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Abstract: ZMPSTE24 encodes the only metalloprotease, which transforms prelamin into mature
lamin A. Up to now, mutations in ZMPSTE24 have been linked to Restrictive Dermopathy (RD),
Progeria or Mandibulo-Acral Dysplasia (MAD). We report here the phenotype of a patient referred
for severe metabolic syndrome and cardiomyopathy, carrying a mutation in ZMPSTE24. The patient
presented with a partial lipodystrophic syndrome associating hypertriglyceridemia, early onset
type 2 diabetes, and android obesity with truncal and abdominal fat accumulation but without
subcutaneous lipoatrophy. Other clinical features included acanthosis nigricans, liver steatosis, dilated
cardiomyopathy, and high myocardial and hepatic triglycerides content. Mutated fibroblasts from the
patient showed increased nuclear shape abnormalities and premature senescence as demonstrated by
a decreased Population Doubling Level, an increased beta-galactosidase activity and a decreased BrdU
incorporation rate. Reduced prelamin A expression by siRNA targeted toward LMNA transcripts
resulted in decreased nuclear anomalies. We show here that a central obesity without subcutaneous
lipoatrophy is associated with a laminopathy due to a heterozygous missense mutation in ZMPSTE24.
Given the high prevalence of metabolic syndrome and android obesity in the general population,
and in the absence of familial study, the causative link between mutation and phenotype cannot be
formally established. Nevertheless, altered lamina architecture observed in mutated fibroblasts are
responsible for premature cellular senescence and could contribute to the phenotype observed in
this patient.

Keywords: metabolic syndrome; cardiomyopathy; ZMPSTE24; premature senescence; nuclear
anomalies; laminopathy
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1. Introduction

Nuclear envelope defects, and more specifically defects of the meshwork named lamina, which
underlie the nuclear envelope (NE), result in various rare diseases with premature aging features.
Lamins (A and B-type lamins) are the main constituents of the lamina, which provide shape and rigidity
to the nucleus and play a critical role in gene expression. To be fully functional, the lamin A precursor
protein named prelamin A, undergoes several steps of post-translational maturation ending in the
cleavage of its farnesylated tail and resulting in mature lamin A. ZMPSTE24, a zinc metalloprotease, is
the only enzyme able to perform this cleavage and so far, prelamin A is the only mammalian substrate
identified for ZMPSTE24 [1]. Progeria, one of the most severe diseases with premature aging, is
most commonly caused by a dominant mutation (c. 1824C > T) in LMNA, the gene encoding A-type
lamins [2,3]. This mutation leads to an internal deletion of 50 amino acids and removes the ZMPSTE24
cleavage site within prelamin A. Consequently, the resulting mutant prelamin A (called progerin)
cannot be cleaved and accumulates in cells, exerting a toxic effect by NE perturbation [4]. Familial
Partial Lipodystrophy syndromes (FPL) also result from heterozygous mutations in lamin A, often
producing maturation defects and prelamin A accumulation, although less drastic than in Progeria.

Because of the critical role of ZMPSTE24 during prelamin A maturation, null mutations in
ZMPSTE?24 also result in prelamin A accumulation and produce diseases with premature ageing [5,6].
Prelamin A that accumulates because of decreased ZMPSTE24 activity, permanently retains its
farnesylated tail, similarly to progerin, and is responsible for the same nuclear defects. The amount of
prelamin A which remains uncleaved varies according to the type of ZMPSTE24 mutations and to the
degree of enzyme activity reduction. The total absence of ZMPSTE24 results in the higher amount of
prelamin A and to the most severe phenotype, the lethal neonatal Restrictive Dermopathy (RD) [7].
Other mutations allowing a residual activity are associated with less severe clinical phenotypes such
as Mandibulo-Acral Dysplasia (MAD) [8]. Here we report detailed clinical phenotype and cellular
investigations for a patient carrying a heterozygous missense mutation in ZMPSTE24 and referred for
common central obesity with metabolic syndrome (MS). This patient was reported initially in a cohort
of several patients with severe metabolic syndrome and cell nuclei abnormalities, but with limited
information provided about the clinical data and cellular senescence rate [9]. The causative mutation,
p-L438F, was shown to reduce ZMPSTE?24 activity drastically and produce an impaired capacity to
process prelamin A maturation both in vitro [10] and in the patient’s cells, where the normal allele
insufficiently compensates ZMPSTE24 deficiency [9]. In the present study, we show that fibroblasts
carrying the mutation p.L438F exhibit accelerated senescence linked to prelamin A accumulation.

2. Materials and Methods

2.1. Cell Cultures

Primary fibroblast cultures were performed after patient’s skin biopsies. Control fibroblasts from a
non-obese non-diabetic individual (strain 7095) were provided by the Centre de Ressources Biologiques
Timone. Fibroblasts were cultivated in DMEM medium (Biowest, Nuaillé, France) supplemented with
15% fetal bovine serum (Eurobio, Courtaboeuf, France), 1% L-glutamine 200 mM (Life Technologies,
Thermo Fisher Technologies) and 1% Penicillin-Streptomycin-Amphotericin (PAA Laboratory), in a
culture flask of 25 cm? (SPL Life Sciences, Korea), under controlled atmospheric conditions (10% Oy,
5% COy,, and 85% Ny) at 37 °C with 95% humidity.

