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HIGHLIGHTS

Mandibuloacral dysplasia (MAD) is a premature ageing disease caused by LMNA and

ZMPSTE?24 mutations.

e MAD causes severe abnormalities in bone, skin and adipose tissue.

e Prelamin A accumulation in MAD affects adipogenesis, bone differentiation and cellular
response to stress.

e Potential therapeutic approaches for MAD can provide new tools to treat ageing-associated

diseases.

e Genetic defects in lamin A or lamin-A processing enzyme elicit determinants of ageing.

Abstract

Mandibuloacral dysplasia (MAD) is a rare genetic condition characterized by bone abnormalities
including localized osteolysis and generalized osteoporosis, skin pigmentation, lipodystrophic signs
and mildly accelerated ageing. The molecular defects associated with MAD are mutations in LMNA
or ZMPSTE24 (FACEL) gene, causing type A or type B MAD, respectively. Downstream of LMNA
or ZMPSTE24 mutations, the lamin A precursor, prelamin A, is accumulated in cells and affects
chromatin dynamics and stress response. A new form of mandibuloacral dysplasia has been recently
associated with mutations in POLD1 gene, encoding DNA polymerase delta, a major player in
DNA replication. Of note, involvement of prelamin A in chromatin dynamics and recruitment of
DNA repair factors has been also determined under physiological conditions, at the border between
stress response and cellular senescence. Here, we review current knowledge on MAD clinical and

pathogenetic aspects and highlight aspects typical of physiological ageing.

Keywords: Progeroid syndromes; Mandibuloacral dysplasia (MAD); Lamin A/C gene (LMNA);
ZMPSTEZ24; Prelamin A; Aging.



1. Introduction

In 2002, the discovery that a single amino acid substitution in lamin A/C can cause Mandibuloacral
Dysplasia (MAD), a progeroid disease with lipodystrophy and bone abnormalities (Novelli et al.,
2002), suggested for the first time a key role of the nuclear lamina in organism development and
ageing and paved the way to the discovery of LMNA mutations causing Hutchinson-Gilford
Progeria (HGPS) (De Sandre-Giovannoli et al., 2003; Eriksson et al., 2003). Since then, a plethora
of studies have deepened the link between lamin A/C and the ageing process (Camozzi et al., 2014;
Lattanzi et al., 2014; Liu et al., 2013; Misteli and Scaffidi, 2005; Porter et al., 2016) and new
findings have provided an unexpected view of mechanisms related to cellular and organism
senescence. Among all the progeroid syndromes, those linked to LMNA mutations are of utmost
interest as traits of those diseases faithfully recapitulate ageing aspects. These diseases, known as
progeroid laminopathies, feature accelerated ageing, ranging from mildly accelerated as in type A
MAD (MADA) to premature and severely accelerated as in HGPS (Evangelisti et al., 2016). More
recently, another LMNA-linked progeroid phenotype, recapitulating all aspects of MADA, but with
variable involvement of diverse tissues, has been characterized and called atypical progeria
syndrome (APS) (Garg et al., 2009). Interestingly, while bone, skin and adipose tissue are severely
affected in all forms of LMNA-linked progeria and cardiovascular system is selectively involved in
HGPS pathology, brain is always spared due to downregulation of mutated transcripts in this organ
(Evangelisti et al., 2016). Progeroid laminopathies can be also linked to mutations of other genes
contributing to lamin A/C processing and to structure and function of the nuclear lamina, such as
ZMPSTE?24, which is mutated in B type MAD (MADB) (Agarwal et al., 2003) , and BANF1,
mutated in the Nestor-Guillermo Progeria Syndrome (NGPS) (Soria-Valles et al., 2015).
Additionally, an unexpected discovery in 2013 identified DNA polymerase delta gene (POLD1)
mutations as the cause of a new progeroid disorder featuring mandibular hypoplasia, deafness and
generalized lipodystrophy (MDPL) (Weedon et al., 2013). So far, mutations in POLD1 gene have
been identified in 16 patients with MDPL syndrome (Elouej et al., 2017; Lessel et al., 2015;
Pelosini et al., 2014; Reinier et al., 2015). Based on accumulated evidence after the discovery of
POLD1 pathogenetic mutations (Elouej et al., 2017; Lessel et al., 2015; Pelosini et al., 2014), we
may consider MDPL as a variant of MAD phenotype, with generalized lipodystrophy, osteopenia,
accelerated ageing, hair abnormalities and short stature as recurring phenotypes.

Since the discovery of MAD and HGPS mutations, prelamin A, the precursor protein of lamin A,
has been recognized as a new player in ageing-related pathways . In fact, accumulation of prelamin
A to toxic levels has been found in MADA (Agarwal et al., 2003; Capanni et al., 2005; Cenni et al.,

2014; Evangelisti et al., 2015), while accumulation of a prelamin A truncated form, called progerin,
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has been determined in HGPS (Columbaro et al., 2005; Eriksson et al., 2003). Prelamin A
involvement in APS is still matter of debate (Mattioli et al., in preparation). Moreover, it has been
demonstrated that prelamin A accumulation may also occur in the absence of any LMNA mutation,
can be triggered by oxidative or replicative stress stimuli (Lattanzi et al., 2014) and, when
accumulated to toxic levels, may induce cellular senescence (Porter et al., 2016). However, fine
tuning of prelamin A levels is requested to keep cells in healthy state. In fact, while prelamin A is
accumulated in smooth muscle cells from healthy individuals subjected to stress or during ageing
(Liu et al., 2013; Porter et al., 2016), low levels of farnesylated prelamin A ensure rapid stress
response in centenarian fibroblasts (Lattanzi et al., 2014) and are even required in differentiated
muscle cells (Mattioli et al., 2011).

Actually, the nuclear lamina as a whole undergoes remodeling during cellular senescence, and other
nuclear envelope/lamina constituents, besides A type lamins, have been implicated in the ageing
process. Modulation of lamin B1 or lamin B2 during cellular senescence has been demonstrated
(Barascu et al., 2012; Butin-Israeli et al., 2011; Dreesen et al., 2013) and the lamin A/C binding
partner BAF has been implicated in a bone disease featuring accelerated ageing, the NGPS (Loi et
al., 2016; Soria-Valles et al., 2015).

MAD cells show typical morphological abnormalities resembling those observed in cells subjected
to stress as well as in cells from old individuals, consisting of nuclear dysmorphism, loss of
peripheral heterochromatin and nuclear lamina thickening (Filesi et al., 2005; Lattanzi et al., 2014).
Importantly, while in normal cells both prelamin A levels and chromatin organization are restored
upon recovery from oxidative stress (Lattanzi et al., 2014), mutations in LMNA may cause
progressive prelamin A accumulation and heterochromatin loss in a sort of unscheduled and
dysregulated stress response (Angori et al., 2017) (Mattioli et al., in preparation).

