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Mutations in the lamin A/C gene (LMNA) encoding the 
nuclear intermediate filament lamins A and C (lamin A/C) 
cause multiple diseases often referred to as laminopathies 
(1). These include cardiomyopathy and muscular dystrophy 
(2–5), Hutchinson-Gilford progeria syndrome (6, 7), man-
dibuloacral dysplasia type A (8), peripheral neuropathy 
(9), and familial partial lipodystrophy type 2 (FPLD2), and 
related lipodystrophies (10–13). FPLD2, also known as 
Dunnigan-type familial partial lipodystrophy, is an autoso-
mal dominant inherited disease characterized by abnormal 
body fat distribution occurring around the onset of pu-
berty. Major features are loss of subcutaneous adipose tis-
sue from trunk, limbs, and gluteal region contrasting with 
its accumulation in face, neck, axilla, and visceral region 
(14, 15). Metabolic defects resulting from these adipose tis-
sue alterations include dyslipidemia, especially hypertri-
glyceridemia, hepatic steatosis, premature atherosclerosis, 
and insulin resistance leading to type 2 diabetes (15–18).

Most LMNA mutations causing FPLD2 generate amino 
acid substitutions that change the surface charge of an im-
munoglobulin-like fold in lamin A and lamin C (19, 20). In 
90% of patients, this occurs as a result of the substitution of 
a basic arginine with a neutral tryptophan, leucine or glu-
tamine (R482W/L/Q) (10–12). LMNA mutations causing 
amino acid substitutions at other codons may cause related 
atypical lipodystrophy syndromes (13). The disease-causing 
mutations likely generate “gain of function” or “dominant 
negative” variants of lamin A and lamin C, because the 
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from 5′ to 3′: a 5.4-kb fatty acid binding protein 4 (Fabp4) pro-
moter, cDNA encoding a FLAG epitope tag fused in frame to ei-
ther full-length wild-type human prelamin A or R482Q prelamin 
A, an SV40 splice site, and a polyadenylation site. Minigenes were 
excised from plasmids by restriction endonuclease digestion and 
microinjected separately into superovulated B6/CBA F1 fertilized 
oocytes in vitro. Oocytes were then transferred to pseudopreg-
nant foster mothers to produce transgenic founders. Founder 
transgenic mice were identified by PCR analysis of DNA from tail 
biopsies using two primer pairs corresponding to sequences in 
FLAG and human lamin A. The first pair (forward: 5′-ATGGAC-
TACAAGGACGACGATGACA-3′ reverse: 5′-AGTTCAGCAGAGC-
CTCCAGGTCCTT-3′) produces a PCR product, which includes 
FLAG and a sequence within human lamin A/C. The second 
primer pair (forward: 5′-AGGACCTGCAGGAGCTCAATGATCG-3′; 
reverse: 5′-AGTTCAGCAGAGCCTCCAGGTCCTT-3′) corresponds 
to a sequence in human lamin A. Transgenic mice were backcrossed 
to wild-type Friend Virus B (FVB) mice (Jackson Laboratory) at 
least eight generations to obtain stable transgenic offspring and 
adequate numbers of individuals for further experiments. Mice 
were maintained on a 12-h light/dark cycle. Starting at 12 weeks 
of age, they were fed a high-fat diet containing 45% of calories 
from fat (D12451, Research Diets). At 40 weeks of age after over-
night fasting, blood was obtained and, after sacrifice, adipose tissue 
collected from three different fat depots. Nontransgenic control 
mice were used in all experiments. For some experiments, we also 
used a line of transgenic mice (R482Q “Wojtanik”) overexpressing 
R482Q prelamin A under control of a Fabp4 promoter that has 
been described previously (22); the late Dr. Constantine Londos 
(National Institute of Diabetes and Digestive and Kidney Diseases 
Laboratory of Cellular and Developmental Biology) provided these 
mice. The Columbia University Medical Center Institutional Ani-
mal Care and Use Committee approved all protocols involving mice.

Histology
Human subcutaneous adipose tissue samples were collected 

and prepared as described previously (27). Mouse subcutaneous 
adipose tissue samples were obtained after sacrifice. Samples were 
placed in 10% neutral buffered formalin for 48 h, embedded in 
paraffin, and sectioned at 5 m. Adipose tissue sections were de-
paraffinized and stained with Sirius red for 1 h to detect collagen 
fibrils. The surface area stained with Sirius red was quantified with 
ImageJ software on three randomly chosen regions for each section, 
and all values were normalized to an arbitrary control section.

Glucose tolerance tests
After 4–5 h of fasting, blood glucose levels were measured by 

using OneTouch Ultra Blood Glucose Monitoring System (John-
son & Johnson), and mice then received an intraperitoneal injec-
tion of 1 mg/kg glucose. Blood glucose levels were measured 
immediately after glucose administration and at 5, 15, 30, 60, and 
120 min afterward.

Plasma lipid concentrations
Blood from overnight-fasted mice was collected from the retro-

orbital plexus. Plasma total cholesterol and triglycerides were 
measured using Infinity Kit (Thermo Fisher Scientific). Free fatty 
acids were measured using NEFA C kit (Wako).