2.2. Molecular Studies

DNA was extracted from patient’s fibroblasts using NucleoSpin® Tissue XS (Machinery-Nagel,
Germany) and purified using a QIAamp® DNA Micro Kit (Quiagen, Germany) following the
manufacturers protocols. The target regions corresponded to the following genes: SREBF1, RETN,
PPARG, PLIN1, LEP, LEPR, GHRL, FKRP, BSCL2, ADIPOQ, AGPAT2, and FTO. The capture was
performed with reagents from a custom design HaloPlex Target Enrichment kit (Agilent Technologies,
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Santa Clara, CA, USA), according to the HaloPlex Target Enrichment For Ion Torrent Sequencing
Version D4. Libraries were quantified and qualified using the Qubit Fluorometer (Thermo Fisher
Scientific Inc., USA) and the Agilent 2100 Bioanalyzer instrument (High Sensitivity DNA Kit) to
enable equi-molar pooling of barcoded samples. Template preparation, emulsion PCR, and Ion Sphere
Particles (ISP) enrichment were carried out using the Ion PI™ Template OT2 200 Kit v2 on the Ion
OneTouch™ 2 System (Thermo Fisher Scientific Inc.). The quality of the ISPs was assessed using a
Qubit 2.0 Fluorometer, and the ISPs were loaded and sequenced on a Ion PI™ Chip Kit v2 using Ion PI™
Sequencing 200 Kit v2 on the Ion Proton™ Sequencer (Thermo Fisher Scientific Inc.). Raw data were
first aligned with the provided software suite included with the Ion Proton system to generate BAM
files. The coverage and sequencing depth analysis were computed using the BEDtools suite v2.17 [11]
and in-house scripts. Variants were identified using the Torrent Browser Variant caller (version 4.0.2),
annotated and prioritized with the in-house “VarAFT” system that includes Annovar [12].

2.3. Immunofluorescence

Fibroblasts were grown on coverslips (Lab-tek, SPL Life Sciences) after 30 nM small interference
RNA (siRNA) treatment for 48 h and fixed in 4% PAF solution (paraformaldehyde) for 10 min. The
antibody used against lamin A /C (SC 6215, Santa Cruz Biotechnology Inc.) was associated with a
secondary antibody coupled to Texas Red dye (donkey anti-goat IgG H & L, Alexa Fluor® 594, ab150132,
Abcam®, Paris, France). The fibroblast nuclei were stained by DAPI (diaminido-2phenylindole
hydrochloride). Criteria for nuclear anomalies were: aberrant nuclear lamin A staining pattern,
aberrant lamin A cytoplasmic localization, and aberrant nucleus shape. Between 100 and 150 cell
nuclei were examined in each condition. Cells were observed at a x100 objective and representative
pictures of nuclear anomalies were taken on ApoTome (ZEISS, Germany) and worked with Image ]
(National Institutes of Health, USA).

2.4. Population Doubling Level

The population doubling level (PDL) was calculated with the mathematical relation log2 (D/DO0)
with Do representing the seeded cells and D the harvested cells [13]. The PDL was measured for four
weeks (passages 10 to 21). Senescence was complete when PDL was inferior or equal to zero.

2.5. SiRNA

SiRNA treatment was directed against lamin A 3'UTR and a scrambled siRNA was used as a
negative control. 40,000 and 150,000 fibroblasts were seeded in coverslips (Lab-Tek, SPL Life Science)
and 6-well plates (VWR Plates, Fontenay-sous-Bois, France) for immunofluorescence and western
blot analysis. When 70% confluent was reached, the fibroblasts were transfected using a JetPrime kit
(Polyplus Transfection, Illkirch, France) with siRNA at 30 nM. The cells were then incubated for 48 h.

2.6. Western Blotting

Total fibroblast proteins were extracted in 200 pL of NP40 Cell Lysis buffer (Invitrogen, Carlsbad,
CA, USA) with Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific). Fibroblasts were
incubated for 30 min at 4 °C, sonicated four times (30 s on/off each), and centrifuged at 10,000 g for
10 min. Protein concentration was quantified using a Pierce BCA Protein Assay Kit (bicinchoninic
acid) and absorbance was measured at 562 nm using a Nanodrop 1000 (Thermo Fisher Scientific
Inc.). 40 pg were loaded into 7% Tricine acetate gel (CriterionTM XT precast gel) using XT Tricine
running Buffer (Biorad, USA). After electrophoresis, gels were electro transferred onto nitrocellulose
membranes or Immobilon-FL polyvinylidene fluoride membranes (Millipore), blocked in Odyssey
Blocking Buffer diluted 1:1 in TBS for 1 h at room temperature, and incubated overnight at 4 °C with
primary antibodies. These primary antibodies were diluted in blocking buffer with 0.1% Tween 20,
1:1000 rabbit polyclonal anti-lamin A /C (sc-20681, Santa Cruz Biotechnology) and 1:40,000 monoclonal
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (MAB374, Merck Millipore). Membranes
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were washed with TBS and 0.1% Tween 20 and then incubated with 1:10,000 IR-Dye 800-conjugated
secondary donkey anti-rabbit or IR-Dye 700-conjugated secondary anti-mouse antibodies (LI-COR
Biosciences) in blocking buffer with 0.1% Tween 20 and 0.1% SDS (LI-COR Biosciences). Odyssey
Infrared Imaging System (LI-COR Biosciences) was used to reveal the membranes. GAPDH was used
as total cellular protein loading control.