Here, we review current knowledge on MAD clinical features and pathogenetic pathways, and

highlight MAD phenotypes also occurring in physiological ageing.

2. Clinical aspects of MAD

Overall phenotype

MAD is a rare autosomal recessive condition first reported by Young et al. (Young et al., 1971).
The first cases have been mistakenly diagnosed as Cleidocranial Dysplasia (Cavallazzi et al., 1960).
Additional reports of MAD patients defined two types of MAD associated with two types of body
fat distribution pattern that will be later linked to different genetic defects: MADA (OMIM

#248370) associated to type A pattern of lipodystrophy and mutations in LMNA gene (Novelli et al.,
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2002) and MADB (OMIM #608612), caused by mutations of the zinc metalloproteinase
ZMPSTE24 gene, presenting with type B generalized lipodystrophy (Agarwal et al., 2003).

Clinical signs of MADA and MADB present usually in early childhood (at 4-5 years), with bone,
skin, and adipose tissue alterations (Pallotta and Morgese, 1984; Tenconi et al., 1986; Tudisco et al.,
2000). The signs and symptoms of MADB can develop by the age of 2, defining a more severe
phenotype than MADA (Cunningham et al., 2010) (Fig. 1).

Mandibular hypoplasia, dental crowding, clavicular resorption, acral osteolysis, skin abnormalities
and partial lipodystrophy are typical of MADA (Novelli et al., 2002). Mildly accelerated ageing
becomes visible in the second decade in MADA patients (Avnet et al., 2011). Mandibular
hypoplasia, dental crowding, premature tooth eruption, clavicular resorption, acral osteolysis, skin
abnormalities including absent or sparse hair (total or subtotal alopecia), generalized lipodystrophy
and short stature are clinical signs of MADB, which is also associated with more pronounced
accelerated ageing (Agarwal et al., 2003). Accelerated ageing appears in the first or second decade
in MDPL patients (Lessel et al., 2015; Weedon et al., 2013), although a severe premature ageing
phenotype resembling HGPS has been recently described (Elouej et al., 2017). MAD patients'
cognition and social behavior are normal, allowing them to attend regular schools. A schematic
representation of onset of clinical manifestations of typical MADA and MADB is reported in Figure
1.

As all progeroid laminopathies, MAD is a segmental form of progeria (Evangelisti et al., 2016),
with several organs, including brain, completely spared and others, such as bone, skin and adipose
tissue severely affected. Myocardium is not a target of MAD pathology, although secondary effects
on the cardiovascular system are observed in some patients (https://rarediseases.org/rare-
diseases/mandibuloacral-dysplasia/).

Bone abnormalities

MAD patients have a distinctive facial appearance presenting in most cases with prominent scalp
veins, ocular proptosis, beak-like thin nose, slow and progressive osteolysis of mandible, terminal
phalanges and clavicles (Fig. 2), and small mouth with malocclusion and overlapping teeth
(Cunningham et al., 2010; Novelli et al., 2002).

Delayed closure of the fibrous joints of the skull (cranial sutures) in affected infants is common.
The chest appears bell-shaped and very narrow due to severe bilateral clavicular hypoplasia due to
post-natal onset osteolysis and thin ribs due to bone resorption (Fig. 2). The distal phalanges of all
digits are short and club-shaped (acroosteolysis), and the interphalangeal joints are prominent (Fig.

2). Finger and toe nails are dystrophic, brittle, broad, and curved downward. MADA patients also
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have generalized joint stiffness with limited extension at the right elbow, knees, and ankles (Pallotta
and Morgese, 1984). Bone abnormalities show an age-related progression (Garavelli et al., 2009)
and osteolysis occurs in all MAD patients. In addition, MADB patients have several unusual
skeletal abnormalities including breaking of vertebrae, development of amorphous subcutaneous
calcium deposits, progressive submetaphyseal changes at the proximal ends of long bones and
severe osteoporosis with fractures and delayed healing (Cunningham et al., 2010). Bone resorption,
especially at phalanges and in young individuals, is often associated with pain. Osteopenia and
mandibular hypoplasia, beaked nose, crowded teeth are characteristic of MDPL (Pelosini et al.,
2014; Weedon et al., 2013).

Skin abnormalities

In MAD patients, the skin appears thin and wrinkled on neck and abdomen, with mottled brown
hyperpigmentation area (Acanthosis nigricans), and it is atrophic over acral regions, with visible
veins and tendons because of lack of subcutaneous fat (Novelli et al., 2002; Pallotta and Morgese,
1984). Skin rigidity may limit joint movements (Pallotta R., personal communication). Thigh facial

skin or scleroderma-like skin and skin thinning have been described in MDPL (Lessel et al., 2015).

Lipodystrophy

In MADA, the distribution pattern of fat throughout the body is altered with degeneration of
subcutaneous adipose tissue in torso and limbs and accumulation on the face, neck and trunk
(Novelli et al., 2002). Some variability in the distribution of fat around the neck is observed among
patients, with cases of normal fat or slightly excess in the neck, others with accumulation in the
back of the head (occiput) and upper back causing a buffalo hump. This pattern of partial
lipodystrophy, called type A lipodystrophy, is similar to that described in patients with Dunningan-
type familial partial lipodystrophy (FPLD2; OMIM #151660), caused by other mutations in the
LMNA gene (Araujo-Vilar et al., 2009). Lipodystrophy may be associated with clinical features of
metabolic syndromes including insulin resistance, impaired glucose tolerance, and diabetes mellitus
(Simha and Garg, 2002), which are treated according to conventional therapies. Some MADA
female patients present lack of breast development with normal or irregular menstrual periods (Ozer
et al., 2016). Contrary to what observed in MADA, there is a specific association of MADB with
generalized lipodystrophy (Type B lipodystrophy) with almost complete loss of subcutaneous fat
(Simha and Garg, 2002). However, hyperinsulinemia and insulin resistance associated with its
metabolic consequences are reported in most MADA and MADB cases (Simha and Garg, 2002).
Partial or generalized lipodystrophy is observed in APS (Garg et al., 2009), while generalized
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lipodystrophy is a common feature of all so far described MDPL patients (Elouej et al., 2017;
Lessel et al., 2015; Pelosini et al., 2014; Weedon et al., 2013).

