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Abstract: Premature-ageing syndromes are a heterogeneous group of rare genetic disorders 
resembling features of accelerated ageing and resulting from mutations in genes coding for 
proteins required for nuclear lamina architecture, DNA repair and maintenance of genome 
stability, mitochondrial function and other cellular processes. Hutchinson–Gilford progeria 
syndrome (HGPS) and Werner syndrome (WS) are two of the best-characterized progeroid 
syndromes referred to as childhood- and adulthood-progeria, respectively. This article pro-
vides an updated overview of the mutations leading to HGPS, WS, and to the spectrum of 
premature-ageing laminopathies ranging in severity from congenital restrictive dermopathy 
(RD) to adult-onset atypical WS, including RD-like laminopathies, typical and atypical 
HGPS, more and less severe forms of mandibuloacral dysplasia (MAD), Néstor-Guillermo 
progeria syndrome (NGPS), atypical WS, and atypical progeroid syndromes resembling 
features of HGPS and/or MAD but resulting from impaired DNA repair or mitochondrial 
functions, including mandibular hypoplasia, deafness, progeroid features, and lipodystrophy 
(MDPL) syndrome and mandibuloacral dysplasia associated to MTX2 (MADaM). The over-
lapping signs and symptoms among different premature-ageing syndromes, resulting from 
both a large genetic heterogeneity and shared pathological pathways underlying these con-
ditions, require an expert clinical evaluation in specialized centers paralleled by next- 
generation sequencing of panels of genes involved in these disorders in order to establish 
as early as possible an accurate clinical and molecular diagnosis for a proper patient 
management. 
Keywords: Hutchinson–Gilford progeria syndrome, Werner syndrome, restrictive 
dermopathy, mandibuloacral dysplasia, Néstor-Guillermo progeria syndrome, atypical 
progeroid syndromes

Introduction
Premature-ageing syndromes are a heterogeneous group of rare genetic disorders 
resembling features of accelerated ageing.1,2 The term “progeria” derives from 
Greek words meaning “prematurely old”, and most of these syndromes are referred 
to as segmental progeroid syndromes (SPS) because only some organs and tissues 
mimic signs of accelerated ageing, including among others graying or loss of hair, 
lipodystrophy, scleroderma-like skin lesions, atherosclerosis and cardiovascular 
disease, hearing loss, osteoporosis, type 2 diabetes mellitus and various malignan-
cies at an early age.1–3 Overall, over 100 syndromes showing signs of premature 
ageing have so far been described, with an estimated worldwide incidence of about 
1:50.000.2 They can be categorized into congenital, infantile, and juvenile/adult 
forms according to the age at onset of the symptoms.2 However, based on the 
underlying molecular defect, premature-ageing syndromes can be grouped into 
diseases resulting from altered nuclear lamina architecture, diseases caused by 
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mutations of genes required for DNA repair and mainte-
nance of genome stability, and diseases resulting from 
diverse pathophysiological processes, such as connective 
tissue alterations and mitochondrial impairment among 
others.4 Hutchinson–Gilford progeria syndrome (HGPS) 
and Werner syndrome (WS), also referred to as childhood- 
and adulthood-progeria, respectively, are two of the best- 
characterized SPS as they closely mimic natural ageing, 
the first resulting from alterations of the nuclear lamina 
and the latter from impaired DNA repair mechanisms.1 

The identification of their genetic basis and the creation 
of patient’s registers and mutation databases have revealed 
the existence of a disease spectrum ranging from moderate 
and mild-severe to very aggressive forms, known as aty-
pical progeroid syndromes.5 Indeed, the recent application 
of next-generation sequencing (NGS) technologies has 
allowed us to uncover the causative mutations of several 
atypical premature-ageing syndromes, albeit in some 
cases, the genetic cause is still unclear.2–4 Owing to the 
genetic heterogeneity and the overlapping signs and symp-
toms among different SPS, NGS of panels of genes 
involved in these disorders is currently recommended for 
early molecular diagnosis in specialized centers, paralleled 
by an interdisciplinary collaboration of medical geneti-
cists, pediatricians and other specialists in order to estab-
lish an accurate clinical and molecular diagnosis for 
a proper patient management.2–4 This review article will 
focus primarily on the mutations leading to HGPS and to 
the spectrum of premature-ageing laminopathies ranging 
in severity from congenital restrictive dermopathy (RD) to 
adult-onset atypical WS, and including RD-like laminopa-
thies, typical and atypical HGPS, more and less severe 
forms of mandibuloacral dysplasia (MAD), Néstor- 
Guillermo progeria syndrome (NGPS) and atypical pro-
geroid syndromes. Other forms of MAD resembling fea-
tures of atypical progeroid laminopathies, but originating 
from mutations of genes involved in DNA repair or mito-
chondrial pathways will also be described.1–5 Furthermore, 
the article will describe the genetics of WS, the prototypic 
adult-onset progeria caused by mutations of a gene 
required for DNA repair and maintenance of genome 
stability.1 These selected disorders that represent some of 
the best-characterized SPS are intended to give the reader 
a complete and updated overview of the genetic hetero-
geneity underlying these conditions, resulting in 
a spectrum of more or less aggressive progeroid syn-
dromes with overlapping symptoms and interrelated 
underlying molecular mechanisms. A summary of the 

main characteristics of the SPS discussed in this article is 
shown in Table 1.

Progeroid Syndromes Resulting 
from Alterations of the Nuclear 
Lamina Architecture
The nuclear lamina is a mesh-like layer of intermediate 
filaments termed lamins and of lamin-associated proteins 
underlying the inner nuclear membrane, and represents the 
structural scaffold of the nuclear envelope, required for 
maintenance of nuclear shape and structure, and for anchor-
ing chromatin.6 Indeed, the nuclear lamina is essential for 
the organization of the chromatin structure and for the 
proper functioning of several nuclear processes including 
DNA replication and repair, epigenetic mechanisms, regu-
lation of gene expression, cell division and differentiation.6 

The LMNA gene codes for A-type lamins (lamins A and C), 
major components of the nuclear lamina in most differen-
tiated cells, and in 2003 a de novo dominant point mutation 
in exon 11 of LMNA (c.1824C>T, p.Gly608Gly) was iden-
tified as the cause of the majority of HGPS cases.7,8 Lamin 
A is synthesized as prelamin A and undergoes a four-step 
process to become a mature protein, that includes farnesyla-
tion, methylation and removal of C-terminal residues 
(Figure 1). The LMNA c.1824C>T mutation results in the 
activation of a cryptic donor splice site leading to the 
production of a lamin A isoform, called progerin, contain-
ing an internal deletion of 50 amino acids near its 
C-terminal end.7 This deletion eliminates the site for endo-
proteolitic cleavage by ZMPSTE24, a zinc metalloprotei-
nase that cleaves the 15 C-terminal amino acids of prelamin 
A to yield mature lamin A, so that progerin retains its 
farnesyl moiety at the C-terminus (Figure 1). Retention of 
the farnesyl group causes progerin to become permanently 
anchored into the nuclear membrane leading to structural, 
functional and molecular changes overall leading to 
a prematurely ageing phenotype.6 Particularly, HGPS cells 
accumulate structural and mechanical defects of the nuclear 
lamina with passaging, resulting from the accumulation of 
progerin and leading to bigger and dysmorphic nuclei with 
thickening of the nuclear lamina, lobulations, clustering of 
nuclear pores, and disorganization of chromatin, coupled to 
changes in DNA methylation and histone tail modifications 
leading to a widespread transcriptional misregulation.6,9–11 