2.7. Senescence-Associated Beta-Galactosidase Assay

Senescence-associated beta galactosidase activity was evaluated using the Beta-Glo® Assay System
(Promega Corporation, USA). The Beta-Glo® reagent is constituted by 6-O--galactopyranosyl-luciferin
substrate cleaved by (3-galactosidase to form luciferin that is then catalyzed by luciferase in the presence
of cofactors to produce light. The luminescent signal generated is proportional to the amount of
-galactosidase. Experiments were performed according to the manufacturer’s instructions, in 96-well
white-walled plates (VWR, International SAS, Strasbourg, France). A volume of 100 pL of culture
containing 10,000 cells was dropped into each well in quadruple. After 48 h, the culture medium was
changed using DMEM without red phenol (Gibco®, Cell Culture, Invitrogen, Corporation, San Diego,
CA, USA) supplemented with 10% fetal bovine serum (Eurobio, Courtaboeuf, France), 1% L-glutamine
20 mM (Life Technologies, Thermo Fisher Technologies) and 1% Penicillin-Streptomycin-Amphotericin
(PAA Laboratory), to avoid interferences that can affect the luminescent signal. This was followed
by the addition of 100 uL of Beta-Glo® reagent per well 30 min before the measurement of the
luminescence on the Glomax® luminometer (Promega Corporation). Another experiment has been
performed on cells cultured in the presence of 30 nM of siRNA targeting lamin A 3'UTR for 24 h, before
the addition of Beta-Glo® reagent. The experiments were performed five times on quadruple samples
of control and patient at passage 16.

2.8. Cellular BrdU Labelling

Cell proliferation was assessed by 5-bromo-2’-deoxyuridine (BrdU) incorporation using the Cell
proliferation ELISA, BrdU (colorimetric) Kit (Roche Applied Science). 10,000 fibroblasts were deposited
in each well in a final volume of 100 pL and incubated for 24 h in humidified atmosphere at 37 °C.
Then, 10 pL of BrdU was added to each well and cells were re-incubated for another 24 h period. The
manufacturer’s protocol was followed and 5 min after the addition of the substrate, 25 pL of HySO4
1 M were added to each well allowing the reading of the absorbance at 450 nm (reference wavelength:
600 nm) on the Glomax® reader (Promega Corporation). The experiments were performed five times
on quadruples samples at passage 16.

2.9. Statistical Analysis

The sample size being too small to pass the Normality test (n = 5), we used the Mann-Whitney
non-parametric test to assess statistical significance between the two groups (control and patient). An
ANOVA test was used for the statistical analysis of PDL. The significance threshold was defined as
p < 0.05. Statistical analyses and graphical representations were performed using GraphPad Prism 6.07
(GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Patient Description

The patient is a native of New Caledonia, a French overseas territory located in the Southwest
Pacific Ocean. He was referred for android obesity associated with type 2 diabetes diagnosed at
age 39 (weight at diagnosis > 100 kg), requiring insulin five years after initial diagnosis. At age
47, his height was 195 cm, weight = 144 kg, BMI = 37.9 kg/m?, waist circumference = 130 cm, hip
circumference = 120 cm, thigh circumference = 63 cm. There were clinical and biological evidences of
insulin resistance with acanthosis nigricans in the axillae and cervical regions (Figure 1A), increased
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fasting plasma insulin (89.4 mUI/L (normal range: 6.5-29.1) and homeostasis model assessment of
insulin resistance (HOMA-IR at 29). However, his insulin requirement dose was relatively small
(0.13 Ul/kg), and he was only treated with basal insulin and oral antidiabetic drugs, with a good
glycemic control (HbAlc = 7.5%). Physical examination revealed an imposing physical appearance,
with android obesity and fat accumulation in the neck and face, supraclavicular filling, buffalo neck but
no obvious clinical subcutaneous lipoatrophy, nor calf hypertrophy or muscle weakness (Figure 1A).
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Figure 1. Patient’s description. (A) Photographs of the patient carrying the heterozygous ZMPSTE24
missense mutation L438F, showing an accumulation of facial and cervical fat, android obesity,
acanthosis nigricans, and no lower limb lipoatrophy; (B) Abdominal CT scan and cardiac-MRI of the
patient showing the presence of superficial and deep subcutaneous adipose tissue and accumulation
of cardiac ectopic fat; (C) Quantification of patient epicardial fat volume, myocardial, and hepatic
triglyceride content using 3T MRI and proton magnetic resonance spectroscopy (' H-MRS). Comparison
of patient’s ectopic fat depots with a group of type 2 diabetic subjects with metabolic syndrome matched
for age and BMIL

He suffered from hypertension, hypertriglyceridemia (fasting triglycerides = 2.05 g/L, HDL
cholesterol = 0.38 g/L, LDL cholesterol = 0.46 g/L and total cholesterol = 1.25 g/L), was a current
smoker, and reported current alcohol consumption. Routine investigations showed a slight increase in
the level of Creatine Kinase (281 Ul/L; normal range <170) without muscular or articular pain. Liver
enzymes were in the normal range (AST 36 UI/L; ALT 35 UI/L; GGT 27 UI/L and PAL 84 UI/L). An
abdominal echography showed hepatomegaly with hepatic steatosis (Figure 1B). Cardiac investigations
revealed a dilated cardiomyopathy with a left ventricular ejection fraction (LV-EF) of 25%-30%, which
required treatment with beta-blockers, diuretics, and angiotensin converting enzyme inhibitors. The
24 h ECG showed slight conduction disturbances with isolated polymorphic ventricular extrasystoles.
After six years of treatment, the patient recovered normal echographic and Magnetic Resonance
Imaging (MRI) LV-EF (50%). Pulmonary function testing showed a mild restrictive defect (—20%)
and hypoxemia at rest (71 mmHg). An abdominal computed tomography (CT) scan confirmed that
abdominal subcutaneous lipoatrophy was absent (Figure 1B).