Renal disease

The presence of renal disease known as focal segmental glomerulosclerosis (FSGS) is a
distinguishing feature of MADB patients. This kidney disorder can potentially progress to cause
severe complications such as nephrotic syndrome and, ultimately, kidney failure (Agarwal et al.,
2006).

Muscle involvement

Skeletal and cardiac muscle are not affected in most cases of MADA and MADB. However, muscle
phenotypes overlapping with other laminopathies have been described, usually associated with
mutations other than the R527H LMNA hot spot mutation. In these cases, muscle weakness may
occur (Lombardi et al., 2007). Muscle wasting has been also reported in MDPL (Lessel et al.,
2015).

3. Gene mutations associated with MAD

3.1 LMNA gene and products

Lamin A and C are nuclear lamina proteins produced by alternative splicing from the same
transcript encoded by LMNA gene (cytogenetic location: 1g22), which also encodes lamin A A10
and the germ cell-specific lamin C2. In the nucleus, lamin A/C are the major constituents of the
nuclear lamina and play fundamental roles in the regulation of several cellular events.

Mature lamin A is produced at the end of the maturation of its precursor, prelamin A, which is 18
amino acids longer (Davies et al., 2011; Lattanzi et al., 2007). In particular (Fig. 3), prelamin A,
which presents a -CAAX group at its C-terminus, undergoes hierarchical processing steps,
including farnesylation of the Cys-residue of the -CAAX group by a farnesyl-transferase, followed
by a proteolytic cleavage of the farnesylated region by an endoprotease (which can be RCE1 or
ZMPSTE?24). The cleaved intermediate is then methylated by the Isoprenylcysteine Carboxyl
Methyltransferase (ICMT) and once again cleaved by ZMPSTE?24, giving rise to the final product,
lamin A. It has been calculated that prelamin A is processed with a half-time of about 30 minutes
(Lehner et al., 1986). Accumulation of prelamin A processing intermediates due to lamin A/C
mutations or altered ZMPSTE24 activity have deleterious consequences on the physiology of cells

and tissues, as observed in many laminopathies, in which severity of disease is tightly related to



prelamin A abundance (Agarwal et al., 2003; Denecke et al., 2006; Filesi et al., 2005; Wang et al.,
2016).

This is the case of degenerative or deadly diseases as MADA and MADB, or HGPS (OMIM
#176670) and Restrictive Dermopathy (RD, OMIM #275210), respectively, where accumulation of
prelamin A is responsible for disease onset (Columbaro et al., 2010; Denecke et al., 2006; Wang et
al., 2016). In particular, in HGPS, the truncated form of farnesylated prelamin A, called progerin, is
accumulated due to a silent point mutation in the LMNA gene (De Sandre-Giovannoli et al., 2003;
Eriksson et al., 2003). In RD cells, farnesylated prelamin A is accumulated due to homozygous
mutations in ZMPSTE24 gene and mature lamin A is completely absent (Navarro et al., 2004).
However, not all MADA and progeria forms linked to LMNA gene mutations feature prelamin A
accumulation and the molecular mechanisms causing these diseases warrant further investigation
(Garg et al., 2009; Soria-Valles et al., 2015).

3.2. LMNA mutations associated with MADA

MADA is caused, in most cases, by homozygous mutations of LMNA gene and it is associated with
accumulation of mutated prelamin A along with mutated lamin A/C (Camozzi et al., 2012; Capanni
et al., 2005; Filesi et al., 2005). The most common lamin A/C mutation causative of MADA is the
homozygous missense substitution of ¢.1580G>A mapping in the exon 9 of LMNA gene, resulting
in p.Arg527His mutation falling in the C-terminal tail of the protein (Garavelli et al., 2009; Novelli
et al., 2002; Shen et al., 2003; Simha et al., 2003). However, other LMNA mutations albeit less
frequent and some heterozygous compound conditions (Lombardi et al., 2007), have been
identified, as detailed in Table 1. Fig. 4 shows clustering of so far identified MADA pathogenetic

variants in the C-terminal globular domain common to prelamin A and lamin C.

3.3 ZMPSTE24 mutations associated with MADB

As outlined above, mutations of ZMPSTE24 have been associated with severe progeroid syndromes,
as MADB (Agarwal et al., 2003) and RD , as well as a severe metabolic syndrome with abnormal
fat accumulation and dilated cardiomyopathy (Galant et al., 2016).

The product of the gene ZMPSTE?24 (genetic location: 1p34), encoding the Zinc Metalloproteinase
STE24 (ZMPSTE24) previously indicated as FACE-1, from Farnesylated Proteins Converting
Enzyme-1, is a multispanning integral membrane protease consisting of seven transmembrane
domains, involved in the maturation of lamin A. In particular, ZMPSTE24 cleaves farnesylated
prelamin A at the carboxyl end of the Cysteine residue of the CSIM motif (Agarwal et al., 2003,

Barrowman and Michaelis, 2009). After initial evidence suggesting that prelamin A processing
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occurred in the cytosol at the endoplasmic reticulum followed by import into the nucleus (Navarro
et al., 2006; Wu et al., 2014), there is now evidence that prelamin A maturation also occurs within
the nucleus (Barrowman et al., 2008) and that non farnesylated prelamin A is efficiently imported in
the nucleus (Lattanzi et al., 2007; Mattioli et al., 2008). Mutations of ZMPSTE24 gene result in a
total or partial loss of function of the enzymatic activity of the encoded protein, resulting in
accumulation of farnesylated prelamin A, the only known substrate of the enzyme (Fong et al.,
2004). ZMPSTE24 mutations give rise to diverse clinical conditions depending on the degree of
prelamin A processing impairment. As a whole, ten different ZMPSTE24 mutations have been

hitherto reported in 12 MADB patients from ten independent families (Table 1 and Fig. 5).

4. Cellular functions of LMNA products

4.1 Cellular functions of lamin A/C

The nuclear lamina is an elastic meshwork underlying the inner nuclear membrane (Turgay et al.,
2017), to which it is attached through integral membrane protein binding. By virtue of the integrity
of this structure, cell nucleus performs structural and molecular activities. In fact, the nuclear
lamina is able to withstand robust mechanical stress (Shah et al., 2017), modulates shuttling of
proteins from the cytosol to the nucleus and vice versa (Capanni et al., 2005; Cenni et al., 2014;
Columbaro et al., 2013) and it is involved in chromosome positioning (Bridger et al., 2014; Lund et
al., 2013; Robson et al., 2017), while chromosome segregation is affected by mutated lamin A (Cao
et al., 2007). Importantly, under physiological conditions, chromatin tethering at the nuclear
periphery is finely tuned by lamin A/C in cooperation with diverse nuclear lamina/nuclear envelope
constituents (Solovei et al., 2013), and localization of structural and enzymatic proteins throughout
chromatin is mediated by lamin A/C in response to specific stimuli (Camozzi et al., 2014).