Fibroblasts from HGPS patients also exhibit accumulation 
of DNA damage, defective DNA repair and chromosomal 
instability with cell passaging, as well as mitochondrial 
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dysfunction and a faster telomere shortening.12 Several 
other LMNA mutations causing a progeroid phenotype 
have so far been described, and are collected in the updated 
LMNA mutations database (UMD-LMNA: http://www.umd. 
be/LMNA/).13 These include either progerin-producing 

mutations or LMNA mutations that do not produce progerin 
but still cause damages in the nuclear lamina resulting in 
a disease spectrum of progeroid associated phenotypes ran-
ging from very aggressive to milder forms, including con-
genital forms resembling RD, mandibuloacral dysplasia 

Table 1 Main Characteristics of the Premature-Ageing Syndromes Described in the Article

Disease Causative Gene Onset Main Clinical Features

RD ZMPSTE24: recessive null mutations Neonatal Intrauterine growth retardation, reduced fetal movements and pre- 
term delivery. Tight and translucent skin with erosions, facial 

dysmorphism, skeletal malformations, generalized arthrogryposis. 

Lethal within the first weeks of life.

HGPS LMNA: de novo dominant point mutation 

(c.1824C>T; p.G608G)

Early 

childhood

Severe failure to thrive in infancy. Progressive alopecia leading to 

total alopecia. Skin lesions. Characteristic facies. Loss of 
subcutaneous fat. Bone changes. Skeletal anomalies. 

Musculoskeletal degeneration. Hearing loss. High-pitched voice. 

Delayed and crowded dentition. Atherosclerosis. Cerebrovascular 
disease. Death in mid teens from myocardial infarction or stroke 

(from vascular diseases).

MADB ZMPSTE24: recessive mutations: often 

compound heterozygous mutations with 
a null allele and one maintaining some residual 

activity

Early 

childhood

Generalized lipodystrophy, altered skin pigmentation, alopecia, 

severe bone and growth defects.

MADA LMNA: recessive missense mutations Early 

childhood

Partial lipodystrophy at torso and limbs, bone abnormalities, 

altered skin pigmentation, lipodystrophic signs and mildly 

accelerated ageing.

NGPS BANF1: recessive mutation (c.34G>A; p. 

Ala12Thr)

Early 

childhood

Failure to thrive, aged appearance, growth retardation, decreased 

subcutaneous fat, thin limbs, stiff joints, severe osteolysis, absence 
of early cardiovascular impairment.

MDPL POLD1: dominant mutations, including the 
common de novo mutation 

(c.1812_1814delCTC, p.Ser605del) observed 

in 80% of the patients

Early 
childhood

Mandibular hypoplasia, prominent loss of subcutaneous fat, 
progeroid appearance, skin abnormalities, metabolic abnormalities 

including insulin resistance and diabetes mellitus, sensorineural 

deafness, hypogonadism in males.

MADaM MTX2: recessive mutations Early 

childhood

Small viscerocranium with mandibular underdevelopment, growth 

retardation, lipodystrophy, altered skin pigmentation, distal acro- 
osteolyses, renal focal glomerulosclerosis, severe cardiovascular 

disease.

Atypical 

progeroid 

laminopathies

LMNA and ZMPSTE24 Variable 

from early 

life to 
adulthood

Several LMNA mutations, including dominant and recessive ones 

result in a spectrum of progeroid laminopathies ranging in severity 

from severe RD-like forms to adult-onset atypical WS. Atypical 
(severe) MADB forms can result from recessive ZMPSTE24 
mutations.

WS WRN: recessive null mutations Adulthood Lack of the pubertal growth spurt during early teen years. Graying 

or loss of hair. Scleroderma-like skin lesions. Characteristic facies. 

Bilateral cataracts. Type 2 diabetes mellitus. Hypogonadism. Skin 
ulcers. Osteoporosis. Arteriosclerosis. Increased risk of cancer.

Abbreviations: HGPS, Hutchinson–Gilford progeria syndrome; MADA, mandibuloacral dysplasia type A; MADB, mandibuloacral dysplasia type B; MADaM, mandibuloacral 
dysplasia associated to MTX2; MDPL, mandibular hypoplasia, deafness, progeroid features, and lipodystrophy syndrome; NGPS, Néstor-Guillermo progeria syndrome; RD, 
restrictive dermopathy; WS, Werner syndrome.
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type A (MADA), as well as atypical progeroid syndromes 
or atypical WS.5,6 Damages in the nuclear lamina similar to 
those caused by LMNA mutations can result from recessive 
or compound heterozygous mutations in ZMPSTE24, lead-
ing to impaired lamin A maturation (Figure 1) and accumu-
lation of uncleaved and farnesylated lamin A precursors.14 

Indeed, ZMPSTE24 mutations cause three distinct SPS with 
increasing disease severity, namely mandibuloacral dyspla-
sia type B (MADB), atypical HGPS, and RD.14–17 Several 
ZMPSTE24 mutations have been identified in homozygosis 
or compound heterozygosis in the patients, and disease 
severity is inversely correlated with the residual protein 
activity conferred by those mutations.14,17 Although most 

progeroid laminopathies result from impaired maturation of 
lamin A caused by LMNA or ZMPSTE24 mutations, 
a recessive point mutation in the BANF1 gene (p. 
Ala12Thr) that encodes the barrier to self-integration factor 
1 (BAF) causes Néstor-Guillermo progeria syndrome 
(NGPS), a disorder that partially phenocopies HGPS, 
although patients have a relatively long lifespan and show 
no early cardiovascular complications.18,19 BAF is 
a chromatin-associated protein that also binds to lamins 
and lamin-associated proteins, thus anchoring chromatin 
to the nuclear envelope.20,21 Indeed, BAF is required for 
nuclear envelope dynamics during mitosis and post-mitotic 
nuclear envelope reassembly, but it is also involved in 

Figure 1 Schematic representation of prelamin A processing in normal individuals, and in patients with Hutchinson–Gilford progeria syndrome and restrictive dermopathy. 
Notes: Adapted from Coppedè F. The epidemiology of premature aging and associated comorbidities. Clin Interv Aging. 2013;8:1023–1032.5© 2013 Coppedè. Creative 
Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). In cells from healthy individuals, prelamin A undergoes 
a four-step process to become a mature lamin A, including (1) farnesylation of the cysteine residue on the C-terminal CaaX motif by a farnesyltransferase (FTASE), (2) 
cleavage of the –aaX terminal residues that can be performed either by RCE1 (Ras converting enzyme 1) or by ZMPSTE24 (Zinc metalloprotease related to Ste24p), (3) 
carboxymethylation of the C-terminal cysteine residue by ICMT (isoprenylcysteine carboxyl methyltransferase), (4) removal of the C-terminal 15 residues through cleavage 
by ZMPSTE24. In Hutchinson–Gilford progeria syndrome (HGPS) the common LMNA (p.G608G) mutation results in the deletion of a 50aa region from prelamin A (in 
orange) containing the upstream ZMPSTE24 cleavage site, resulting in a shorter farnesylated protein that cannot undergo the last maturation step, termed progerin. In 
restrictive dermopathy (RD) recessive null mutations of ZMPSTE24 result in lack of ZMPSTE24 activity with subsequent accumulation of uncleaved and farnesylated lamin 
A precursors.
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chromatin epigenetics, chromosome segregation, DNA 
damage response, and defense against viral infections.20,21 