The patient fulfilled all the International Diabetes Federation (IDF) diagnosis criteria for metabolic
syndrome and also fulfilled all the criteria of National Cholesterol Education Program’s Adult
Treatment Panel III (NCEP-ATP-III) definition with five criteria fulfilled out of five.

Serum adipokines were assessed and revealed that adiponectin was low 1 pg/mL (3.8-11.8),
confirming the decrease in insulin sensitivity, and serum leptin was measured at 49.8 ng/mL (1-12.5).
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Cardiovascular magnetic resonance imaging at 3T and proton magnetic resonance spectroscopy
revealed increased ectopic fat accumulation (Figure 1B). In particular, epicardial fat volume was highly
increased at 173 cm?, myocardial and hepatic triglycerides content were extremely high at 2% and
72%, respectively and were higher than in a group of type 2 diabetics with MS, matched for age and
BMI (Figure 1C). The patient had a brother who was described as having the same morphotype, but
familial genetic screening could not be performed as the patient had broken off their relationship.

Direct sequencing of LMNA and ZMPSTE?24 revealed the heterozygous missense mutation c.
1312C > T (p.L438F) in ZMPSTE24 as the only variation in these genes. This mutation was predicted
as pathogenic in silico (with a maximal score of 1 in Polyphen). To rule out the presence of another
variant in another gene, we performed high throughput sequencing of a genes panel including those
commonly associated with obesity, lipodystrophy, and metabolic syndrome. No other variant with
non-ambiguous signification was evidenced.

3.2. Nuclear Shape Anomalies and Senescence Studies

Altered lamin A staining was observed in patients cells with reduced signal and heterogeneous
staining with aggregates whereas lamin B and Emerin staining were normal (Figure 2A). Nuclear shape
anomalies were quantified in primary fibroblasts and in lymphoblastoid cells at different passages and
were found significantly increased when compared to control cells (Figure 2B).
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Figure 2. Nuclear shape anomalies and senescence tests. (A) Representative pictures of nuclear
anomalies. Upper panel: aberrant nuclear pattern, aberrant cytoplasmic localization and aberrant
shape after lamin A staining. Fibroblasts were examined with Apotome.2 (Zeiss) stereomicroscope
under oil immersion (100 x magnification). Lower panel: representative pictures of nuclear anomalies
with different staining (Lamin A/C, Lamin B and Emerin); (B) Quantitative estimation of dysmorphic
nuclei in control and patient fibroblasts with and without siRNA. Asterisks correspond to p values of
0.0268; (C) Representative Western Blot and quantitative estimation of lamin A in patient fibroblasts
with and without siRNA. Asterisk corresponds to a p value of 0.0286; (D) Population Doubling Level.
ANOVA showed p < 0.0001 between control and patient PDL; (E) Senescence related beta-galactosidase
activity before and 24h after siRNA treatment. The double asterisk corresponds to a p value of 0.0079;
the asterisk corresponds to a p value of 0.0159. (F) BrdU incorporation. Asterisk corresponds to a
p value of 0.0173. In all experiments, “control” was fibroblasts from healthy people.

In order to confirm that these nuclear anomalies were related to prelamin A accumulation, cells
were cultured in the presence of siRNA directed specifically to the 3’ region of lamin A transcripts and
aimed at reducing the translation of prelamin A. Decreased lamin A production following treatment
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by oligonucleotides was confirmed by Western Blotting and was estimated between 40% and 30%
(Figure 2C). Then, abnormal nuclear shapes and lamin A staining were evaluated after siRNA treatment
and showed that decreased lamin A production was associated to a significantly decreased number of
abnormal nuclei in the patient cells (p = 0.0268) (Figure 2B).

Cellular senescence was investigated in primary fibroblasts by different approaches. Population
Doubling Level (PDL) was estimated for control and patients fibroblasts. Whereas the PDL of control
fibroblasts remained stable from passage 10 up to passage 19, the proliferation rate of fibroblasts
carrying the ZMPSTE24 mutation L438F was constantly lower than the control and decreased rapidly
after passage 16 (p < 0.0001 with an ANOVA test) (Figure 2D). In addition, the ZMPSTE-mutated
fibroblasts had a significantly increased senescence-associated (3-galactosidase activity, as compared
to control cells at the same passage whereas (3-galactosidase activity returned to control level when
fibroblasts were cultured in the presence of siRNA interfering with the translation of prelamin A
(Figure 2E). At last, fibroblasts displayed a striking decrease in replicative capacity, measured in terms
of bromodeoxyuridine (BrdU) incorporation (Figure 2F). Altogether, senescence investigation showed
a significantly increased senescence rate for the patient’s cells compared to control cells at the same
passage (0.0001 < p < 0.0286 according to the experiments).

4. Discussion

In the present study, we describe the detailed phenotype of partial lipodystrophy with
senescence features associated with a heterozygous missense mutation in ZMPSTE24 and prelamin
A accumulation. Up to now, pathological phenotypes related to mutations in ZMPSTE24 were
linked to homozygous or compound heterozygous mutations and resulted in RD, MAD, or
progeria-like syndromes. Thus, the genetics of the ZMPSTE24 diseases would indicate that usually,
haplo-insufficiency is not causative of a pathological phenotype. In order to confirm this point, we
interviewed four unrelated individuals carrying the recurrent null mutation c. 1085_1086insT in
heterozygous condition. These individuals were searched for ZMPSTE24 mutations since they have
had a child with RD. All of them were more than 40 years old and one more than 60. None of them
reported lipodystrophy, type 2 diabetes, or hypertriglyceridemia for them or for their close relatives
(parents and siblings). This suggests strongly that the mutation L438F has a dominant negative effect
leading to an insufficient compensation of decreased activity by the normal allele.