Cell culture
Fibroblasts were grown in DMEM (Thermo Fisher Scientific) con-

taining 1 g/l glucose, 20 mM L-glutamine, 25 mM 4-(2-hydroxyethyl)- 
1-piperazineethanesulfonic acid, 110 mg/ml sodium pyruvate, 
10% FBS, 100 U/ml penicillin, and 0.1 mg/ml streptomycin (all 
from Thermo Fischer Scientific) at 37°C in 5% CO2 per 95% air. 
Fibroblasts were used between culture passages 4 and 7.

disease occurs in heterozygous patients and Lmna null 
mice do not develop lipodystrophy (21). Only one pub-
lished study has examined transgenic mice overexpressing 
an FPLD2-causing lamin A variant (R482Q) in adipose tis-
sue (22). When fed a high-fat diet, these mice develop sub-
cutaneous lipoatrophy, insulin resistance, and hepatic 
steatosis and demonstrate an inability of adipose tissue self-
renewal with preadipocytes unable to differentiate into adi-
pocytes (22). This is consistent with a report showing that 
overexpression of lamin A and FPLD2-causing lamin A vari-
ants blocks in vitro differentiation of 3T3-L1 preadipocytes 
into adipocytes (23).

Some studies have suggested that alterations in adipose 
tissue extracellular matrix (ECM) play a role in the patho-
physiology of lipodystrophy syndromes. Adipose tissue fi-
brosis has been reported in subcutaneous lipoatrophic 
areas of patients with partial lipodystrophy caused by perili-
pin deficiency (24) and in patients with lipodystrophy re-
ceiving antiretroviral therapy for HIV-1 infection (25). 
Subcutaneous lipoatrophic abdominal adipose tissue from 
a patient with lipodystrophy caused by mutation in the gene 
encoding DNA polymerase  also has been reported to 
have increased fibrosis and increased expression of extra-
cellular matrix genes, transforming growth factor- (TGF-), 
matrix metalloproteinase (MMP) 14, and fibronectin (26). 
Considering the scarcity of subcutaneous adipose tissue 
from patients diagnosed with FPLD2, only a few studies 
have focused on the histological alterations in affected hu-
man tissue. Béréziat et al. described a significant increase 
in fibrosis with accumulation of collagen fibrils in hyper-
trophic cervical adipose tissue from patients with LMNA-
related lipodystrophies (27). In contrast, one study of 
perilipomatous adipose tissue from lipoatrophic fat of 
patients with FPLD2 reported a near-normal histological 
phenotype (28). We therefore hypothesized that ECM re-
modeling, fibrosis, and related cell signaling alterations oc-
cur in adipose tissue and cells from human subjects and 
transgenic mice expressing lamin A/C variants that cause 
FPLD2 and related lipodystrophies.

MATERIALS AND METHODS

Human subjects
Hypertrophic cervical subcutaneous adipose tissue was col-

lected during plastic surgery from a female patient with FPLD2 
(LMNA p.R482W mutation) and from five nonobese, nondiabetic 
control subjects during surgery to treat benign thyroid nodules or 
parotid tumors. Primary dermal fibroblast cultures were estab-
lished after punch biopsy from three female subjects with LMNA 
mutations (p.R482W, p.R399H, and p.L387V) and from two non-
obese, nondiabetic women. All subjects provided written informed 
consent to participate in the research protocol, which was ap-
proved by the Comité de Protection des Personnes, Hôpital Saint-
Louis (Paris, France).

Mice
Transgenic mice were generated at the Herbert Irving Com-

prehensive Cancer Center Transgenic Mouse Facility at Columbia 
University Medical Center. We generated plasmids containing 
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CTGF band densities were normalized to -actin signal density 
of each sample. For Smad2/3, band intensity of phosphory-
lated proteins was normalized to the band intensity signal for 
total proteins.

Immunofluorescence microscopy
Frozen sections of adipose tissue embedded in optimal cutting 

temperature compound (Tissue-Tek) were fixed in cold methanol 

RT-quantitative PCR
Total RNA was extracted from human and mouse tissue using 

the RNeasy Lipid Tissue Isolation Kit (Qiagen) following the man-
ufacturer’s instructions. Mouse adipose tissue was collected at 40 
weeks of age. For primary fibroblast cultures, RNA was extracted 
using RNeasy Isolation Kit (Qiagen). Quality and concentrations 
of RNA were measured using a Nanodrop spectrophotometer 
(Thermo Fisher Scientific). The cDNA was synthesized using Su-
perscript First Strand Synthesis System (Thermo Fisher Scien-
tific), according to the manufacturer’s instructions. Quantitative 
real-time PCR was performed on an ABI 7300 Real-Time PCR Sys-
tem (Applied Biosystems) using HotStart-IT SYBR green qPCR 
Master Mix (Affymetrix). Relative levels of mRNA expression 
were calculated using the CT method (29). Individual expres-
sion values were normalized and compared with mRNA encod-
ing hypoxanthine phosphoribosyltransferase 1. Values are shown 
graphically as mRNA relative expression with one arbitrary con-
trol subject in the control group of each experiment. Primers 
used for RT-qPCR of human mRNAs are listed in supplemental 
Table S1. Primers used for RT-qPCR of murine mRNAs are listed 
in supplemental Table S2.

Protein extraction and immunoblotting
Frozen adipose tissues were homogenized in 300 µl of 3× Laem-