Fibroblasts from NGPS patients show a dramatic reduction 
in BAF protein levels and abnormalities in the nuclear 
lamina, including blebs and abnormal distribution of lamin- 
associated proteins, that can be restored by expression of 
wild type BAF.18

Hutchinson–Gilford Progeria Syndrome
HGPS (OMIM #176670) is an extremely rare genetic 
disorder affecting about 1 in 4–8 million births, but repre-
sents one of the best-characterized SPS.5 The onset of 
disease symptoms usually occurs during the first year of 
life and the mean life expectancy is 14.6 years, with death 
primarily occurring from myocardial infarction or stroke 
resulting from vascular disease.5,6 The disease results from 
a de novo dominant LMNA mutation and affects both 
genders equally.5 A visible vein across the nasal bridge 
and skin lesions are often the first signs observed in HGPS 
infants, followed by a profound failure to thrive leading to 
an average final weight of almost 14.5 Kg. Other main 
symptoms of HGPS include alopecia and loss of subcuta-
neous fat. Musculoskeletal complications observed in the 
affected children include loss of muscle mass, stiffness of 
joints, hip dislocations, skeletal abnormalities and fragile 
bones. A large cranium in relation to the facial size and 
a small face with pinched nose, receding mandible, pro-
minent eyes, and scalp veins are the main facial abnorm-
alities. Moreover, common features of HGPS children are 
a high-pitched voice, a delayed/crowded dentition and 
protruding ears that lack lobules. Individuals with HGPS 
do not reproduce, as they are sexually immature. Cognitive 
and motor functions are preserved, and there is no 
increased cancer risk.22,23

According to the disease prevalence, there is an esti-
mate of between 350 and 400 HGPS children worldwide at 
any one time, with 131 identified cases as of January 2021 
(http://www.progeriaresearch.org).24 Most of the tested 
HGPS children (85–90%) carry the heterozygous LMNA 
c.1824C>T (p.Gly608Gly) mutation and are referred to as 
classic HGPS.24 Less frequent progerin-producing muta-
tions are found in the remaining cases. They include 
heterozygous exon 11 c.1822G>A (p.Gly608Ser), 
c.1821G>A (p.Val607Val), and c.1868C>G (p.Thr623Ser) 
mutations, as well as heterozygous mutations at the intro-
nic border of exon 11, such as c.1968+1G>A, c.1968 
+1G>C, c.1968+2T>A, c.1968+2T>C, and c.1968 
+5G>C, all leading to a less or more aggressive phenotype 

depending on the resultant final amount of progerin protein 
that is produced.5,24 For example, both c.1968+1G>A and 
p.Val607Val mutations result in a strong activation of the 
aberrant splice site, leading to increased progerin produc-
tion and a more severe phenotype compared to classic 
HGPS, whilst the p.Thr623Ser mutation results in the 
deletion of only 35 amino acids from exon 11 leading to 
a slowly progressing progeria.5,6

Several atypical progeroid syndromes, also referred 
to as nonclassic progeria, atypical HGPS or atypical 
WS, result from LMNA mutations that do not produce 
progerin.5 These mutations can either be dominant or 
recessive and alter residues throughout the protein struc-
ture with no clear clustering in a single region of lamin 
A, but still cause damages in the nuclear lamina that 
overlap with those produced by progerin-producing 
alleles leading to a spectrum of less or more aggressive 
progeroid laminopathies all characterized by growth 
retardation and involving the same body systems 
(bones, body fat, skin, and hair) as in classic HGPS, 
but that differ in age at onset, course, and severity of the 
symptoms with respect to classic HGPS.5,6 More than 
20 such mutations have been described, mainly domi-
nant missense ones such as p.Pro4Arg, p.Thr10lle, p. 
Ala57Pro, p.Leu59Arg, p.Glu111Lys, p.Arg133Leu, p. 
Asp136His, p.Glu138Lys, p.Leu140Arg, p.Ser143Phe, 
p.Glu145Lys, p.Glu159Lys, p.Asp300Asn, p. 
Asp300Gly, p.Asp300His, p.Asn466Lys, p.Glu578Val, 
p.Cys588Arg, and p.Arg644Cys.5,25 Several of these 
mutations are far less severe than those causing HGPS 
and are found in individuals suspected to have WS on 
clinical grounds, but that lack mutations in the causative 
gene of classic WS (the WRN gene), denoted as atypical 
WS.5 More details on atypical WS will be provided in 
the paragraphs of this review dedicated to WS. Also, 
recessive LMNA mutations are found in progeroid syn-
dromes, including those causing MADA and detailed in 
the following paragraphs, as well as others such as the 
p.Arg435Cys one leading to a more aggressive RD-like 
progeria.26 A continuously updated list of LMNA muta-
tions causing classic HGPS or atypical progeroid syn-
dromes can be found in the UMD-LMNA mutations 
database.13 However, not all LMNA mutations cause 
progeria. Almost 500 different LMNA mutations have 
so far been described, causing different disorders collec-
tively called primary laminopathies and including cardi-
omyopathies, muscular dystrophies, lipodystrophies, 
neuropathies, as well as progeroid syndromes.13
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Restrictive Dermopathy
RD (OMIM #275210) is an extremely rare congenital and 
lethal genodermatosis so far described in less than 100 
individuals worldwide.3 The disease is severer than classic 
HGPS, with signs appearing during gestation and includ-
ing intrauterine growth retardation with polyhydramnios, 
reduced fetal movements and pre-term delivery.16 

Newborns are characterized by a very tight, thin, and 
translucent skin with erosions and scaling at flexure sites, 
associated with typical facial dysmorphism, skeletal mal-
formations and generalized arthrogryposis. Death usually 
occurs within the first weeks of life resulting from pul-
monary hypoplasia leading to respiratory insufficiency.16 