Familial partial lipodystrophies (FPL) are rare genetic diseases that share some features with
the metabolic syndrome, making clinical diagnosis challenging. Central obesity with metabolic
disturbances such as hypertension, insulin-resistance, or glucose intolerance is very common
worldwide with the increase in the obesity epidemic [14]. Several studies have indicated that FPL
may have a greater prevalence than previously thought due to a lack of recognition of subtle forms,
especially when the extent of fat loss is moderate [15]. Decaudain et al. sequenced the LMNA
coding regions in 277 unrelated adults investigated for lipodystrophy and/or insulin resistance and
demonstrated that patients with non-codon 482-associated mutations often lacked lipodystrophy on
physical examination [16]. A study of 5000 non-obese type 2 diabetic patients found that among those
with a body mass index <27 kg/ m? and high insulin requirements (>100 U/day), there were five
subjects with previously unrecognized FPL [17]. Accordingly, we identified in 87 patients with common
MS, 11% with abnormal nuclear shape and disturbed lamin A /C nuclear distribution [9]. These studies
strongly suggest that there is a high variability in clinical presentation for the partial lipodystrophies,
and that FPL can be easily mistaken for common forms of abdominal obesity and MS [18]. In our
case, the patient had a high BMI, with high serum leptin, and not so pronounced insulin-resistance in
terms of insulin units per kg of body weight per day requirement. However, he had high HOMA-IR,
low adiponectin levels, required insulin early in his disease natural history and suffered from dilated
cardiomyopathy. Patients with lipodystrophies present metabolic consequences that are remarkably
similar to those observed in obesity, but generally more severe, showing that maintaining a healthy
subcutaneous amount of fat is an essential requirement for metabolic homeostasis [19]. Indeed,
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adipose tissue (AT) is critical in regulating lipid and glucose homeostasis. It buffers lipid excess
from over-nutrition by sequestering free fatty acids (FFA) into triglycerides, thereby protecting the
other organs from lipotoxicity [20]. In case of absent or dysfunctional subcutaneous AT, the neutral
lipid storage capacity of the AT is exceeded and the flow of FFA is redirected to peripheral tissues,
such as the muscle, the liver, and the heart. Severe ectopic fat accumulation is an important feature
associated with FPL, which can lead to severe complications as the genetically limited expandability of
AT drives the accumulation of lipids to non-adipose cells. A human non-invasive quantification of
ectopic fat has been developed in recent years and could help in detecting FPL [21]. One recent study
has confirmed in six patients with a mutation in LMNA that epicardial fat was significantly higher
than in healthy controls with matching for sex, age, and BMI [22]. We also report here an extremely
high myocardial triglyceride content in this case compared to type 2 diabetic subjects with matching
age and BMIL. Whether the increase in myocardial fat can be implicated in the occurrence of the dilated
cardiomyopathy has been suggested [23,24] but merits further evaluation.

At the molecular level, FPL results from genetic defects either in fat differentiation and formation
or from accelerated cellular senescence [25]. The pathophysiological link between partial lipodystrophy
and cellular senescence has been previously evoked not only for LMNA mutations but also with the
description of lipodystrophy syndrome resulting from mutations in WRN which encodes the DNA
helicase WRN, involved in DNA replication and repair [26].

In the absence of familial study, the link between mutation and phenotype is not formally
established in this patient. Nevertheless, we showed that the patient’s cells exhibit accelerated
senescence and that the senescence rate is similar to the rate observed for fibroblasts carrying the
R482W LMNA mutation, responsible for the FPL Dunnigan Type [27]. In cases of FPL linked to
mutations in LMINA, the negative impact of causative mutations on the prelamin A processing rate
has been well documented [28,29]. The mutated prelamin A that accumulates, binds SREBP1 at the
nuclear rim, decreases the pool of active SREBP1 that normally activates PPARgamma, finally causing
impairment of pre-adipocyte differentiation [30,31]. This mechanism is probably involved in the case
we reported here, where prelamin A accumulates on account of decreased ZMPSTE24 activity. In
addition, it has been shown recently that ZMPSTE24 downregulation is, in itself, a major contributor in
Vascular Smooth Muscle Cell dysfunctions that could translate into early atherosclerosis at the clinical
level [32].

5. Conclusions

We evidenced here at the cellular level, all the features of premature senescence observed in
typical laminopathies: abnormal nuclear shape, decreased capacity to proliferate after several passages,
decreased transcription activity as shown by BrdU incorporation, and increased senescence-related
beta-galactosidase activity.

The patient described here was referred initially for metabolic syndrome complicated by
cardiomyopathy and no limb lipoatrophy nor limb muscular hypertrophy. He presented several risk
factors such as diabetes, hypertension, low HDL cholesterol, and smoking. This phenotype, although
typical, is milder than those usually reported with FPLD type 2 or 3. Alcohol consumption may be a
confounding factor and could have contributed to liver steatosis and to dilated cardiomyopathy.
Penetrance may be incomplete and other risk factors may be necessary to reveal the clinical
effects of premature senescence. For these reasons, this condition may be under-diagnosed among
metabolic syndromes.