mli buffer (30), heated 6 min at 95°C, and centrifuged at 12,000 g 
for 10 min. The upper phase containing all the lipids was re-
moved, and samples were subjected to SDS-PAGE and blotted 
onto nitrocellulose membranes. For primary fibroblast cultures, 
cells were isolated and homogenized in Cell Extraction Buffer 
(Thermo Fisher Scientific) with Protease Inhibitor Cocktail 
(Roche), plus 1.0 mM of phenylmethylsulfonyl fluoride (Sigma-
Aldrich). Proteins in samples were denatured in Laemmli sample 
buffer containing -mercaptoethanol by boiling for 5 min, sepa-
rated by SDS-PAGE, and transferred to nitrocellulose membranes. 
For immunoblotting, nitrocellulose membranes were washed with 
blocking buffer (4% BSA in Tris-buffered saline with 0.1% poly-
sorbate 20) and probed with primary antibodies diluted in block-
ing buffer overnight at 4°C. The primary antibodies used for 
immunoblotting were M5 anti-FLAG (Sigma-Aldrich), rabbit anti-
lamin B1 (31), anti-connective tissue growth factor (CTGF) (Ab-
cam, #AB-6992), anti-TGF-1/2/3, anti-phosphorylated Smad2/3, 
anti-total Smad2/3, anti-Smad4, anti-MMP 9, anti-TIMP1, and 
anti--actin (Santa Cruz Biotechnologies; #SC-7892, #SC-11769, 
#SC-6032, #SC-7966, #SC-10737, #SC-5538, #SC-47778, respectively). 
Blots were washed with Tris-buffered saline containing 0.1% poly-
sorbate 20 and then incubated in blocking buffer with horserad-
ish peroxidase-conjugated secondary antibodies (GE Healthcare) 
at room temperature. Recognized proteins were visualized by 
enhanced chemiluminescence (Thermo Fisher Scientific) and 
detected by exposure on X-ray films (Labscientific). To quantify 
signals, we scanned immunoblots and densities of the bands 
quantified by using ImageJ software. The TGF-, Smad4, and 

TABLE 1. Features of unaffected controls and patient with FPLD2 caused by the LMNA p.R482W mutation from 
whom cervical adipose tissue sections or RNA from adipose tissue was available

Control A Control B Control C Control D Control E R482W

Sex Female Female Female Male Male Female
Age (years) 48 54 87 62 82 46
Body mass index (kg/m2) 24.5 22.1 23 23 24.8 22.1
Peripheral lipoatrophy No No No No No Yes
Cervical fat accumulation No No No No No Yes
Glucose tolerance Normal Normal Normal Normal Normal Diabetes
Triglycerides (mM) Normal Normal Normal Normal Normal 2.5
Tissue section available Yes No No No No Yes
RNA sample available Yes Yes Yes Yes Yes Yes

Fig. 1. Analysis of fibrosis in subcutaneous adipose tissue from a 
patient with FLPD2 caused by LMNA p.R482W mutation. A: Sirius 
red staining of subcutaneous adipose tissue sections from one unaf-
fected human subject (Control) and one patient with LMNA p.R482W 
mutation (R482W); scale bar = 100 µm. B: Bar graph showing sur-
face area of subcutaneous adipose tissue sections stained with Sirius 
red from one unaffected human subject (Control) and one patient 
with LMNA p.R482W mutation (R482W). C: Bar graph showing mean 
cellular area of adipocytes from one unaffected human subject 
(Control) and one patient with LMNA p.R482W mutation (R482W) 
adipose tissue sections. In A–C, the control is Control A from Table 1. 
D: Relative expression of mRNAs encoded by FN1, ELN, and DCN 
in subcutaneous adipose tissue from unaffected human subjects 
(Control) and a patient with LMNA p.R482W mutation (R482W). 
Values are means ± SEs for n = 5 controls and n = 1 patient.
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polysorbate 20 and 2% BSA (Solution B) for 2 h at room tempera-
ture. Primary antibodies used were mouse anti-FLAG M5 mono-
clonal antibody and rabbit anti-lamin B1 polyclonal antibody. 
After washing four times with Solution A, sections were incubated 

for 10 min at 20°C. Sections were permeabilized with 0.5% Tri-
ton X-100 in PBS for 5 min at room temperature, washed three 
times with 0.1% polysorbate 20 in PBS (Solution A), and incubated 
with the primary antibodies diluted in PBS containing 0.1% 

Fig. 2. Characterization of transgenic mice overexpressing FLAG-tagged human wild-type or R482Q lamin A. 
A: Immunoblots of protein extracts of subcutaneous adipose tissue (scAT; upper panel) and liver (lower panel) 
from nontransgenic control mice (Control), transgenic mice overexpressing FLAG-tagged human wild-type la-
min A (WT), or FLAG-tagged human R482Q lamin A (R482Q). Blots were probed with antibody against FLAG 
(Flag) or antibody against lamin B1 (Lamin B) as a loading control; each lane shows an extract from a different 
mouse. B: Photomicrographs showing immunofluorescence labeling of FLAG (green) and lamin B1 (red) in 
adipose tissue sections from Control, WT, and R482Q mice. C: Bar graphs showing ratios of total adipose tissue 
(AT), parametrial depots (pmAT), abdominal depots (abAT), subcutaneous depots (scAT), and liver masses to 
total body mass of Control, WT, and R482Q female mice at 40 weeks of age. Values are means ± SEs (Control n = 
14; WT n = 7; R482Q n = 6). D: Plasma glucose concentrations immediately prior to (0 min) and after administra-
tion of 1 mg/kg of glucose in Control (circle), WT (square), and R482Q (triangle) female mice at 39 weeks of 
age. Values are means ± standard deviations (control n = 14; WT n = 5; R482Q n = 6). E: Bar graphs showing 
concentrations of plasma total cholesterol (TC), triglyceride (TG), and free fatty acids (FFA) in Control, WT, 
and R482Q female mice at 40 weeks of age. Values are means ± SEs (Control n = 14; WT n = 7; R482Q n = 6).