In 2004, Navarro and coworkers screened nine individuals 
with a clinical diagnosis of RD, observing LMNA muta-
tions in two of them, and a common frame-shift mutation 
in exon 9 of ZMPSTE (c.1085dupT) in all the remaining 
cases, resulting in a truncated protein lacking the catalytic 
domain.16 Concerning the two identified LMNA mutations, 
one patient had the common c.1824C>T mutation in exon 
11 but showed an atypical progeroid phenotype ranging in 
severity between RD and HGPS, and the other patient 
showed a heterozygous LMNA mutation (c.1968+1G>A) 
leading to a very aggressive progeria that was diagnosed at 
birth as RD.16 Subsequent studies have revealed that RD is 
caused by recessive or compound heterozygous null muta-
tions in ZMPSTE24, such as the common c.1085dupT, 
resulting in defective processing and nuclear accumulation 
of prelamin A.27,28 Particularly, almost 30 different 
ZMPSTE24 mutations have been identified in patients 
with progeroid syndromes.17 Complete loss-of-function 
of ZMPSTE24 leads to RD and results from homozygous 
or compound heterozygous null mutations in ZMPSTE24, 
while other less severe phenotypes, including severe 
HGPS or MADB, are associated with a residual partial 
activity conferred by at least one haploinsufficient allele, 
resulting in a spectrum of progeroid laminopathies whose 
severity is inversely correlated with the residual protein 
activity.14 Null ZMPSTE24 mutations leading to RD 
include the common c.1085dupT and other small dele-
tions/duplications (c.50delA, c.54dupT, c.209_210delAT, 
c.295delC, c.584_585delAT, c.591dupT), intron mutations 
(c.475–2A>G, c.627+1G>C, c.628–2A>G, c.954+2T>A), 
base substitutions (c.691G>T, c.715G>T, c.826 C>T, 
c.1020G>A, c.1105C>T, c.1249C>T, c.1385C>T) and 
a large deletion (r.271_627del; p.Leu91_Leu209del), all 
observed in homozygosity or compound heterozygosity 

in the patients and resulting in frame-shift mutations, 
exon skipping and/or insertion of premature stop codons 
leading to truncated non-functional proteins.17 Only in 
a minority of the cases, very severe LMNA mutations, 
such as the c.1968+1G>A one can lead to a congenital 
progeria resembling RD.17 Interestingly, a patient with 
both a homozygous frame-shift ZMPSTE null mutation 
(c.1204_1225del22) and a heterozygous nonsense LMNA 
mutation (c.1960C>T) has been described.29 The homo-
zygous mutation in ZMPSTE24, resulting in null activity 
of the enzyme, should have led to RD, but the presence of 
the heterozygous nonsense LMNA mutation leading to 
a truncated prelamin A protein that lacks the C-terminal 
11 amino acids and is unable to undergo post-translational 
modifications, acted as a salvage alteration alleviating the 
clinical phenotype from RD to HGPS-like.29 Cells from 
RD patients show several nuclear abnormalities, including 
increased nuclear size and altered shape, reduced levels of 
lamins A and C, and mislocalization of lamin-associated 
proteins.16

Mandibuloacral Dysplasia
Mandibuloacral dysplasia (MAD) is a rare autosomal 
recessive condition, so far diagnosed in almost 50 children 
worldwide, and represents a milder form of progeroid 
laminopathy that can either result from LMNA (MADA) 
or ZMPSTE24 (MADB) mutations.3,30 The clinical signs 
of MADA (OMIM #248370) present usually in early 
childhood (4–5 years) and include mandibular hypoplasia, 
dental crowding, clavicular resorption, acral osteolysis, 
skin abnormalities and a mildly accelerated ageing that 
becomes visible in the second decade of life.30 MADA is 
also characterized by partial lipodystrophy in the torso and 
limbs.30 In 2002, Novelli et al observed that MADA was 
caused by a recessive c.1580G>A mutation (p.Arg527His) 
in exon 9 of LMNA, opening the way to the search of 
LMNA mutations in progeroid diseases.31 Indeed, the 
c.1580G>A substitution is the most common mutation 
causing MADA.30 However, at least seven less frequent 
homozygous LMNA mutations have so far been identified 
in MADA children, including c.1411C>T (p.Arg471Cys), 
c.1579C>T (p.Arg527Cys), c.1585G>A (p.Ala529Thr), 
c.1586C>T (p.Ala529Val), c.1620G>A (p.Met540Ile), 
c.1626G>C (p.Lys542Asn), and c.1940T>G (p. 
Leu647Arg), all mapping in the C-terminal globular tail 
which is common to prelamin A and lamin C.30 In addi-
tion, compound heterozygous LMNA mutations have been 
identified, leading to atypical MADA phenotypes.30
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MADB (OMIM #608612) results from biallelic muta-
tions in ZMPSTE24,15 and the clinical signs and symptoms 
can develop by the age of 2 years, defining a more severe 
phenotype than MADA.30 Indeed, in addition to the signs 
observed in MADA, generalized lipodystrophy and a more 
pronounced accelerated ageing are distinctive of MADB.30 

In addition to null ZMPSTE24 mutations, various missense 
ZMPSTE24 mutations resulting in a residual partial activ-
ity have so far been described in patients with typical 
MADB or atypical (severe) MADB phenotypes, including 
c.281T>C (p.Leu94Pro), c.743C>T (p.Pro248Leu), 
c.794A>G (p.Asn265Ser), c.1018T>C (p.Trp340Arg), 
and c.1196A>G (p.Tyr399Cys).17,30 MADB patients fre-
quently carry one of these missense mutations on one 
allele and a null ZMPSTE24 mutation on the other allele, 
including the common c.1085dupT mutation, or less fre-
quent frame-shift (c.207_208delCT) or nonsense muta-
tions (c.121C>T, c.1349G>A).17,30 However, 
a homozygous ZMPSTE24 c.281T>C patient with 
MADB and congenital myopathy has been described,32 

and more recently the screening of a cohort of eight related 
MADB patients from Suriname revealed that they all 
resulted homozygous for the c.1196A>G mutation, indica-
tive of a common ancestor.33 ZMPSTE24 missense muta-
tions that cause progeroid diseases decrease prelamin 
A cleavage activity and/or protein stability, and the result-
ing disease severity is inversely correlated to the residual 
protein activity conferred by the mutation.14,34 Indeed, 
MADB fibroblasts exhibit a significant reduction in life-
span associated with major abnormalities of the nuclear 
shape and structure.32 Similarly, accumulation of the lamin 
A precursor protein, a marked alteration of the nuclear 
architecture, and chromatin disorganization that become 
more severe in older patients have been observed in cells 
from MADA patients.35

Néstor-Guillermo Progeria Syndrome
NGPS (OMIM #614008) is a rare autosomal recessive 
disorder so far described in 3 individuals 
worldwide.18,19,36 In 2011, the clinical features of the 
first two identified patients have been described.18,19 The 
two patients were from unrelated Spanish families and 
both exhibited normal development until 2 years of age, 
but from that age onwards they experienced failure to 
thrive and featured signs of HGPS and/or MAD, including 
aged appearance, growth retardation, decreased subcuta-
neous fat, thin limbs, and stiff joints. However, their long 
survival respect to other childhood-progerias (patients 

were still alive at 24 and 32 years, respectively), their 
height of 145 cm or more (respect to an average final 
height of 110 cm in classic HGPS), the presence of eye-
brows and eyelashes, the persistence of scalp hair until 
the second decade of life, a very severe osteolysis, and the 
absence of signs of cardiovascular impairment or meta-
bolic complications led to the diagnosis of a novel pro-
geria, that was confirmed at the molecular level by absence 
of mutations in LMNA or ZMSPTE24 genes, and by the 
finding of a pathogenic recessive mutation in the BANF1 
gene (c.34G>A; p.Ala12Thr).18,19 Recently, a Latin 
American girl aged 2 years and 8 months, with short 
stature, poor weight gain, sparse hair, and dysmorphic 
facial features reminiscent of premature ageing was 
described, and the genetic screening confirmed the pre-
sence of the recessive BANF1 p.Ala12Thr mutation, lead-
ing to the third molecularly confirmed diagnosis of 
NGPS.36 Interestingly, signs of growth retardation in this 
girl have been noticed earlier than in the two previously 
described cases, as they started by one year of age.36 