LMNA gene products regulate indeed gene transcription through diverse mechanisms (Meaburn et
al., 2007). By the first one, lamin A/C directly binds to transcription factors, affecting their
availability and thus their transcriptional potential. This has been demonstrated for SREBP1, cFos
(Gonzalez et al., 2008), Sp1 (Ruiz de Eguino et al., 2012), Oct-1 (Cenni et al., 2014; Columbaro et
al., 2013) and recently for NF-Y (Cicchillitti et al., 2017). LMNA products also interfere with
histone post-translational modifications (Lattanzi et al., 2007; Mattioli et al., 2008), so that lamin
mutations alter chromatin accessibility to transcription factors during cell cycle and/or
differentiation (Oldenburg et al., 2017). Moreover, lamins modulate polycomb group of proteins,

which are epigenetic repressors (Cesarini et al., 2015).

Lamin A/C is also connected to cytoskeletal proteins in the so-called LINC (Linker of
Nucleoskeleton and Cytoskeleton) complex, a protein platform also including nuclear membrane
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proteins SUN1, SUN2, nesprins and emerin, which establishes and regulates interactions with actin,
tubulin and other cytoskeleton constituents (Camozzi et al., 2012; Mattioli et al., 2011; Meinke et
al., 2014; Mejat and Misteli, 2010). The involvement of lamins in diverse cellular functions might
explain the fact that mutations in LMNA gene have deleterious consequences leading to diverse

diseases (Camozzi et al., 2014).

4.2 Cellular functions of prelamin A

While altered tuning of prelamin A/lamin A ratio may elicit severe pathogenetic effects, multiple
findings point to modulation of prelamin A processing rate as necessary to the execution to
physiological events. Previous evidences reported by us have indeed demonstrated that prelamin A
is accumulated in differentiating skeletal muscle cells (Capanni et al., 2008). In this context,
farnesylated prelamin A functions to ensure the proper alignment of nuclei along the nascent
myotubes through recruitment of the LINC protein SUN1 to the nuclear envelope of differentiated
muscle cells (Mattioli et al., 2011). On the other hand, in cultured skin fibroblasts, transient
chromatin relaxation and changes in nuclear shape, which are associated with oxidative stress
conditions, parallel transient accumulation of prelamin A (Lattanzi et al., 2014), hinting to a role for
prelamin A in the regulation of stress-associated chromatin dynamics. Loss of peripheral
heterochromatin and prelamin A accumulation are in fact observed in skin fibroblasts subjected to
oxidative stress, as in cells from old or centenarian subjects even in the absence of any stimulus
(Fig. 6) (Lattanzi et al., 2014). Of note, in fibroblasts from centenarian donors, a low amount of
farnesylated prelamin A persists at the nuclear lamina under basal conditions due to down-
regulation of ZMPSTE24 gene (Lattanzi et al., 2014). This unexpected pattern of prelamin A
modulation in cells from very old individuals, favors recruitment of 53BP1 in the nuclear interior
and rapid response to oxidative stress, a mechanism that most likely delays cellular senescence
(Lattanzi et al., 2014). In support of this conclusion, we observed that knockdown of LMNA by
SiRNA reduced resistance of centenarian cells to stress and increased mortality, while expression of
a prelamin A mutant, which accumulates as farnesylated prelamin A enhances the rate of DNA
repair in cells subjected to oxidative stress (Lattanzi et al., 2014).

However, prelamin A is a potentially toxic protein, so that improper amount and/or timing of
protein accumulation may cause pathogenetic effects Farnesylated prelamin A accumulation has
been reported in vascular smooth muscle cells (VSMC) exposed to oxidative stress. Under these
conditions, prelamin A increase, that correlates with the down-regulation of lamin A endoprotease
ZMPSTE?24, acts to accelerate cellular senescence (Liu et al., 2013; Ragnauth et al., 2010). The
latter mechanism may have deleterious consequences especially for development of cardiovascular

disorders (Porter et al., 2016), but can also contribute to shift cells that could potentially undergo
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transformation towards a beneficial senescence program. Along this line, the in vivo demonstration
of a protective role of prelamin A against cancer invasiveness has been provided by de la Rosa et al.
(de la Rosa et al., 2013). The authors demonstrated that mosaic mice accumulating prelamin A in a
percentage of cells were less prone to infiltrating oral carcinomas, and down regulation of

Zmpste24 in cells reduced tumor invasiveness (de la Rosa et al., 2013).

5. Pathogenetic pathways affected in MAD

Prelamin A processing

Despite these considerations, the main molecular defect so far associated with MAD pathogenesis is
accumulation of anomalous levels of prelamin A (Capanni et al., 2005; Cenni et al., 2014; Filesi et
al., 2005). As outlined in paragraph 3.1, prelamin A is the main splicing product of the LMNA gene
and requires a complex post-translational processing to yield mature lamin A. The reason why
prelamin A levels are increased in MADA cells is still unknown, while increase of prelamin A in
MADB is obviously associated with loss of functionality or haploinsufficiency of the prelamin A
endoprotease ZMPSTE24, which inefficiently cleaves prelamin A in patient cells (Corrigan et al.,
2005). In vitro studies with recombinant mutated ZMPSTE24 forms have demonstrated that the
severity of the pathology caused by ZMPSTE24 mutations correlates with the residual enzymatic
activity of the mutated enzyme (Barrowman et al., 2012). As a matter of fact, RD patients which
show the most severe phenotype and die within a few hours to a few weeks of birth, harbor null
€.1085dupT ZMPSTE24 mutations on both alleles that entirely abrogate enzymatic activity; on the
contrary, most patients with MADB are heterozygotes with a null mutation on one allele and a
missense mutation on the other allele, resulting in a partially active ZMPSTE24 mutant.
Interestingly, a particular clinical condition demonstrates the direct correlation between prelamin A
farnesylation and severity of MADB phenotype. In that case, a ZMPSTE24 null mutation was
associated with a heterozygous ¢.1960C4T mutation in LMNA gene leading to production of a
truncated non-farnesylable prelamin A from the mutated allele (Table 1) (Denecke et al., 2006).
Thus, the patient showed a mild phenotype, due to accumulation of a lower amount of farnesylated
prelamin A (Denecke et al., 2006).

