplification product from the wild-
type LMNA allele R482 produced two variant fragments with
size 480 and 69bp, in addition to invariant fragments with
sizes 381, 81 and 59bp. Digestion of the product from the
mutant LMNA allele Q482 produced a single fragment with
size 549bp, in addition to the invariant fragments.

Statistical Analyses

All statistical analyses were carried out with the Statistical
Analysis Software (SAS) version 6.12 (SAS Institute, Cary, NC).
We wished to test the hypothesis that within the extended
kindred, the heterozygotes for LMNA Q482, both with and
without diabetes, had a different biochemical phenotype
than subjects who did not carry the mutation. Thus, bio-
chemical traits for LMNA Q482/R482 heterozygotes were
compared with control LMNA R482/R482 homozygote sub-
jects from the pedigree. Because of the small numbers of sub-
jects and the non-normal distribution of the biochemical
variables, nonparametric analysis was carried out using the
Kruskal-Wallis x* approximation test of significance of the
Wilcoxon rank sums, as was reported previously (Hegele et al.
1998b). By convention, a P<0.05 was taken as the nominal
level of significance for a difference in the pairwise compari-
sons.
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