TABLE 2. Expression levels of mouse plus human lamin A/C mRNA in adipose tissue from transgenic mice 
overexpressing human wild-type lamin A (WT) or human R482Q lamin A (R482Q) generated in this study and in 

adipose tissue from R482Q lamin A transgenic mice reported by Wojtanik et al. (22)

Mouse N
Lamin A/C relative  
mRNA expression

P compared with  
nontransgenic mice

P compared with mice  
expressing WT lamin A

P compared with mice 
expressing R482Q lamin A

Control 6 1.00 ± 0.58 — <0.001 —
WT 6 4.91 ± 0.44 <0.001 — —
R482Q 6 5.16 ± 0.36 <0.001 ns —
R482Q “Wojtanik” 6 8.49 ± 0.87 <0.001 <0.001 <0.001

We used primers recognizing sequences present in both human and mouse lamin A/C cDNA (forward: 
5′-GGACCTGCAGGAGCTCAATG-3′; reverse: 5′-TCCTCACGCACTTTGCTCAG-3′). Nontransgenic mice (Control) 
are shown as a reference, in which lamin A/C mRNA is normalized to 1.00. Values are means ± SEs (control n = 6; 
WT n = 6; R482Q n = 6; R482Q “Wojtanik” n = 6) and P values given for various comparisons; ns, not significant.
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at subconfluency and were fixed in cold methanol for 10 min at 
20°C. Rabbit antibody directed against type I collagen (Abcam, 
#ab-292) was revealed by anti-rabbit immunoglobulin G coupled 
to Texas Red (Thermo Fisher Scientific). Cell nuclei were visualized 
by diamidino-2-phenylindole hydrochloride staining. Intensity of 

with secondary antibodies diluted in Solution B for 1 h at room 
temperature. Secondary antibodies used were fluorescein isothio-
cyanate-conjugated goat anti-mouse immunoglobulin G and rho-
damine-conjugated goat anti-mouse immunoglobulin G (Jackson 
ImmunoResearch Labs). Fibroblasts were grown on glass coverslips 

Fig. 3. Analysis of adipose tissue from transgenic mice overexpressing FLAG-tagged human wild-type or 
R482Q lamin A. A: Photomicrographs showing Sirius red staining of subcutaneous adipose tissue (scAT) and 
parametrial adipose tissue (pmAT) sections from nontransgenic mice (Control), transgenic mice expressing 
FLAG-tagged wild-type human lamin A (WT), or transgenic mice expressing FLAG-tagged human lamin A 
R482Q (R482Q); scale bar = 100 µm. B: Bar graphs showing surface area of subcutaneous adipose tissue (scAT) 
and parametrial adipose tissue (pmAT) sections stained with Sirius red from nontransgenic Control, WT, and 
R482Q mice. For each section, Sirius red-stained area was calculated on three randomly chosen regions using 
ImageJ software. Values are means ± SEs (Control n = 3 mice; WT n = 3 mice; R482Q n = 4 mice). **P < 0.01; 
***P < 0.001; ns, not significant compared with nontransgenic mice (Control). C: Bar graphs showing mean 
cellular area of adipocytes from subcutaneous adipose tissue (scAT) and parametrial adipose tissue (pmAT) 
sections from nontransgenic Control, WT, and R482Q mice. For each section, mean adipocyte areas were cal-
culated with ImageJ software on three randomly chosen regions. Values are means ± SEs (Control n = 3 mice; 
WT n = 3 mice; R482Q n = 4 mice). **P < 0.01; ***P < 0.001; ns, not significant compared with nontransgenic 
mice (Control). D: Means ± SEs of relative expression of mRNAs encoded by Fn1, Eln, and Dcn in subcutaneous 
adipose tissue from Control, WT, and R482Q mice. Values are means ± SEs (Control n = 3 mice; WT n = 3 mice; 
R482Q n = 4 mice). *P < 0.05; **P < 0.01; ns, not significant compared with nontransgenic mice (Control).
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the expression of mRNAs for three different ECM proteins: 
fibronectin, which binds type I collagen and is involved in 
the maintenance of adipocyte shape (33); elastin, a major 
component of elastic fibers providing strength and flexibil-
ity to connective tissue (34); and decorin, which also binds 
to type I collagen and functions in matrix assembly (35). 
Expression of FN1, encoding fibronectin, was increased, 
whereas expression of the ELN and DCN genes, encoding 
elastin, and decorin respectively, were decreased in the pa-
tient compared with the control subjects (Fig. 1D). These 
data showed increased fibrosis and altered expression of 
genes encoding ECM proteins in cervical subcutaneous 
adipose tissue from a human subject with FLPD2.

ECM alterations in adipose tissue of transgenic mice 
expressing R482Q lamin A

To further investigate the effects of FPLD2-causing LMNA 
mutations, we generated transgenic mice overexpressing 
human R482Q lamin A and wild-type lamin A selectively in 
adipose tissue. As in the patient with the LMNA p.R482W 
mutation, this amino acid substitution similarly changes 
the surface charge of the immunoglobulin-like fold in la-
min A/C and is commonly found in patients with FPLD2 
(10–12, 19, 20, 32). In the mice, cDNAs encoding wild-type 
or R482Q human prelamin A with FLAG epitope tags at 
their amino termini were expressed under the control of 
the Fabp4 promoter. To confirm selective expression of 
the transgene in adipose tissue, we compared the expres-
sion of the FLAG-tagged proteins in subcutaneous adipose 
tissue and liver from the transgenic mice and nontrans-
genic controls. The FLAG-tagged proteins were selectively 
expressed in extracts of adipose tissue but not liver from 
the transgenic mice (Fig. 2A). Immunofluorescence micro-
scopic analysis of adipose tissue sections confirmed that 
FLAG-tagged wild-type and R482Q lamin A were correctly 
localized to the nuclear envelope, where they colocalized 
with lamin B1 in cells expressing the Fab4 promoter-con-
taining transgene (Fig. 2B). However, R482Q lamin A 
transgenic mice did not develop gross anatomic or meta-
bolic signs of partial lipodystrophy. In female mice fed a 
high-fat diet for 28 weeks, the ratios of adipose tissue mass 
to total body mass did not show significant differences com-
pared with either transgenic mice expressing wild-type hu-
man lamin A or nontransgenic controls (Fig. 2C). Female 
R482Q lamin A transgenic mice demonstrated a trend to-
ward impaired glucose tolerance; however, the results did 
not reach statistical significance compared with transgenic 
mice expressing wild-type human lamin A or nontransgenic 

collagen I staining per unit area was quantified using ImageJ soft-
ware, and all values normalized to an arbitrary measurement from 
a control human fibroblast.