BANF1 encodes the BAF protein that anchors chromatin 
to the nuclear lamina and is essential for the assembly and 
disassembly of the nuclear envelope during mitosis.20,21 

Functional studies on fibroblasts from NGPS patients 
revealed that the p.Ala12Thr mutation impairs protein 
stability and results in profound abnormalities in the 
nuclear lamina.18 However, a subsequent study suggested 
that rather than altering protein stability, the BANF1 p. 
Ala12Thr mutation disrupts BAF ability to bind to the 
DNA resulting in impaired anchoring of chromatin to the 
nuclear lamina and disruption of the nuclear envelope.37 It 
was also demonstrated that BAF controls the DNA 
damage response to oxidative stress via regulation of the 
DNA repair protein poly [ADP-ribose] polymerase 1 
(PARP1), and that cells from NGPS patients have defec-
tive PARP1 activity and impaired repair of oxidative DNA 
lesions.38

Mandibuloacral Dysplasia Resulting 
from Mutations of POLD1 and MTX2 
Genes
In addition to the two major forms of mandibuloacral 
dysplasia resulting from either LMNA (MADA) or 
ZMPSTE mutations (MADB), MAD is also a feature of 
other SPS resembling features of atypical progeroid lami-
nopathies but originating from mutations of genes 
involved in other pathways.39,40 These include an 

The Application of Clinical Genetics 2021:14                                                                                   https://doi.org/10.2147/TACG.S273525                                                                                                                                                                                                                       

DovePress                                                                                                                         
285

Dovepress                                                                                                                                                              Coppedè

https://www.dovepress.com
https://www.dovepress.com


autosomal dominant form of MAD termed mandibular 
hypoplasia, deafness, progeroid features, and lipodystro-
phy (MDPL) syndrome and caused by mutations in the 
POLD1 gene encoding the catalytic subunit of DNA poly-
merase delta,39 and a recently identified severe premature 
ageing syndrome with clinical features resembling HGPS 
termed MADaM (mandibuloacral dysplasia associated to 
MTX2), resulting from homozygous recessive mutations in 
the MTX2 gene encoding metaxin-2, an outer mitochon-
drial membrane protein.40

Mandibular Hypoplasia, Deafness, 
Progeroid Features, and Lipodystrophy 
Syndrome
MDPL (OMIM #615381) is an autosomal dominant sys-
temic disorder characterized by prominent loss of subcu-
taneous fat, a characteristic facial appearance and 
metabolic abnormalities including insulin resistance and 
diabetes mellitus, sensorineural deafness occurring during 
the first or second decade of life, and hypogonadism in 
males.39,41 The affected patients show signs resembling 
atypical progeroid syndromes, such as mandibular hypo-
plasia, a beaked nose with bird-like facies, prominent eyes, 
crowded teeth, a high-pitched voice, growth retardation, 
joint contractures and skeletal anomalies, as well as mus-
cle and skin atrophy.39,41 These features were reminiscent 
of MAD, but the absence of LMNA or ZMPSTE24 muta-
tions in the patients coupled to the presence of distinct 
characteristics, such as sensorineural hearing loss and 
absence of clavicular hypoplasia and acroosteolysis sug-
gested a novel syndrome whose molecular basis was elu-
cidated in 2013.39,41 Indeed, a recurrent de-novo in-frame 
mutation in the POLD1 gene (c.1812_1814delCTC, p. 
Ser605del) was identified as causative of this new proger-
oid disorder featuring mandibular hypoplasia, deafness 
and generalized lipodystrophy.39 POLD1 encodes for the 
catalytic subunit of DNA polymerase delta, a key enzyme 
responsible for lagging strand DNA synthesis during DNA 
replication. It possesses both 5ʹ to 3ʹ polymerase and 3ʹ to 
5ʹ exonuclease activity, this latter enabling proofreading 
during DNA replication, and the common p.Ser605del 
mutation causing MDPL results in the deletion of 
a single amino acid at the active site leading to impaired 
polymerase activity.39 Less than 30 patients have so far 
been described as having POLD1-related MDPL syn-
drome, and most of them (almost 80%) carry the common 
p.Ser605del mutation.42–51 Less frequent POLD1 

mutations observed in the patients include the p. 
Arg507Cys one, observed in three patients and affecting 
the C-terminal part of the exonuclease domain, the p. 
Ile1070Asn mutation observed in one patient and pre-
dicted to impair the zinc finger 2 domain of the protein, 
and another likely pathogenic mutation in the same 
domain (p.Glu1067Lys) observed in two related patients 
with a milder phenotype.42–51 Interestingly, MDPL fibro-
blasts carrying the recurrent POLD1 p.Ser605del mutation 
showed nuclear and cellular alterations resembling fea-
tures observed in other progeroid syndromes, including 
severe nuclear envelope anomalies, accumulation of pre-
lamin A, altered cell growth, cellular senescence, impaired 
ability to repair DNA double-strand breaks (DSBs), pre-
sence of micronuclei, and an increased rate of telomere 
shortening, suggesting that the ageing phenotype of MDPL 
syndrome is associated with an impaired DNA repair 
capacity.52

Mandibuloacral Dysplasia Associated to 
MTX2
MADaM (OMIM #619127) has been recently described in 
seven patients from five families originating from India, 
Turkey, Algeria, Egypt, and Ecuador, and diagnosed as 
a severe progeroid form of MAD with clinical features 
resembling HGPS, including small viscerocranium with 
mandibular underdevelopment, growth retardation, lipody-
strophy, altered skin pigmentation, distal acro-osteolyses, 
renal focal glomerulosclerosis, and severe cardiovascular 
disease, but all showing normal cognitive development.40 

Patients were first screened for pathogenic mutations in the 
LMNA, ZMPSTE24, BANF1, and POLD1 genes, but none 
was found.40 Subsequent NGS approaches in affected 
members of these families revealed five pathogenic reces-
sive mutations in MTX2, and particularly a c.2T>A mis-
sense mutation (p.Met1Lys) in the first family, a c.544– 
1G>C base substitution within the splice acceptor site in 
intron 8 in the second family and a c.208+3_208+6del 
within the splice donor site in intron 4 in the third family, 
both leading to altered mRNAs resulting in premature 
termination codons in the protein (respectively, p. 
Val182Argfs*3 and p.Ala46Valfs*12), a frame-shift muta-
tion in exon 9 in the fourth family (c.603del; p. 
Tyr202Ilefs*26), and a homozygous 2-bp deletion in 
exon 6 (c.294_295delTC) resulting in a nonsense mutation 
(p.Leu99*) in the fifth family. Owing to the clinical and 
molecular similarities among the affected members, the 
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disease was named MADaM, mandibuloacral dysplasia 
associated with MTX2.40 MTX encodes metaxin-2, an 
outer mitochondrial membrane protein involved in protein 
translocation into mitochondria, in TNF-α-induced apop-
tosis, as well as in interactions with other mitochondrial 
proteins responsible for shaping and stabilizing cristae 
junctions.40,53 Functional studies on primary fibroblasts 
from MADaM patients revealed that loss of MTX2 
resulted in loss of its partner protein metaxin-1 and mito-
chondrial dysfunction, including mitochondrial network 
fragmentation, decreased oxidative phosphorylation, resis-
tance to induced apoptosis, increased cell senescence and 
mitophagy, and reduced proliferation. In addition, second-
ary nuclear defects, including blebs and herniations resem-
bling those described in HGPS and other progeroid 
laminopathies, were observed in both MTX2-mutant fibro-
blasts and mtx-2-depleted C. elegans. However, prelamin 
A or progerin accumulation was absent in MADaM 
fibroblasts.40 Therefore, the authors concluded that the 
striking clinical resemblance among HGPS and MADaM 
patients is likely related to commonly altered signal trans-
duction pathways, activated upon either nuclear or mito-
chondrial primary defects and reciprocally impacting each 
other.40 Indeed, a marked downregulation of mitochondrial 
oxidative phosphorylation proteins accompanied by mito-
chondrial dysfunction has been documented in fibroblasts 
from HGPS patients.54 Similarly, mitochondrial dysfunc-
tion and increased production of reactive oxygen species 
(ROS) have been observed in human fibroblasts subjected 
to knockdown of LMNA and ZMPSTE24, respectively.55