Acknowledgments: The authors sincerely thank the patient for his kind contribution to this study. They
acknowledge Laurence Olivier-Faivre (Dijon), Elisabeth Kremer (Strasbourg), and Cecile Rouzier (Nice) for
their help in interviewing individuals with ZMPSTE?24 null-mutations.

Author Contributions: B.C., R.P., BM. and A.D. conceived and designed the experiments; D.G., D.C,,L.A,, C.C,,
Al and M.F. performed the experiments; D.C., B.-P. N., G. B., L.N. and B.P. analyzed the data; G.B. and B.C. wrote
the paper.



Cells 2016, 5, 21 90f 10

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Barrowman, J.; Michaelis, S. ZMPSTE24, an integral membrane zinc metalloprotease with a connection to
progeroid disorders. Biol. Chem. 2009, 390, 761-773. [CrossRef] [PubMed]

De Sandre-Giovannoli, A.; Bernard, R.; Cau, P.; Navarro, C.; Amiel, J.; Boccaccio, I.; Lyonnet, S.; Stewart, C.L.;
Munnich, A.; Le Merrer, M,; et al. Lamin a truncation in hutchinson-gilford progeria. Science 2003, 300, 2055.
[CrossRef] [PubMed]

Eriksson, M.; Brown, W.T,; Gordon, L.B.; Glynn, M.W.; Singer, ].; Scott, L.; Erdos, M.R.; Robbins, C.M.;
Moses, T.Y.; Berglund, P; et al. Recurrent de novo point mutations in lamin a cause hutchinson-gilford
progeria syndrome. Nature 2003, 423, 293-298. [CrossRef] [PubMed]

Cau, P; Navarro, C.; Harhouri, K.; Roll, P; Sigaudy, S.; Kaspi, E.; Perrin, S.; de Sandre-Giovannoli, A.; Levy, N.
Nuclear matrix, nuclear envelope and premature aging syndromes in a translational research perspective.
Semin. Cell Dev. Biol. 2014. [CrossRef] [PubMed]

Navarro, C.L.; Cadinanos, J.; de Sandre-Giovannoli, A.; Bernard, R.; Courrier, S.; Boccaccio, I.; Boyer, A.;
Kleijer, W.J.; Wagner, A.; Giuliano, F; et al. Loss of ZMPSTE?24 (face-1) causes autosomal recessive restrictive
dermopathy and accumulation of lamin a precursors. Hum. Mol. Genet. 2005, 14, 1503-1513. [CrossRef]
[PubMed]

Navarro, C.L.; Esteves-Vieira, V.; Courrier, S.; Boyer, A.; Duong Nguyen, T.; Huong le, T.T.; Meinke, P.;
Schroder, W.; Cormier-Daire, V.; Sznajer, Y.; et al. New ZMPSTE24 (facel) mutations in patients affected with
restrictive dermopathy or related progeroid syndromes and mutation update. Eur. J. Hum. Genet. EJHG 2014,
22,1002-1011. [CrossRef] [PubMed]

Navarro, C.L.; Cau, P.; Levy, N. Molecular bases of progeroid syndromes. Hum. Mol. Genet. 2006, 15,
R151-R161. [CrossRef] [PubMed]

Agarwal, AK,; Fryns, J.P; Auchus, R.J.; Garg, A. Zinc metalloproteinase, ZMPSTE24, is mutated in
mandibuloacral dysplasia. Hum. Mol. Genet. 2003, 12, 1995-2001. [CrossRef] [PubMed]

Dutour, A.; Roll, P.; Gaborit, B.; Courrier, S.; Alessi, M.C.; Tregouet, D.A.; Angelis, F.; Robaglia-Schlupp, A.;
Lesavre, N.; Cau, P; et al. High prevalence of laminopathies among patients with metabolic syndrome. Hum.
Mol. Genet. 2011, 20, 3779-3786. [CrossRef] [PubMed]

Barrowman, J.; Wiley, P.A.; Hudon-Miller, S.E.; Hrycyna, C.A.; Michaelis, S. Human ZMPSTE24 disease
mutations: Residual proteolytic activity correlates with disease severity. Hum. Mol. Genet. 2012, 21,
4084-4093. [CrossRef] [PubMed]

Quinlan, A.R.; Hall, LM. Bedtools: A flexible suite of utilities for comparing genomic features. Bioinformatics
2010, 26, 841-842. [CrossRef] [PubMed]

Wang, K.; Li, M.; Hakonarson, H. Annovar: Functional annotation of genetic variants from high-throughput
sequencing data. Nucleic Acids Res. 2010, 38, e164. [CrossRef] [PubMed]

Martens, UM.; Chavez, E.A.; Poon, S.S.; Schmoor, C.; Lansdorp, PM. Accumulation of short telomeres in
human fibroblasts prior to replicative senescence. Exp. Cell Res. 2000, 256, 291-299. [CrossRef] [PubMed]
O’Neill, S.; O'Driscoll, L. Metabolic syndrome: A closer look at the growing epidemic and its associated
pathologies. Obes. Rev. Off. J. Int. Assoc. Study Obes. 2015, 16, 1-12. [CrossRef] [PubMed]

Rother, K.I; Brown, R.J. Novel forms of lipodystrophy: Why should we care? Diabetes Care 2013, 36,
2142-2145. [CrossRef] [PubMed]