Gelatin zymography
Zymography was performed on supernatants from cultured fi-

broblasts to assess MMP activity. Fibroblasts were cultured in 
serum-free medium for 24 h. Gelatin-degrading activity was exam-
ined by SDS-PAGE on a 7.5%-gel containing gelatin (1.0 mg/ml) 
without prior heating or reduction. Volumes of 10–15 µl of super-
natants were run in parallel. Volumes were determined after cel-
lular density quantification. After electrophoresis, gels were 
washed in 2.5% Triton-X 100 and then incubated in 50 mM Tris-
HCl (pH 7.5), 150 mM NaCl, 10 mM CaCl2, and 0.02% NaN3. Gels 
were stained with Coomassie Brilliant Blue R250 (Thermo Fisher 
Scientific) and destained with a solution of 50% methanol, 40% 
acetic acid, 10% water. Gelatinolytic activity of each gelatinase is 
evident as a clear band against the blue background of stained 
gelatin.

Statistical analysis
All results were from triplicate experiments and are expressed 

as means ± SEs. Statistical analyses were performed using Prism 
(GraphPad Software). For analysis of mouse adipose tissue and 
human fibroblasts, one-way ANOVAs with post hoc Tukey analysis 
were performed on data at a minimum P < 0.05 threshold.

RESULTS

ECM is altered in cervical subcutaneous adipose tissue 
from a patient with FPLD2

We examined anterior cervical subcutaneous adipose tis-
sue from one patient with FPLD2 caused by the LMNA 
p.R482W mutation and from unaffected controls. Features 
of the control subjects and patient have been described 
previously (13, 27, 32). These features, and the subjects 
from whom adipose tissue sections or adipose tissue RNA 
were available, are summarized in Table 1.

We first confirmed the presence of fibrosis in adipose 
tissue of the patient with the LMNA p.R482W mutation 
with tissue available from one unaffected control as as-
sessed by Sirius red staining of sections (Fig. 1A). The sur-
face area of cervical subcutaneous fat stained with Sirius 
red was 12-fold greater in the affected patient than in the 
control (Fig. 1B). Adipocyte surface area was also less in 
tissue sections from the affected patient than in the control 
(Fig. 1C). These results confirmed similar findings re-
ported by Béréziat et al. (27). We then examined in cervi-
cal adipose tissue of the patient and five unaffected controls 

TABLE 3. Clinical features of control subjects and patients with the LMNA mutations indicated from whom fibroblasts were obtained

Control 1 Control 2 R482W R399H L387V

Sex Female Female Female Female Female
Age (years) 43 33 60 54 61
Body mass index (kg/m2) 24.6 21.2 24.5 23.3 27
Clinical peripheral lipoatrophy No No Four limbs and trunk Lower limbs No
Cervical fat accumulation No No Yes No No
Glucose tolerance Normal Normal Diabetes Diabetes Diabetes
Triglycerides (mM) NA NA 2.3 17.1 1.5

NA, not applicable.
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(22). We therefore examined the relative expression of 
human and mouse lamin A/C mRNA by RT-qPCR using 
primers that recognized both human and mouse tran-
scripts. There was approximately a 5-fold increase in lamin 
A/C mRNA in the transgenic mice that we generated that 
expressed either wild-type or R482Q lamin A compared 
with nontransgenic mice, whereas the transgenic mice gen-
erated by Wojtanik et al. had an approximately 8.5-fold in-
crease in expression of R482Q lamin A (Table 2). R482Q 

controls (Fig. 2D). There were also no significant differ-
ences in plasma cholesterol, triglycerides, or free fatty acid 
concentrations among the three groups (Fig. 2E). Male mice 
demonstrated the same phenotypes (supplemental Fig. S1).

Whereas our R482Q lamin A transgenic mice did not de-
velop lipoatrophy or metabolic abnormalities, Wojtanik 
et al. generated a similar line of transgenic mice (R482Q 
“Wojtanik”) that were reportedly unable to accumulate fat 
and had decreased insulin sensitivity and hepatic steatosis 