Werner Syndrome: The Prototypic 
Adult-Onset Progeria
It is estimated that the genome of every single cell in our 
body is subjected to a daily average of almost one million 
lesions that arise from exposure to endogenous and exo-
genous DNA damaging agents as well as from DNA 
replication errors.56 These lesions include abasic sites, 
single-strand breaks (SSBs), double-strand breaks 
(DSBs), small insertions and deletions, DNA mis-
matches, DNA adducts, and DNA-protein crosslinks 
that, if not properly repaired, can drive mutagenesis 
and/or interfere with DNA transcription and 
replication.56 Indeed, mammalian cells possess a battery 
of DNA repair enzymes that work in different pathways 
to counteract the daily amount of DNA damage.56 The 
major DNA repair pathways include: base excision repair 

(BER) that removes DNA bases modified by oxidation, 
alkylation, and deamination; nucleotide excision repair 
(NER) that repairs UV photoproducts, DNA crosslinks, 
and bulky lesions; mismatch repair (MMR) that corrects 
replication errors; homologous recombination (HR) and 
non-homologous end-joining (NHEJ) that repair DSBs.56 

The association between DNA damage and ageing is 
documented by extensive evidence in humans showing 
increased markers of genome instability with advancing 
age, as well as in age-related diseases, such as cancer, 
neurodegenerative and cardiovascular diseases, partially 
due to the fact that the DNA repair capacity may decrease 
with advancing age.56,57 Indeed, failure to repair DNA 
damage can lead to mutations transforming normal cells 
into cancerous ones, can induce a non-proliferative state 
termed cellular senescence or result in apoptotic cell 
death.57

Mutations in genes coding for proteins involved in 
DNA repair and maintenance of genome stability result 
in different premature-ageing syndromes that are often 
characterized by increased risk for certain cancers.56,57 

WS is one of these disorders and represents the prototypic 
adult-onset SPS as the affected individuals undergo multi-
ple features of accelerated ageing.58 Indeed, WS is often 
termed “adult progeria” to distinguish it from HGPS, the 
“childhood progeria”.5 The disease is an autosomal domi-
nant SPS resulting from null mutations of the WRN gene, 
coding for a protein (WRN) that plays a critical role in 
repairing damaged DNA.59 In particular, WRN is 
a member of the RecQ family of helicases and is regarded 
as a “caretaker of the genome” allowing the maintenance 
of genome stability during DNA replication, recombina-
tion, repair, and transcription. In addition, WRN is 
required for telomere maintenance and apoptosis.60 

Recessive WRN mutations account for classical WS. 
However, atypical forms of the disease (atypical WS) are 
reported, with patients showing no WRN mutations and 
often an early onset of the symptoms and an accelerated 
disease progression.61

Classical Werner Syndrome
Classical WS (OMIM #277700) is an autosomal recessive 
disorder resulting from homozygous or compound hetero-
zygous loss of function mutations in the WRN gene.59,61 

Founder mutations leading to genetic clusters have been 
identified in Japan (disease prevalence ranging from 1 in 
20,000 to 1 in 40,000) and in Sardinia (disease prevalence 
of 1 in 50,000). The disease prevalence in other 
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populations is less clear, but estimated at 1 or a few cases 
per million individuals.62

WS individuals develop normally during the first dec-
ade of life, and the lack of a pubertal growth spurt in 
teenage years is the first clinical sign, leading to an aver-
age final height of 142 cm and a final weight of about 36 
Kg. In their 20s WS individuals begin to manifest graying 
or loss of hair and scleroderma-like skin lesions, followed 
by bilateral ocular cataracts, type 2 diabetes mellitus, 
hypogonadism, skin ulcers, and osteoporosis in their 30s. 
An aged face with beaked nose is common, and fertility is 
reduced in both genders, albeit they can reproduce.23 In 
contrast to HGPS individuals, WS individuals show an 
unusual spectrum of cancers including soft tissue sarco-
mas, thyroid carcinomas, malignant melanomas, menin-
giomas, hematologic/lymphoid cancers, osteosarcomas, 
and other less frequent cancers that often manifest with 
early age of onset and with the presence of multiple 
tumors in the same individual.5,63 A few cases of dementia 
or peripheral neuropathy have been reported in WS sub-
jects, but there is no clear evidence of increased risk for 
neurodegeneration.5 WS patients usually die at a mean age 
of 53–54 years, and the primary causes of death are 
complications resulting from cancer or myocardial infarc-
tion resulting from coronary artery atherosclerosis.62

The gene causing WS was identified in 1996 by posi-
tional cloning and codes for the WRN protein, a member 
of the RecQ DNA helicase family with multiple nuclear 
functions, including DNA dependent ATPase, 3′ → 5′ 
helicase, 3′ → 5′ exonuclease, and DNA strand annealing 
activities.59 WRN is a long gene consisting of 35 exons, of 
which 34 are coding for a protein of 1432 amino acids. 
More than 80 different pathogenic WRN mutations have 
been identified in WS patients, mainly resulting in protein 
truncation with the elimination of the nuclear localization 
signal at the C-terminus of the protein, and including 
nonsense mutations, small insertions and deletions leading 
to frame-shift, and splice site mutations leading to exon 
skipping.64 Among them, founder mutations are reported 
in Japanese (c.3139–1G>C, resulting in skipping of exon 
26) and Sardinian patients (c.2089–3024A>G, creating 
a novel exon between exons 18 and 19 and introducing 
a premature stop codon).65,66 The c.1105C>T mutation 
creating a stop codon in exon 9 (p.Arg369*) is the most 
common mutation in non-Japanese populations and 
the second most common one in Japan (after the c.3139– 
1G>C one), accounting for almost 18.6% and 15.9% of the 
cases, respectively, and suggesting that it could represent 

a mutational hot spot across ethnic groups.64 Other ethnic- 
specific and potentially founder mutations have been 
described in Moroccan (c.2179dupT, p.Cys727fs), Dutch 
(c.3590delA, p.Asn1197fs), Turkish (c.3460–2A>G, 
resulting in skipping of exon 30), and Asian (c.561A>G, 
creating a cryptic splice site followed by a frame-shift: p. 
Lys187fs) populations.67,68 Also, a few missense WRN 
mutations have been observed in WS patients, mainly 
regarded as null mutations causing protein instability (p. 
Lys125Asn and Lys135Glu) or a significant decrease in 
protein activity (p.Gly574Arg and p.Arg637Trp).67,69,70 