Decaudain, A.; Vantyghem, M.C.; Guerci, B.; Hecart, A.C.; Auclair, M.; Reznik, Y.; Narbonne, H.;
Ducluzeau, PH.; Donadille, B.; Lebbe, C.; et al. New metabolic phenotypes in laminopathies: Lmna
mutations in patients with severe metabolic syndrome. |. Clin. Endocrinol. Metab. 2007, 92, 4835-4844.
[CrossRef] [PubMed]

Visser, M.LE.; Kropman, E.; Kranendonk, M.E.; Koppen, A.; Hamers, N.; Stroes, E.S.; Kalkhoven, E;
Monajemi, H. Characterisation of non-obese diabetic patients with marked insulin resistance identifies
a novel familial partial lipodystrophy-associated ppargamma mutation (y151c). Diabetologia 2011, 54,
1639-1644. [CrossRef] [PubMed]

Cortes, V.A.; Fernandez-Galilea, M. Lipodystrophies: Adipose tissue disorders with severe metabolic
implications. J. Phys. Biochem. 2015, 71, 471-478. [CrossRef] [PubMed]


http://dx.doi.org/10.1515/BC.2009.080
http://www.ncbi.nlm.nih.gov/pubmed/19453269
http://dx.doi.org/10.1126/science.1084125
http://www.ncbi.nlm.nih.gov/pubmed/12702809
http://dx.doi.org/10.1038/nature01629
http://www.ncbi.nlm.nih.gov/pubmed/12714972
http://dx.doi.org/10.1016/j.semcdb.2014.03.022
http://www.ncbi.nlm.nih.gov/pubmed/24685615
http://dx.doi.org/10.1093/hmg/ddi159
http://www.ncbi.nlm.nih.gov/pubmed/15843403
http://dx.doi.org/10.1038/ejhg.2013.258
http://www.ncbi.nlm.nih.gov/pubmed/24169522
http://dx.doi.org/10.1093/hmg/ddl214
http://www.ncbi.nlm.nih.gov/pubmed/16987878
http://dx.doi.org/10.1093/hmg/ddg213
http://www.ncbi.nlm.nih.gov/pubmed/12913070
http://dx.doi.org/10.1093/hmg/ddr294
http://www.ncbi.nlm.nih.gov/pubmed/21724554
http://dx.doi.org/10.1093/hmg/dds233
http://www.ncbi.nlm.nih.gov/pubmed/22718200
http://dx.doi.org/10.1093/bioinformatics/btq033
http://www.ncbi.nlm.nih.gov/pubmed/20110278
http://dx.doi.org/10.1093/nar/gkq603
http://www.ncbi.nlm.nih.gov/pubmed/20601685
http://dx.doi.org/10.1006/excr.2000.4823
http://www.ncbi.nlm.nih.gov/pubmed/10739676
http://dx.doi.org/10.1111/obr.12229
http://www.ncbi.nlm.nih.gov/pubmed/25407540
http://dx.doi.org/10.2337/dc13-0561
http://www.ncbi.nlm.nih.gov/pubmed/23881965
http://dx.doi.org/10.1210/jc.2007-0654
http://www.ncbi.nlm.nih.gov/pubmed/17711925
http://dx.doi.org/10.1007/s00125-011-2142-4
http://www.ncbi.nlm.nih.gov/pubmed/21479595
http://dx.doi.org/10.1007/s13105-015-0404-1
http://www.ncbi.nlm.nih.gov/pubmed/25833179

Cells 2016, 5, 21 10 of 10

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Vatier, C.; Bidault, G.; Briand, N.; Guenantin, A.C.; Teyssieres, L.; Lascols, O.; Capeau, J.; Vigouroux, C. What
the genetics of lipodystrophy can teach us about insulin resistance and diabetes. Curr. Diabetes Rep. 2013, 13,
757-767. [CrossRef] [PubMed]

Vigouroux, C.; Caron-Debarle, M.; Le Dour, C.; Magre, ].; Capeau, J. Molecular mechanisms of human
lipodystrophies: From adipocyte lipid droplet to oxidative stress and lipotoxicity. Int. J. Biochem. Cell Biol.
2011, 43, 862-876. [CrossRef] [PubMed]

Bizino, M.B.; Sala, M.L.; de Heer, P,; van der Tol, P.; Smit, JW.; Webb, A.G.; de Roos, A.; Lamb, H.]. MR of
multi-organ involvement in the metabolic syndrome. Magn. Reson. Imaging Clin. N. Am. 2015, 23, 41-58.
[CrossRef] [PubMed]

Godoy-Matos, A.F,; Valerio, CM.; Braganca, J.B.; Oliveira Rde, A.; Zagury, R.L.; Lustosa Rde, P;
Camargo, G.C.; Nascimento, C.A.; Moreira, R.O. Evaluation of epicardial adipose tissue in familial partial
lipodystrophy. Diabetol. Metab. Syndr. 2015, 7, 29. [CrossRef] [PubMed]

Gaborit, B.; Kober, F.; Jacquier, A.; Moro, PJ.; Cuisset, T.; Boullu, S.; Dadoun, F.; Alessi, M.C.; Morange, P.;
Clement, K.; et al. Assessment of epicardial fat volume and myocardial triglyceride content in severely obese
subjects: Relationship to metabolic profile, cardiac function and visceral fat. Int. ]. Obes. 2012, 36, 422-430.
[CrossRef] [PubMed]

Nelson, M.D.; Victor, R.G.; Szczepaniak, E.W.; Simha, V.; Garg, A.; Szczepaniak, L.S. Cardiac steatosis and left
ventricular hypertrophy in patients with generalized lipodystrophy as determined by magnetic resonance
spectroscopy and imaging. Am. J. Cardiol. 2013, 112, 1019-1024. [CrossRef] [PubMed]