As demonstrated in skin fibroblasts (Camozzi et al., 2012), both the unprocessed (non farnesylated)
lamin A precursor and farnesylated prelamin A can be accumulated in MADA. The whole
organization of the nuclear envelope is affected by prelamin A accumulation, as shown in cultured
fibroblasts from affected individuals, which present anomalous distribution of emerin, SUN1 and
SUN2 (Camozzi et al., 2012; Filesi et al., 2005; Lattanzi, 2011). In MADA fibroblasts, SUN2

aberrant honeycomb appearance at the nuclear envelope is directly linked to accumulation of
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farnesylated prelamin A, as demonstrated by rescue of proper organization in cells treated with
farnesylation inhibitors (Camozzi et al., 2012). Overexpression of wild-type lamin A in MADA
cells, which only express mutated LMNA products, will provide further insights on the role of
prelamin A and/or specific MADA-linked LMNA mutations in aberrant SUN2 localization.

Thus, the first pathogenetic event downstream of mutated prelamin A accumulation in MADA is
disruption of nuclear envelope organization. However, other processes, affecting tissue-specific
phenotypes, are triggered, as outlined below.

Cellular differentiation

In specific tissues, accumulation of prelamin A may have deleterious effects on cellular
differentiation. In MADA cells and in preadipocytes that accumulate prelamin A, cellular
differentiation is hampered due to impaired import of transcription factors, including SREBP1
(Capanni et al., 2005) and Oct-1, that are required for adipogenic gene activation or stress response
(Cenni et al., 2014; Infante et al., 2014; Infante and Rodriguez, 2016). In osteoblast-like cells
expressing the most common R527H LMNA mutation associated with MADA, TGFbeta 2 increase
occurs downstream of mutated prelamin A accumulation (Evangelisti et al., 2015). In fact, MADA
osteoblasts produce elevated levels of TGFbeta 2 (Avnet et al., 2011), that can be recovered also in
patient serum (Evangelisti et al., 2015), and this secreted factor activates a non-canonical pathway
of osteoclast differentiation (Avnet et al., 2011; Evangelisti et al., 2015). Further, in osteoclast
precursors derived from blood, prelamin A accumulation accelerates differentiation, though
inefficient osteoclasts are formed (Zini et al., 2008). Consistent with those observations, aberrant
osteoclastogenesis determined in laminopathic cells can be prevented either by using specific
TGFbeta 2 neutralizing antibody or by reducing accumulation of farnesylated prelamin A
(Evangelisti et al., 2015).

Cytokine regulation

Of note, accumulation of TGFbeta 2 in MADA appears to be part of a mechanism aimed at
degradation of mutated lamin A through the TGFbeta 2-dependent activation of Akt-mTOR axis
(Evangelisti et al., 2015). Our data suggest the existence of a feedback loop between lamin A and
TGFbeta 2, whereby lamin A regulates cytokine secretion, while elevated TGFbeta 2 levels
occurring in the presence of mutated lamins contribute to degradation of non-functional proteins.
Data obtained in a mouse model of muscular laminopathy (Chatzifrangkeskou et al., 2016) support
this view. However, the reported increase of TGFbeta 2 (Avnet et al., 2011) in cells and serum from
MADA patients (Evangelisti et al., 2015), suggests that systemic effects are also relevant for
MADA (and most likely MADB) pathogenesis. Data from experimental models of progeroid

laminopathies, including Zmpste24 null mice, strongly support this hypothesis (de la Rosa et al.,
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2013). In fact, in Zmpste24 null mice (Osorio et al., 2012), as in a human cellular model
overexpressing R527H LMNA (Evangelisti et al., 2015), increased secretion of interleukin 6 (IL6), a
cytokine widely associated with cellular senescence, has been observed. Moreover, increase of
Matrix metalloproteinase 9 (MMP9), but not IL6, was observed in patient serum (Lombardi et al.,
2008). These data as a whole delineate a complex scenario, which warrants further investigation.
Deacetylase activity

Epigenetic defects were initially observed in MADA cells and linked to accumulation of prelamin A
(Filesi et al., 2005). In fact, we reported that histone marks of heterochromatin, including
trimethylated H3K9, are altered in MADA and peripheral heterochromatin is lost in a significant
percentage of fibroblast nuclei (Filesi et al., 2005). Of note, these defects can be partially rescued by
reducing prelamin A farnesylation, showing that farnesylated prelamin A drives chromatin
epigenetic changes (Camozzi et al., 2012). More recently, we found that MADA cells show
impairment of deacetylases, a possible cause of altered chromatin dynamics. In MADA fibroblasts,
SIRTL1 is not properly anchored to the nuclear matrix (Cenni et al., 2014), while histone deacetylase
2 (HDAC?2) fails to bind lamin A/C (Mattioli et al., in preparation). Loss of lamin A/C-HDAC2
interaction impacts on stress recovery mechanisms in MADA cells, so that, in cells subjected to
oxidative stress, senescence associated heterochromatin foci (SAHF), a hallmark of senescent cells
(Narita et al., 2006), are formed. This suggests that repeated stress stimuli and failure to properly
manage this condition is a mechanism leading to senescence in MAD. Of note, the finding that a
new form of MAD, the MDPL, is caused by mutations in POLD1, encoding DNA polymerase 6
catalytic subunit (Weedon et al., 2013), strongly suggests that mechanisms regulating DNA
replication, especially during DNA damage response, may be also involved in MAD pathogenesis.
In agreement with this hypothesis, altered DNA damage check point (di Masi et al., 2008) and
elongation of S phase in MADA cells (Cenni et al., 2014) have been reported. A scheme of the
pathogenetic pathways of MADA and MADB is represented in Fig. 7.

6. Translational approaches to MAD

As reported by our previous studies (Camozzi et al., 2012), cultured MADA fibroblasts feature
unprocessed prelamin A accumulation. In particular, by the use of antibodies directed against the
farnesylated or the full length (non-farnesylated) form of prelamin A, we have demonstrated that
prelamin A post-translational modifications in MADA depend on the passage number of cultured
cells: while farnesylated prelamin A is accumulated at low passage, the non-farnesylated form is
more abundant at high passage number (Camozzi et al., 2012). Therefore, with the aim of

improving the phenotype of cultured MADA cells, different cellular treatments have been set up to
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reduce the amount of accumulated prelamin A. This has been reached by two different approaches.
The first one consists in the targeting of prelamin A maturation, while the second approach triggers
unprocessed prelamin A intermediates versus degradation.