Furthermore, deep intronic mutations creating novel 
exons and three large rearrangements leading to multi- 
exon deletions and duplications have also been detected 
in a few patients.64,67 A complete and updated list of WRN 
mutations can be found at the Werner Syndrome 
Mutational Database (http://www.pathology.washington. 
edu/research/werner/database/).71 The WRN protein 
allows maintenance of genome stability during DNA repli-
cation, recombination, repair, and transcription, and is 
required for telomere maintenance and apoptosis.60 Most 
of the mutations observed in WS patients result in the 
absence of a functional WRN protein in nuclei, and cells 
from WS patients display impaired DNA replication, chro-
mosomal instability, telomere shortening, and premature 
senescence with cell passing in culture.72

Atypical Werner Syndrome
The International Registry of Werner Syndrome (www. 
wernersyndrome.org) is located at the Department of 
Pathology of the University of Washington (Seattle, WA, 
USA) and has been recruiting patients suspected of having 
WS since 1988.73 Patients with progeroid signs resembling 
WS who have been referred to the Registry, but who do 
not carry WRN mutations and often feature early onset of 
the symptoms and accelerated progression, have been 
operationally categorized as “atypical Werner 
syndrome”.64 Subsequent genetic screening in those 
patients revealed mutations in LMNA leading to atypical 
progeroid syndromes in some individuals, as detailed in 
the previous sections of this review.5,74 Other patients 
originally diagnosed with WS on clinical grounds were 
subsequently found to carry POLD1 mutations and 
referred to as MDLP cases.44 Moreover, other individuals 
referred to the International Registry of Werner Syndrome 
and showing a segmental progeroid syndrome character-
ized by genomic instability and susceptibility toward early 
onset hepatocellular carcinoma, were found to carry 
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pathogenic biallelic germline mutations in SPRTN, a gene 
coding for a protein required for DNA replication and 
replication-related G2/M-checkpoint regulation.75 The 
study was performed on three patients from two unrelated 
families presenting with early onset hepatocellular carci-
noma, genomic instability and progeroid features. 
A homozygous 1-bp deletion (c.721delA) predicted to 
introduce a premature stop codon at amino acid 249 (p. 
Lys241AsnfsX8) was detected in the first family, whilst 
the screened member of the second family was compound 
heterozygous for a c.350A>G missense mutation (p. 
Tyr117Cys), and a 4-bp deletion (c.717_718+2delAGGT) 
that predominantly caused intron inclusion, inducing 
a premature stop codon at amino acid 246 (p. 
Lys239LysfsX7).75 The analysis of SPRTN in 48 addi-
tional patients with suspected WS who were negative for 
mutations in the WRN or LMNA genes revealed no other 
SPRTN mutations.75 This study revealed that recessive 
mutations in SPRTN cause a novel progeroid syndrome 
termed Ruijs-Aalfs syndrome (OMIM #616200). Cells 
derived from patients with Ruijs-Aalfs syndrome elicit 
genomic instability, and it was found that SPRTN is 
a mammalian DNA-binding metalloprotease that resolves 
DNA-protein crosslinks.76 Another patient referred to the 
International Registry of Werner Syndrome presented with 
an aged appearance with prematurely gray hair and scler-
oderma-like skin lesions, spastic paraplegia, and apparent 
disability.77 Exome sequencing showed a homozygous 
c.626–1G>C mutation in intron 5 and leading to aberrant 
splicing of exon 6 of the SAMHD1 gene, a gene which 
encodes a triphosphohydrolase involved in the regulation 
of intracellular dNTP pools.77

Other Premature-Ageing 
Syndromes
In the previous sections, the author provides an updated 
overview of the genetic heterogeneity underlying some of 
the best-characterized progeroid syndromes, resulting in 
a spectrum of more or less severe disorders characterized 
by both distinctive and overlapping symptoms that range 
in age at onset from early life to adulthood, and including 
both classical and atypical forms (Table 1). In addition to 
these syndromes, many other premature-ageing disorders 
have been observed in humans, whose main symptoms, 
genetic heterogeneity and molecular mechanisms cannot 
be discussed in detail due to space limitations, but that will 
be briefly described in this section.2–4 Several of these 

syndromes result from mutations in genes required for 
DNA repair and maintenance of genomic stability.78–88 

Examples include Bloom syndrome and Rothmund- 
Thomson syndrome resulting from mutations of RecQ 
helicase family members, and particularly from BLM 
(RECQL3) and RECQL4 genes, respectively.78–81 

Similarly, mutations in genes coding for proteins required 
for the NER pathway cause distinct genetic photoderma-
toses characterized by neurological symptoms and prema-
ture onset of pathologies that overlap with those associated 
with old age in humans, including Cockayne’s syndrome, 
xeroderma pigmentosum, and trichothiodystrophy.82–85 

Wiedemann-Rautenstrauch syndrome, is a neonatal pro-
geroid syndrome characterized by severe pre- and postna-
tal growth retardation, facial dysmorphism, and 
generalized lipodystrophy with local fatty tissue accumu-
lations, resulting from recessive mutations of the POLR3A 
gene encoding a subunit of the DNA-dependent RNA 
polymerase III.86 Ataxia-telangiectasia results from bialle-
lic mutations in the ATM gene, coding a protein involved 
in DNA damage response and telomere maintenance.87,88 

Moreover, dyskeratosis congenita is a genetically hetero-
geneous disorder showing autosomal recessive, autosomal 
dominant, and X-linked inheritance, and resulting from 
mutations of several genes encoding telomerase compo-
nents leading to a disease characterized by premature 
telomere shortening, which manifests clinically as the 
classic triad of reticulate hyperpigmentation, nail dystro-
phy and leukoplakia, and with increased risk of cancer and 
other potentially lethal complications, such as bone mar-
row failure, lung and liver diseases.3,89