Guenantin, A.C.; Briand, N.; Bidault, G.; Afonso, P.; Bereziat, V.; Vatier, C.; Lascols, O.; Caron-Debarle, M.;
Capeau, J.; Vigouroux, C. Nuclear envelope-related lipodystrophies. Semin. Cell Dev. Biol. 2014, 29, 148-157.
[CrossRef] [PubMed]

Donadille, B.; D’Anella, P; Auclair, M.; Uhrhammer, N.; Sorel, M.; Grigorescu, R.; Ouzounian, S.;
Cambonie, G.; Boulot, P.; Laforet, P; et al. Partial lipodystrophy with severe insulin resistance and adult
progeria werner syndrome. Orphanet J. Rare Dis. 2013, 8, 106. [CrossRef] [PubMed]

Caron, M.; Auclair, M.; Donadille, B.; Bereziat, V.; Guerci, B.; Laville, M.; Narbonne, H.; Bodemer, C.;
Lascols, O.; Capeau, J.; et al. Human lipodystrophies linked to mutations in a-type lamins and to hiv protease
inhibitor therapy are both associated with prelamin a accumulation, oxidative stress and premature cellular
senescence. Cell Death Differ. 2007, 14, 1759-1767. [CrossRef] [PubMed]

Bidault, G.; Garcia, M.; Vantyghem, M.C.; Ducluzeau, PH.; Morichon, R.; Thiyagarajah, K.; Moritz, S.;
Capeau, J.; Vigouroux, C.; Bereziat, V. Lipodystrophy-linked Imna p.R482w mutation induces clinical early
atherosclerosis and in vitro endothelial dysfunction. Arterioscler. Thromb. Vasc. Biol. 2013, 33, 2162-2171.
[CrossRef] [PubMed]

Andre, P; Schneebeli, S.; Vigouroux, C.; Lascols, O.; Schaaf, M.; Chevalier, P. Metabolic and cardiac phenotype
characterization in 37 atypical dunnigan patients with nonfarnesylated mutated prelamin a. Am. Heart J.
2015, 169, 587-593. [CrossRef] [PubMed]

Capanni, C.; Mattioli, E.; Columbaro, M.; Lucarelli, E.; Parnaik, V.K.; Novelli, G.; Wehnert, M.; Cenni, V.;
Maraldi, N.M.; Squarzoni, S.; et al. Altered pre-lamin a processing is a common mechanism leading to
lipodystrophy. Hum. Mol. Genet. 2005, 14, 1489-1502. [CrossRef] [PubMed]

Vadrot, N.; Duband-Goulet, 1.; Cabet, E.; Attanda, W.; Barateau, A.; Vicart, P; Gerbal, F.; Briand, N.;
Vigouroux, C.; Oldenburg, A.R.; et al. The p.R482w substitution in a-type lamins deregulates srebp1 activity
in dunnigan-type familial partial lipodystrophy. Hum. Mol. Genet. 2015, 24, 2096-2109. [CrossRef] [PubMed]
Afonso, P; Auclair, M.; Boccara, F; Vantyghem, M.C.; Katlama, C.; Capeau, J.; Vigouroux, C.;
Caron-Debarle, M. Lmna mutations resulting in lipodystrophy and hiv protease inhibitors trigger vascular
smooth muscle cell senescence and calcification: Role of ZMPSTE24 downregulation. Atherosclerosis 2015,
245,200-211. [CrossRef] [PubMed]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s11892-013-0431-7
http://www.ncbi.nlm.nih.gov/pubmed/24026869
http://dx.doi.org/10.1016/j.biocel.2011.03.002
http://www.ncbi.nlm.nih.gov/pubmed/21392585
http://dx.doi.org/10.1016/j.mric.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25476673
http://dx.doi.org/10.1186/s13098-015-0024-5
http://www.ncbi.nlm.nih.gov/pubmed/25859279
http://dx.doi.org/10.1038/ijo.2011.117
http://www.ncbi.nlm.nih.gov/pubmed/21730964
http://dx.doi.org/10.1016/j.amjcard.2013.05.036
http://www.ncbi.nlm.nih.gov/pubmed/23800548
http://dx.doi.org/10.1016/j.semcdb.2013.12.015
http://www.ncbi.nlm.nih.gov/pubmed/24384368
http://dx.doi.org/10.1186/1750-1172-8-106
http://www.ncbi.nlm.nih.gov/pubmed/23849162
http://dx.doi.org/10.1038/sj.cdd.4402197
http://www.ncbi.nlm.nih.gov/pubmed/17612587
http://dx.doi.org/10.1161/ATVBAHA.113.301933
http://www.ncbi.nlm.nih.gov/pubmed/23846499
http://dx.doi.org/10.1016/j.ahj.2014.12.021
http://www.ncbi.nlm.nih.gov/pubmed/25819867
http://dx.doi.org/10.1093/hmg/ddi158
http://www.ncbi.nlm.nih.gov/pubmed/15843404
http://dx.doi.org/10.1093/hmg/ddu728
http://www.ncbi.nlm.nih.gov/pubmed/25524705
http://dx.doi.org/10.1016/j.atherosclerosis.2015.12.012
http://www.ncbi.nlm.nih.gov/pubmed/26724531
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	
	
	
	
	
	
	
	
	
	
	

	
	
	

	
	