Statins and FTIs (farnesyl transferase inhibitors) inhibit farnesylated prelamin A accumulation.
Treatment of MADA cultured cells with statins was effective in the recovery of the chromatin
phenotype, which is altered in MADA cells, but only in low passage cultures (Camozzi et al.,
2012). Combined treatment with mevinolin and Trichostatin A (TSA, inhibitor of class | and Il
mammalian histone deacetylase) improved the effects observed with mevinolin alone (Camozzi et
al., 2012). The evidence that those drugs are mostly effective in low passage cells, when only the
farnesylated form of prelamin A is accumulated, could in part explain the efficacy of current
clinical trials with statins in MADA and the less satisfactory response observed in older patients
(Camozzi et al., 2012).

In an attempt to enhance the proteolysis of prelamin A forms accumulated in MADA cells, our
group unexpectedly found that prelamin A forms present different susceptibility to degradation
(Cenni et al., 2011). In particular, while non-farnesylated prelamin A undergoes spontaneous
lysosomal degradation, farnesylated prelamin A does not, revealing an unusual protein stability
(Bertacchini et al., 2013). To the aim of reducing this stability and addressing farnesylated prelamin
A to degradation, autophagic cellular processes were induced by pharmacological treatment. In cells
overexpressing R527H mutated lamin A and in MADA cells, we were able to demonstrate the
efficacy of rapamycin, a known inhibitor of the mTOR signaling pathway in triggering autophagy
and authopagic-dependent degradation of farnesylated prelamin A (Cenni et al., 2014). Intriguingly,
in MADA fibroblasts, rapamycin-triggered autophagic degradation of farnesylated prelamin A
elicited improvement of cell cycle dynamics (Cenni et al., 2014).

As already described, patients affected by MADA suffer from an osteolytic process, due to an
excessive amount of TGFbeta 2 released by both MADA osteoblasts (Avnet et al., 2011) and
osteoblast-like cells overexpressing lamin A R527H or farnesylated prelamin A (Evangelisti et al.,
2015). By triggering the Akt/mTOR pathway, TGFbeta 2 activates osteoclastogenesis and
extracellular matrix resorption. By the use of TGFbeta 2-neutralizing antibodies, as well as statins
or RADOO1 (a rapalog that inhibits the mTOR pathway), we were able to block the osteolytic
process triggered by mutated lamin A, indicating rapalogs and TGFbeta 2-neutralizing antibodies as
new therapeutic tools for MADA treatment (Evangelisti et al., 2015). In this context, it is worthy to
consider that cytokines or other circulating molecules warrant further investigation as potential

therapeutic targets for MAD.
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Being characterized by the same retention of unprocessed farnesylated prelamin A in the nucleus, a
reduced number of studies have been specifically performed in MADB cells. Nonetheless, a study
performed in skin fibroblasts from MADB patients demonstrated that cellular treatment with
morpholino antisense oligonucleotides (AON) directed against prelamin A promotes the reduction
of prelamin A levels, resulting in a reduction of senescence-associated p-galactosidase activity as
well as an improvement of nuclear shape abnormalities (Harhouri et al., 2016). According to the
authors, in the future, other therapeutic strategies for premature and accelerated ageing diseases
should be considered, such as gene therapy approach (CRISPR), cell-based replacement therapies,
particularly targeting the vascular tissue, or RNA therapy based on RNA interference (Harhouri et
al., 2016).

In an effort to limit acral bone resorption, in 2010, a patient affected of MADB was treated with
intravenous pamidronate infusions. However, albeit well tolerated and effective in increasing bone
density, pamidronate treatment failed to avoid osteolysis or increase cortical thickness
(Cunningham et al., 2010).

7. Cellular aspects of MAD resembling physiological ageing

Among defects typical of MADA fibroblasts, prelamin A increase, nuclear enlargement and
heterochromatin loss (Fig. 6) are those more closely recapitulating features of cells from old
individuals. In cells from very old individuals, reduction of prelamin A processing rate and
accumulation of farnesylated prelamin A is associated with downregulation of ZMPSTE24 elicited
by oxidative or replicative stress (Lattanzi et al., 2014). In these physiological conditions, as well as
in the presence of LMNA mutations, prelamin A drives chromatin reorganization. Prelamin A
accumulation is now recognized as a trigger of chromatin reorganization, as demonstrated by
inhibition of protein maturation using peptides targeted to the ZMPSTE24 cleavage site (Mattioli et
al., 2008), by site directed mutagenesis targeting either the prelamin A cleavage site or the C-
terminal farnesylable cysteine (Lattanzi et al., 2007) or in the Zmpste24 null mouse model (Osorio
et al., 2010). Such chromatin effects are most likely mediated by different anchorage or activity of
epigenetic factors in the presence of diverse levels of prelamin A. Thus, not surprisingly, such
mechanisms are affected by mutated prelamin A (as in MADA and HGPS) or by toxic levels of
wild-type prelamin A (as in MADB). In fact, epigenetic enzymes, such as HDAC2 (Mattioli et al in
preparation) or SIRT1, which are considered major players in the regulation of stress response and
anti-ageing processes (Hekmatimoghaddam et al., 2017) are affected in MADA cells. Nuclear
matrix anchorage of SIRT1 is reduced in MADA (Cenni et al., 2014). SIRT1 is a deacetylase

targeting acetylated histones and its inactivation leads to increased histone H4K16 and H3K9
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acetylation, as well as decreased H3K9 trimethylation, all age-associated epigenetic marks (Lopez-
Otin et al., 2013), which in fact are defective in MADA (Cenni et al., 2014; Filesi et al., 2005).
Consistent with the altered regulation of H3K9 trimethylation, solubilisation and mislocalization of
heterochromatin protein 1 beta (HP1p3) are also observed in MADA (Filesi et al., 2005; Lombardi et
al., 2007). Interestingly, reduced mobility of HP1(B has been determined in senescent cells, while
"rejuvenation” of the same cells by the four reprogramming transcription factors increased HP13
solubility (Manukyan and Singh, 2014). Thus, we cannot rule out the possibility that not all
chromatin modifications observed in MADA drive cellular senescence, while we can speculate that
some epigenetic changes, as increased HP1p solubility, could even counteract cell ageing caused
by LMNA mutations. Further, prolonged S phase, an hallmark of replication stress has been
determined in MADA cells and shown to be rescued by rapamycin-induced reduction of mutated
prelamin A accumulation, a result again linking prelamin A functionality to efficient cell response
to stress stimuli (Cenni et al., 2014; Venkatachalam et al., 2017). We previously observed in
MADA nuclei, 53BP1 is severely reduced with respect to controls, while yH2AX foci are well
detectable (Cenni et al., 2014). While suggesting a reduction of 53BP1 recruitment to yH2AX foci,
this situation could reflect an unrepairable DNA damage (di Masi et al., 2008; Richards et al.,
2011), but may also be linked to senescence, since increase of YH2AX in the absence of 53BP1 foci
has been demonstrated in senescent cells even in the absence of DNA breaks (Gibbs-Seymour et al.,
2015; Kreienkamp et al., 2016; Leontieva et al., 2012).