Fig. 4. Analysis of ECM in dermal fibroblasts from patients with FPLD2 and different LMNA mutations. A: Photomicrographs showing im-
munofluorescence labeling of type I collagen (collagen 1; red) in cultured dermal fibroblasts from control human subjects and from patients 
with FPLD2 and LMNA p.R482W (R482W), p.R399H (R399H), and p.L387V (L387V) mutations. Nuclei were stained with diamidino-2-phe-
nylindole hydrochloride (DAPI) (blue). Scale bar = 50 µm. B: Bar graph showing quantification of fluorescence intensity of type I collagen 
labeling using ImageJ software. Each bar represents means ± SEs from immunofluorescence staining performed on three consecutive pas-
sages of dermal fibroblast cultures from control individuals (Control 1, Control 2) and patients with FPLD2 and the indicated LMNA muta-
tions. *P < 0.05; ***P < 0.001; ns, not significant compared with Control 1. C: Means ± SEs of relative expression of mRNAs encoded by FN1, 
ELN, and DCN in three consecutive passages of dermal fibroblast cultures from control individuals (Control 1, Control 2) and patients with 
FPLD2 and the indicated LMNA mutations. *P < 0.05; **P < 0.01; ***P < 0.001, ns, not significant compared with Control 1.
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Fig. 5. Effects of FPLD2-causing LMNA mutations on TGF- signaling. A: Relative expression of mRNAs encoded by TGFB1 and CTGF in 
cervical subcutaneous human adipose tissue (Human scAT) from control subjects (Control) and subject with LMNA p.R482W mutation 
(R482W). Values are means ± SEs for n = 5 controls and n = 1 patient. B: Means ± SEs of relative expression of mRNAs encoded by Tgfb1 and 
Ctgf in scAT from nontransgenic mice (Control), transgenic mice overexpressing wild-type lamin A (WT), or transgenic mice overexpressing 
lamin A R482Q (R482Q) in adipose tissue; n = 3 per group. *P < 0.05; ns, not significant compared with nontransgenic mice (Control). C: 
Means ± SEs of relative expression of mRNAs encoded by TGFB1 and CTGF in three consecutive passages of dermal fibroblast cultures con-
trol individuals (Control 1, Control 2) and patients with FPLD2 and LMNA mutations p.R482W (R482W), p.R399H (R399H), and p.L387V 
(L387V). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant compared with Control 1. D: Immunoblots using antibodies against 
TGF-1/2/3 (TGF-), phosphorylated Smad2/3 (p-Smad2/3), total Smad2/3 (t-Smad2/3), and CTGF of protein extracts from fibroblasts 
of control individuals (Control 1, Control 2) and patients with the indicated LMNA mutations. Immunoblots using anti--actin are shown as 
a loading control; migrations of molecular mass stands are indicated at the right of each blot. E: Bar graphs showing quantification of the 
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summarized in Table 3. There was significantly increased 
expression of type I collagen in fibroblasts from patients 
with LMNA mutations compared with controls when exam-
ined by immunofluorescence microscopy (Fig. 4A, B). 
RT-qPCR showed significantly increased expression of 
FN1-encoding fibronectin and significantly decreased ex-
pression of ELN and DCN respectively encoding elastin and 
decorin in fibroblasts with LMNA mutations compared 
with controls (Fig. 4C). These ECM alterations in fibro-
blasts from patients with lipodystrophy-causing LMNA mu-
tations were similar to those in subcutaneous adipose tissue 
from the patient with FPLD2 due to LMNA p.R482W muta-
tion and from R482Q lamin A transgenic mice.

ECM alterations caused by LMNA mutations are 
associated with TGF- signaling activation and matrix 
metalloproteinase 9 alterations

We found increased fibrosis in cervical adipose tissue 
from a patient with a FPLD2-causing LMNA mutation, in 
subcutaneous and visceral fat from mice overexpressing la-
min A R482Q in adipose tissue, and in dermal fibroblasts 
from patients with lipodystrophies caused by LMNA muta-
tions. Activation of TGF- signaling causes matrix deposi-
tion by promoting expression of ECM genes (36, 37). We 
therefore investigated TGF- signaling in adipose tissue 
and fibroblasts with lipodystrophy-causing lamin A/C al-
terations. We first assessed expression of TGFB1 encoding 
TGF-1 and CTGF encoding connective tissue growth fac-
tor (CTGF) in RNA obtained from human subcutaneous 
adipose tissue using RT-qPCR. CTGF expression is induced 
by TGF- (36). TGFB1 and CTGF expression was increased 
in subcutaneous adipose tissue from the patient with p.
R482W LMNA mutation compared with that in controls 
(Fig. 5A). Tgfb1 and Ctgf mRNAs were similarly significantly 
increased in subcutaneous adipose tissue from R482Q la-
min A transgenic mice compared with nontransgenic con-
trols and transgenic mice expressing wild-type lamin A 
(Fig. 5B). We then investigated the TGF- signaling path-
way in human fibroblasts with lipodystrophy-causing LMNA 
mutations. There was a significant increase in both TGFB1 
and CTGF expression in fibroblasts with LMNA p.R482W 
and p.R399H mutations compared with control cells and a 
nonsignificant trend toward increased expression in cells 
with the LMNA p.L387V mutation (Fig. 5C). We then ex-
amined the expression of TGF-1 and CTGF proteins as 
well as phosphorylation of Smad2/3, mediators of TGF- 
signaling that are phosphorylated by its activated receptor 
(38). Expression of TGF-1, phosphorylation of Smad2/3, 
and expression of CTGF were all significantly increased in 
fibroblasts with p.R482W, p.R399H, and p.L387V LMNA 
mutations compared with that of controls (Fig. 5D, E). 
These results indicate that the TGF- signaling pathway is 
activated in fibrotic tissue and cells expressing lipodystro-
phy-causing LMNA mutations.

lamin A variant expression was significantly increased in 
transgenic mice generated by Wojtanik et al. compared 
with the transgenic mice that we generated expressing this 
variant, suggesting that the severity of the lipodystrophy 
phenotype depends on the expression level of the patho-
genic lamin A variant when two normal Lmna alleles are 
present.

Although the R482Q lamin A transgenic mice we gener-
ated did not develop regional lipoatrophy or metabolic 
abnormalities, histological examination of adipose tissue 
revealed changes similar to those seen in the human sub-
ject with the LMNA p.R482W mutation. Compared with 
nontransgenic mice and transgenic mice expressing wild-
type lamin A, subcutaneous and parametrial adipose tissue 
from the R482Q lamin A transgenic mice displayed an in-
crease in Sirius red staining of collagen fibrils (Fig. 3A). 
The surface area of subcutaneous and parametrial fat 
stained with Sirius red was a statistically significant 5-fold to 
6-fold greater amount in the R482Q lamin A transgenic 
mice than in the nontransgenic controls (Fig. 3B). Hence, 
although the mass of these fat depots in relation to body 
mass was not decreased in these transgenic mice, there was 
more collagen in relation to fat. Adipocyte surface area was 
also significantly smaller in subcutaneous adipose tissue 
from the transgenic mice than that from the nontransgenic 
controls, but surface area was larger in parametrial fat of 
the transgenic mice than in controls (Fig. 3C). Expression 
of mRNA from Fn1 encoding fibronectin was significantly 
increased, and expressions of Dcn-encoding decorin and 
Eln-encoding elastin were significantly reduced in subcuta-
neous adipose tissue from R482Q lamin A transgenic mice 
compared with nontransgenic controls (Fig. 3D). Overall, 
there was a very similar phenotype of altered ECM and fi-
brosis in subcutaneous and visceral adipose tissue from 
R482Q lamin A transgenic mice compared with cervical 
subcutaneous adipose tissue from a human subject with the 
LMNA mutation p.R482W. These ECM alterations oc-
curred in mice that did not have overt lipoatrophy or its 
metabolic consequences, suggesting that they may be early 
defects in the pathogenesis of FPLD2.