Finally, the secretome of MADA cells could share aspects of senescence-associated secretory
phenotype (SASP) (Coppe et al., 2010), as indicated by the increase of osteoprotegerin in MADA
osteoblasts (Avnet et al., 2011) and by dysregulation of IL6 and IL15 suggested by experimental
models (Evangelisti et al., 2015). These observations, if further explored, may open relevant
perspectives for MADA and other ageing-related disorders, based on therapeutic targeting of altered

cytokines.

8. Conclusions

MAD is an invalidating disease with the most severe disabilities being caused by bone disorders
and accelerated organism ageing. Psychological aspects associated with changes in body shape are
also relevant. The pathogenesis of MAD is linked to altered modulation of lamin A precursor levels
in cells and involves defective chromatin dynamics that in turn affects cellular differentiation and
DNA damage response. Systemic effects are also relevant, so far mainly associated with altered
cytokine secretion and TGFbeta 2 — dependent activation of osteoclast differentiation and bone

resorption. Both the molecular mechanisms and clinical features of MAD appear to occur
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downstream of altered prelamin A-dependent pathways that regulate stress and DNA damage
response in healthy individuals. This implies that MAD cellular models and pathways can be
studied as a paradigm of physiological ageing. Most importantly, this means that targeting effectors
of prelamin A, including TGFbeta 2 or signalling molecules in the mTOR pathway, can represent a
suitable approach to counteract accelerated ageing. Mutations in nuclear lamina genes affect DNA
organization, thus altering the normal epigenetic architecture of the cells (Camozzi et al., 2014;
Chen et al., 2017). In ageing, one of the most studied and interesting phenomena is the degeneration
of the epigenetic integrity in all the tissues and organs. Of all the epigenetic agents, DNA
methylation is one of the most studied in ageing. The age related DNA methylation changes are
among the most promising sources of biological ageing biomarkers (Stubbs et al., 2017).
Accordingly, it is of extreme interest to investigate the effect of the pro-ageing LMNA mutations
associated with progeroid laminopathies on the epigenetic architecture and specifically on DNA
methylation patterns that change with age. To date, only few studies investigated the effect of
mutations in nuclear lamina genes on the epigenomic structure (Osorio et al., 2010; Perovanovic et
al., 2016). Some genome-wide DNA methylation changes in HGPS were reported, with a fraction
of CpG sites gaining methylation (in a healthy unmethylated context) and loosing methylation in
control hypermethylated regions (Heyn et al., 2013) and some specific hypermethylated sequences,
for instance in the ribosomal DNA of Zmpste24 null cells have been identified (Osorio et al., 2010).
We predict that deepening the epigenetic landscape of slowly progressing forms of progeria like
MADA or MADB and even MDPL may provide unbiased understanding of lamin-dependent
ageing-related epigenetic pathways.

As a whole, looking at lamin-linked progeroid disorders, it becomes clear that determinants of
ageing may also originate from an altered genetic background (Fig. 8). To contextualize the
progeroid syndromes in the perspective of ageing determinants (Capri et al., 2014) could help
understanding to which extent those diseases mimic the ageing process and provide new hints to
discover genes contributing to physiological ageing. This review reinforces the notion that genetics
has profound effects in determining the ageing process.
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Figure Legend

Figure 1: Comparison of age of onset of clinical symptoms in MADA and MADB.
The majority of clinical cases of MADA and MADB patients so far reported were screened for
some of the most recurrent symptoms of the diseases. Lamin A/C and ZMPSTE?24 pathogenetic

mutations are indicated by specific colors (see text for bibliographic reference).

Figure 2: Common phenotypical hallmarks of patients affected by MAD.

A) Hands and B) feet presenting bulbous finger tips, particularly evident in A). C) X-Rays of the
hands showing the loss of bone from the distal phalanges (acroosteolysis). D) X-rays of the thorax
showing a severe bilateral clavicular hypoplasia. All the images are from of a unique MADA
patient (homozygous LMNA mutation p.Arg527His) of age 25, and show some of the most

macroscopic phenotypical abnormalities observed in patients suffering from MADA and MADB.

Figure 3: Maturation of lamin A.

Under non pathological conditions, lamin A is released in the nucleus as a result of post-
translational and hierarchical modifications of its precursor, prelamin A. Translated prelamin A
(non farnesylated prelamin A) is farnesylated by a farnesyl transferase (Ftase), which adds a
farnesyl isoprenoid group to Cysteine 661 (C661) of the CaaX motif (CSIM), producing the
farnesylated prelamin A. Farnesylated prelamin A is next subjected to a proteolytic cleavage by
ZMPSTE24 or RCEL (Ras converting Enzyme 1), which cleave the last 3 amino acids. Later on, an
isoprenylcysteine carboxyl methyltransferase (ICMT) adds a carboxymethyl group to the
farneyslated Cysteine 661, producing farnesylated and carboxymethylated prelamin A. The protease
ZMPSTE24 next recognizes this intermediate, cleaving it at Leucine 647 (L647) finally releasing
mature lamin A. At the end of these maturation steps, mature lamin A terminates at Tyrosine 646

(Y646) and is 18 amino acids shorter than its precursor.

Figure 4: Schematic representation of MADA pathogenic mutations in LMNA gene products.

Known genetic missense mutations on LMNA gene resulting in pathogenetic mutations causative of
MADA disease. All the major LMNA products, that is prelamin A, lamin A and C are represented.
MADA-pathogenic mutations identified so far have been reported in homozygosis, except for those
marked with an asterisk, found in heterozygosis (see text for references). NLS: Nuclear

Localization Signal.
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Figure 5: Schematic representation of MADB pathogenic mutations in ZMPSTE24 enzyme.

Schematic representation of ZMPSTE24 protein, in which seven transmembrane domains lie,
indicating the mutations causative of MADB so far identified. Many of the mutations lie in the
catalytic domain and are responsible for a complete or partial abolishment of the functions of the

enzyme, resulting in a more or less severe phenotype.

Figure 6: Heterochromatin loss and prelamin A accumulation in aged nuclei.