ECM is altered in dermal fibroblasts from patients with 
LMNA mutations

Because adipose tissue from both a patient with the 
LMNA p.R482W mutation and R482Q lamin A transgenic 
mice similarly displayed fibrosis and altered expression of 
ECM proteins, we decided to investigate ECM alterations 
in human cells bearing lipodystrophy-causing LMNA muta-
tions. We studied primary cultures of skin dermal fibro-
blasts obtained from patients with FPLD2 or atypical 
lipodystrophies due to three different LMNA mutations 
(p.R482W, p.R399H, and p.L387V) and from two unaf-
fected controls. Clinical features of these patients and 
controls have previously been described (13, 32) and are 

ratio of the protein signals to -actin signals for TGF- and CTGF and ratio of the phosphorylated Smad2/3 signals to respective total 
Smad2/3 signals in protein extracts from three consecutive passages of dermal fibroblast cultures of control individuals (Control 1, Control 2) 
and patients with FPLD2 and the indicated LMNA mutations. Values are means ± SEs (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not 
significant compared with Control 1.
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Fig. 6. MMP expression and activity in LMNA-associated lipodystrophies. A: Relative expression of mRNAs 
encoded by MMP2, MMP9, and TIMP1 in human cervical subcutaneous adipose tissue (Human scAT) from 
control human subjects (Control) and patient with LMNA p.R482W mutation (R482W). Values are means ± 
SEs for n = 5 controls and n = 1 patient. B: Means ± SEs of relative expression of mRNAs encoded by Mmp2, 
Mmp9, and Timp1 in mouse subcutaneous adipose tissue (Mouse scAT) from nontransgenic mice (Control), 
transgenic mice expressing wild-type lamin A (WT) or transgenic mice expressing lamin A R482Q (R482Q); 
n = 3 per group. *P < 0.05; ns, not significant compared with nontransgenic mice (Control). C: Gelatin zymog-
raphy using supernatants from serum-starved fibroblasts from control individuals (Control 1, Control 2) and 
patients with FPLD2 and the indicated LMNA mutations was performed to assess the enzymatic activity of 
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present in the protein (41). Collagen accumulation was as-
sociated with alterations in the expression of genes encod-
ing ECM proteins. Antagonists of TGF-, if administered 
early enough, may therefore have potential therapeutic 
benefits in FPLD2.

The transgenic mice we generated overexpressing FLAG-
tagged human R482Q lamin A selectively in adipose tissue 
did not have significant fat loss or metabolic abnormalities 
associated with lipodystrophy. However, they had signifi-
cantly increased fibrosis in adipose tissue, indicating that 
expression of an FPLD2-causing lamin A variant can di-
rectly induce adipose tissue fibrosis. Adipose tissue from 
these mice also demonstrated increased expression of 
Tgfb1, Ctgf, and Mmp9. Wojtanik et al. (22) generated a 
similar transgenic mouse line that had decreased body adi-
pose tissue as well as decreased insulin sensitivity and he-
patic steatosis. Although Wojtanik et al. (22) mentioned 
leukocyte infiltration and adipocyte size heterogeneity, a 
hematoxylin and eosin-stained section of white adipose tis-
sue shown in their article demonstrated increase stromal 
staining, which could have been fibrosis. Differences be-
tween the transgenic mice generated by Wojtanik et al (22) 
and by us selectively expressing R482Q lamin A in adipose 
tissue are that (1) we included a FLAG epitope TAG at the 
amino-terminus of the lamin A variant, and (2) our line 
had relatively lower expression of the lamin A variant in 
adipose tissue. Although both lines were on the FVB back-
ground, there may also be other subtle genetic differences 
between them.

Increased TGF- signaling and fibrosis have been de-
scribed in laminopathies affecting tissues other than adi-
pose. Hearts from mice with an Lmna mutation that causes 
cardiomyopathy have marked fibrosis and evidence of en-
hanced TGF- and CTGF activity (42, 43). Hearts of hu-
man subjects with cardiomyopathy caused by LMNA 
mutations similarly have prominent fibrosis (44, 45). Ad-
ventitial fibrosis in coronary arteries has been reported in 
children with Hutchinson-Gilford progeria syndrome, 
which is caused by LMNA mutation (46). Expression of a 
lamin A variant that causes mandibuloacral dysplasia type 
A and expression of unprocessed prelamin A in osteoblast-
like cells lead to increased secretion of TGF- (47). MMP9 
activity has also been reported to be elevated in serum from 
patients with mandibuloacral dysplasia type A (48). Even in 
normal tissues, there appears to be a general relationship 
between tissue stiffness, collagen expression, and lamin A 
expression (49). Hence, various genetic alterations in 

We determined whether ECM degradation was altered 
in adipose tissue and cultured cells expressing lipodystro-
phy-causing lamin A/C variants. Matrix metalloproteinases 
(MMPs) are endopeptidases that degrade ECM proteins 
such as collagen, fibronectin, and laminin, and their tissue 
inhibitors regulate their activity (39, 40). We first exam-
ined expression of MMP2, MMP9, and TIMP1, which en-
codes TIMP metallopeptidase inhibitor 1. Whereas MMP2 
expression was unaffected, MMP9 expression was increased 
approximately 3-fold and TIMP1 expression was decreased 
approximately 2.5-fold in cervical subcutaneous adipose 
tissue of the patient with LMNA p.R482W compared with 
controls (Fig. 6A). In subcutaneous adipose tissue from 
R482Q lamin A transgenic mice, we found a similar result 
with unchanged expression of Mmp2, an approximate 1.5-
fold increase of Mmp9 expression, but no significant 
change in Timp1 expression compared with nontransgenic 
controls and transgenic mice expressing wild-type lamin A 
(Fig. 6B). To assess whether or not LMNA mutations affect 
MMP activity, we performed gelatin zymography with su-
pernatants of cultured fibroblasts, showing gelatinolytic 
activity of MMP2 and MMP9 (Fig. 6C). Quantification 
showed a significant increase in MMP9 activity in all super-
natants of cultured fibroblasts from patients with LMNA 
mutations compared with that in controls (Fig. 6D). We 
also found elevated expression of MMP9 in fibroblasts 
from patients compared with that from controls (Fig. 6E). 
These data demonstrated increased MMP9 expression and 
activity in cells expressing lipodystrophy-causing lamin 
A/C variants.

DISCUSSION

Our results support the hypothesis that ECM remodel-
ing, fibrosis, and abnormal TGF- signaling occurs early in 
the pathogenesis of FPLD2 and related lipodystrophies 
caused by LMNA mutations. We have shown these altera-
tions in cervical subcutaneous adipose tissue from a patient 
with the p.R482W LMNA mutation that causes FPLD2, in 
subcutaneous adipose tissue of transgenic mice expressing 
R482Q lamin A in adipose tissue, and in fibroblasts from 
patients with lipodystrophy-causing LMNA mutations. All 
three of these model systems showed hyperactivation of 
TGF- signaling and accumulation of collagen, as assessed 
by staining with Sirius red, an anionic dye stains collagen by 
reacting, via its sulphonic acid groups, with basic groups 

MMP2 and MMP9. Equal amounts of supernatants of protein extracts collected after 24 h were loaded onto a 
gelatin-containing gel and subjected to electrophoresis under nonreducing/nondenaturing conditions. Neg-
ative image of the gel is shown so that MMP2 and MMP9 activity appears as dark bands against a light back-
ground. Migrations of molecular mass standards are indicated at the right and migration of MMP9 and MMP2 
at the left. D: Bar graphs showing quantification of MMP9 activity assessed by gelatin zymography in protein 
supernatants from three consecutive passages of dermal fibroblast cultures of control individuals (Control 1, 
Control 2) and patients with FPLD2 and the indicated LMNA mutations. Values were calculated using ImageJ 
software and are means ± SEs (n = 3). **P < 0.01; ***P < 0.001; ns, not significant compared with Control 1. 
Results are presented as fold change over Control 1. E: Immunoblots using antibody against MMP9 on 
protein extracts from fibroblasts of control individuals (Control 1, Control 2) and patients FPLD2 and the 
indicated LMNA mutations. Immunoblots using anti--actin are shown as a loading control; migrations of 
molecular mass stands are shown at the right of each blot.
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lamin A may lead to pathology in different tissues by induc-
ing fibrosis.

ECM remodeling is a key factor in adipose tissue dys-
function with the level of fibrosis inversely associated with 
overall metabolic fitness of fat and the ability to adapt to 
changing nutrient conditions (50). Composition of the 
ECM also influences cell differentiation. Differentiation of 
3T3-F442A preadipocytes into adipocytes is inhibited by fi-
bronectin (33). Culturing adult adipose-derived stem cells 
on gels that mimic the native stiffness of adipose tissue up-
regulates adipogenic markers in the absence of exogenous 
growth factors, whereas increasing the stiffness blocks ex-
pression of these markers (51). Depletion of collagen VI, a 
major component of the ECM of adipose tissue, results in 
expansion of adipocytes and improvements of energy ho-
meostasis in ob/ob mice (52). These findings further sup-
port the hypothesis that ECM remodeling and increased 
adipose tissue fibrosis induced by lipodystrophy-causing 
lamin A/C variants underlie pathogenesis.

Lipodystrophies caused by LMNA mutations are rare ge-
netic disorders that share features with metabolic syn-
drome and central obesity, which are common in the 
developed world. FPLD2 is characterized by altered distri-
bution of fat, with loss from the periphery and excess in 
other body regions such as the face and neck. More com-
monly in the general population, excess body fat alone can 
lead to insulin resistance, dyslipidemia, hepatic steatosis, 
and an increased risk for diabetes mellitus and atheroscle-
rosis. As in the models of FPLD2 we examined, white 
adipose tissue from obese human subjects has increased 
fibrosis and expression of ECM components (53–55). ECM 
remodeling and fibrosis may therefore be a common de-
fect in FPLD2 and obesity, reducing adipose tissue expand-
ability and the ability to store an excess of energy, ultimately 
leading to lipotoxicity and metabolic dysfunction (50, 56). 
Although this is a parsimonious explanation for the meta-
bolic abnormalities that occur in FPDL2, pleiotropic ef-
fects of disease-causing lamin A/C variants in tissues other 
than adipose could also be a contributing factor.
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providing transgenic mice and Dr. Yi-Hao Yu and Dr. Henry N. 
Ginsberg for a vector containing the Fabp4 promoter.
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