A) Cultured skin fibroblasts from control young, old (age 60-80 years) and centenarian donors (age
95-105 years), and from MADA patients (LMNA R527H mutation, age 25 years) were subjected to
ultrastructural analysis. Representative pictures of more than 3 diverse subject samples at low and
high magnification are shown. Heterochromatin loss is detectable in fibroblast nuclei from young
donors subjected to oxidative stress for 24 hours (+ H20) (see Lattanzi et al. 2014 for details) and
in cells from old, centenarian and MADA donors. B) Same samples as in A) were subjected to
immunofluorescence analysis to detect prelamin A accumulation. Nuclei from young donors
exposed to oxidative stress (+ H20.) show transient accumulation of non-farnesylated prelamin A
(green), while permanent accumulation of non-farnesylated prelamin A is observed in old donor
nuclei, permanent accumulation of farnesylated prelamin A (red) is observed in centenarian nuclei
and accumulation of both prelamin A forms is found in MADA nuclei. DAPI staining (blue)

highlights nuclei.

Figure 7. Pathogenetic pathways for MAD.

Accumulation of prelamin A, due to MADA and MADB pathogenetic mutations in LMNA or
ZMPSTE24 gene, occurs at the nuclear lamina. This leads to an altered distribution of nuclear
envelope proteins, as emerin, and SUN1 and SUN2, causing multiple anomalous events as: i. an
altered transcription factor import in the nucleus; ii. altered chromatin dynamics resulting in loss of
heterochromatin and SAHF formation upon stress; iii. failure to regulate TGF beta 2 levels that
triggers an altered TGFbeta2 release; iv. altered SIRT1 and HDAC2 interplay with lamin A/C v.
altered release of some cytokines involved in osteoclastogenesis, as OPG, cathepsin K and RANKL,
besides TGFbeta2.

Figure 8. Proposed effect of lamin A on genetic determinants on ageing.

26



As summarized in this review, defects of lamin A or prelamin A accumulation due to LMNA or
ZMPSTE24 mutations may trigger determinants of ageing. References to studies showing a link
between lamin-dependent processes and each ageing determinant are reported in the cartoon.
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GENETICS:
mutations in LMNA or ZMPSTE24
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(Lattanzi et al., 2014) (Filesi et al., 2005) (Zhang et al., 2016) (Ewangelisti et al,, 2015) (Charar, Gruenbaum 2017)  (Cennietal., 2014) (Gesson et al,, 2014)
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Table Legend

Table 1. Full list of the pathogenetic mutations identified so far in LMNA and ZMPSTE24 and corresponding phenotypes. For each gene
mutation, the nucleotidic and the respective amino acidic mutation are shown. Phenotypes are also indicated. Abbreviation used are: fs frameshift;

del deletion; dup duplication; X stop codon.

Cennietal. Table1l R1

Form

MADA

MADA

MADA

MADA

MADA

MADA

MADA

MADA

Gene

LMNA

LMNA

LMNA

LMNA

LMNA

LMNA

LMNA

LMNA

Mutation

€.1580G>A

€.1585G>A

€.1586C>T

€.1623C>T

€.1626G>C

c.1579C>T

€.1940T7>G

€.1620G >A

Mutation

p.Arg527His

p.Ala529Thr

p.Ala529Val

p.Arg471Cys

p.Lys542Asn

p.Arg527Cys

p.Leu647Arg

p.Met540lle

Genotype

Homoz.

Homoz.

Homoz.

Homoz.

Homoz.

Homoz.

Heteroz.

Homoz.
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Phenotype

Typical MADA.

Typical MADA.

Typical MADA.

Typical MADA.

Typical MADA.

Typical MADA.

Typical MADA.

Typical MADA.

Refs.

(Filesi et al., 2005;
Garavelli et al., 2009;
Shen et al., 2003; Simha
et al., 2003)

(Kosho et al., 2007)

(Cogulu et al., 2003;
Garg et al., 2005; Ozer
et al., 2016)

(Zirn et al., 2008)

(Plasilova et al., 2004)

(Agarwal et al., 2008;
Luo et al., 2014)

(Wang et al., 2016)

(Yassaee et al., 2016)



MADA

MADA

MADA

MADA

MADB

MADB

MADB

MADB

MADB

MADB

MADB

LMNA

LMNA

LMNA

LMNA

ZMPSTE?24

ZMPSTE?24

ZMPSTE?24

ZMPSTE?24

ZMPSTE?24

ZMPSTE?24

ZMPSTE24

€.1623C>T

C.1579C>T
€.1580G>T

€.1580G>A

€.1318G>A
€.1626G>C

c.1619T7>C

€.1085dupT
€.1018T>C
€.1085dupT
C.794A>G
€.1085dupT
C.794A>G
c.121C>T
C.743C>T
€.207_208delCT
C.794A>G
C.743C>T
C.1349G>A

c.281T>C

p.Arg471Cys

p.Arg527Cys
p.Arg527Leu

p.Arg527His

p.Val440Met
p.Thr528Met

p.Met540Thr

p.Phe361fsX379
p.Trp340Arg
p.Phe361fsX379
p.Asn265Ser
p.Phe361fsX379
p.Asn265Ser
p.GIn41X
p.Pro248Leu
p.Tyr70fs
p.Asp256Ser
p.Pro248Leu
p.Trp450X

p.Leu94Pro

Heteroz.

Homoz

Heteroz.

Heteroz.

Heteroz.

Heteroz.

Heteroz.

Heteroz.

Heteroz.

Heteroz.

Homoz.
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Atypical MADA with progeroid features.

Atypical MADA with progeroid features.

Typical MADA with skeletal muscle involvement.

Atypical MADA with progeroid features.

Typical MADB.

Typical MADB with glomerulosclerosis.

Atypical MADB displaying features of HGPS, MAD
and RD.

Typical MADB.

Typical MADB with severe bone involvement.

Typical MADB.

Typical MADB with a congenital myopathy.

(Cao and Hegele, 2003)

(Al-Haggar et al., 2012)

(Lombardi et al., 2007)

(Verstraeten et al.,
2006)

(Agarwal et al., 2003)

(Agarwal et al., 2006)

(Shackleton et al., 2005)

(Miyoshi et al., 2008)

(Cunningham et al.,
2010)

(Ahmad et al., 2010)

(Ben Yaou et al., 2011)
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MADB C.794A>G p.Asn265Ser
ZMPSTE24 Heteroz. Typical MADB. (Kwan, 2015)
€.1085dupT p.Phe361fsX379
MADB ZMPSTE24 ¢.1196A>G p.Tyr399Cys Homoz. Typical MADB. (Haye et al., 2016)
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