Other progeroid syndromes result from impairments 
in mitochondrial pathways.90,91 For example, Fontaine 
progeroid syndrome is a fatal neonatal disorder charac-
terized by sparse hair, lipodystrophy, thin skin, osteo-
porosis, and growth retardation, resulting from de novo 
missense mutations in SLC25A24, coding for the cal-
cium-binding mitochondrial carrier protein SCaMC-1, 
and leading to mitochondrial dysfunction in the affected 
patients.90 Similarly, PYCR-related cutis laxa syndrome 
is an autosomal recessive disorder characterized by 
excessive congenital skin wrinkling, a large fontanelle 
with delayed closure, a typical progeroid appearance, 
and varying degrees of growth and developmental 
delay, caused by biallelic mutations of the PYCR1 gene, 
coding for the mitochondrial protein pyrroline-5-carbox-
ylate reductase 1 that catalyzes the last step in proline 
biosynthesis.91
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Additional progeroid syndromes resulting from muta-
tions in genes not involved in nuclear envelope architec-
ture, DNA repair or mitochondrial pathways are also 
described.92–94 Examples include marfanoid-progeroid- 
lipodystrophy syndrome, Penttinen syndrome, SHORT 
syndrome, and others.92–94 Marfanoid-progeroid- 
lipodystrophy syndrome is characterized by a neonatal 
progeroid appearance associated with facial dysmorphism, 
congenital lack of subcutaneous fat and incomplete signs 
of Marfan syndrome, resulting from mutations in the 
FBN1 gene coding for fibrillin-1, a component of the 
extracellular matrix of connective tissue.92 Penttinen syn-
drome is characterized by a prematurely aged appearance 
with lipoatrophy, epidermal and dermal atrophy along with 
hypertrophic lesions that resemble scars, thin hair, propto-
sis, underdeveloped cheekbones, and marked acro- 
osteolysis, resulting from mutations in the PDGFRB 
gene, which encodes the platelet-derived growth factor 
receptor β.93 SHORT syndrome is characterized by short 
stature, hyperextensibility of joints and/or inguinal hernia, 
ocular depression, Rieger anomaly (a defective develop-
ment of the eye that often leads to glaucoma), and teething 
delay, and results from mutations of the PIK3R1 gene that 
encodes a regulatory subunit of phosphatidyl inositol-3 
kinase, involved in cell proliferation and survival.94

Patient Management and 
Therapeutic Approaches
Unfortunately, for most SPS, no cure is yet available, and 
the primary strategy for patient management is to prevent 
or treat signs and symptoms as early as possible in order to 
improve survival and quality of life.2 For example, 
a complete management guide for HGPS is available 
from the Progeria Research Foundation, and includes 
recommendations for both families and health care 
professionals.6,24 HGPS children are at high risk for 
heart attack and stroke at any age, so that annual visit 
with a pediatric cardiologist is recommended, and low- 
dose aspirin should be considered for all children with 
HGPS for both stroke and heart attack prevention. It is 
also recommended that HGPS children undergo magnetic 
resonance imaging (MRI) of the brain, and MR angiogra-
phy (MRA) of the major arteries in the brain and neck to 
determine the presence of arterial narrowing and stroke 
annually.24 In addition, high-calorie diet, exercise and 
hydrotherapy are recommended to counteract atherosclero-
sis, body fat reduction and muscular atrophy, and use of 

sunscreens, eye care, shoe pads, and hearing aids are 
recommended for daily activities.6,24 Similarly, sympto-
matic treatments for WS include cholesterol-lowering 
drugs in case of abnormal lipid profile, treatment of skin 
ulcers, surgical treatment of cataracts, control of type 2 
diabetes mellitus, and standard treatment of tumors. 
Moreover, dietary/physical regimens and smoking avoid-
ance are recommended to reduce atherosclerosis risk.5,62 

Also, the treatment of atypical progeroid syndromes is 
directed toward the specific symptoms that are treated 
with standard therapies, including treatment of diabetes, 
if present, and use of cholesterol-lowering drugs, and may 
require the coordinated efforts of different specialists.95 

Therefore, an early molecular diagnosis in specialized 
centers prevents a long diagnostic journey and allows to 
establish a proper management.2

The discovery of the genetic defects underlying SPS, 
such as HGPS, WS and progeroid laminopathies, and the 
molecular characterization of the patients have led to the 
availability and/or development of several cell culture 
and animal models of these diseases, that have been 
used to investigate their pathogenetic mechanisms as 
well as for testing several therapeutic compounds.23 

Among the various therapeutic options investigated, the 
farnesyltransferase inhibitor (FTI) lonafarnib is the first 
and only known drug treatment receiving US Food and 
Drug Administration (FDA) approval (November, 2020) 
to extend lifespan in children with HGPS and progeroid 
laminopathies.96 Another trial tested whether the combi-
nation of lonafarnib with two drugs that inhibit the for-
mation of the farnesyl group, namely pravastatin and 
zoledronic acid, was more effective than lonafarnib 
alone.97 However, the trial results showed that the three- 
drug combination was equally effective than giving lona-
farnib on its own.97 Therefore, the three-drug combina-
tion is not currently recommended as a replacement 
therapy for lonafarnib.24 Treatment of HGPS fibroblasts 
with the mTOR inhibitor rapamycin, or with the rapamy-
cin analog everolimus, reversed the cellular phenotype of 
HGPS fibroblasts, showing that the mutant protein pro-
gerin was cleared through autophagic mechanisms.98 

Similarly, everolimus treatment increased proliferative 
ability, reduced nuclear blebbing and delayed senescence 
in several cell lines from patients with HGPS, atypical 
WS and other laminopathies.99 A clinical trial that admin-
isters everolimus plus lonafarnib to children with pro-
geria is ongoing, and results of this trial are expected in 
2023.24
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Gene Editing Approaches
Gene editing approaches based on CRISPR/Cas9-based 
technologies showed promising results in HGPS cells 
and animal models, suggesting that in the future these 
approaches could represent novel options for the treatment 
of progeroid diseases.100,101 Specifically, gene editing is 
performed using a Cas9 endonuclease and a guide RNA 
that directs Cas9 to the target DNA region of interest, 
where it introduces cuts into the DNA strands allowing 
for the removal of the existing DNA and the insertion of 
replacement DNA.100,101 Using this technology, it was 
shown that CRISPR/Cas9-mediated lamin A/progerin 
reduction, attenuated weight loss, extended lifespan, and 
improved health status in HGPS mice.101 Similarly, 
Santiago-Fernández et al developed a CRISPR/Cas9- 
based approach to introduce frameshift mutations in the 
LMNA gene and showed that it led to a reduction in 
progerin and lamin A protein levels in HGPS fibroblasts, 
and reduced progerin expression, extended lifespan, and 
improved health status in HGPS mice.100 These studies 
showed the preclinical efficacy of gene editing in animal 
models of progeria, suggesting a possible use of this 
technology in humans in the near future.100,101 However, 
the putative off-target events and adverse effects of the 
Cas9 nuclease, including the generation of random muta-
tions, the induction of severe immune responses against 
the CRISPR–Cas9 system in the treated patients, and the 
risk of also disrupting the wild-type LMNA allele, pose 
challenges to the clinical translation of gene disruption 
strategies for the treatment of progeria, suggesting that 
further investigation is required to ensure the safety of 
these approaches.100,101

More recently, a base editing approach has been pro-
posed as a possible treatment for HGPS.102 Base editing is 
a CRISPR-Cas9-based genome editing technology that 
allows the introduction of precise point mutations in the 
DNA without generating double-strand breaks.103 DNA 
base editors comprise fusions between a catalytically 
impaired Cas nuclease and a base-modification enzyme 
that operates on single-stranded DNA.103 Two classes of 
DNA base editors have been described: cytosine base 
editors (CBEs) that convert a C•G base pair into a T•A 
base pair, and adenine base editors (ABEs) that convert an 
A•T base pair to a G•C base pair.103 ABE-mediated cor-
rection of the LMNA c.1824C>T mutation in fibroblasts 
derived from children with HGPS reduced the abundance 
of progerin protein and restored normal nuclear 

morphology.102 Furthermore, when delivered into 
a mouse model of human progeria, the ABE corrected 
the LMNA c.1824C>T allele in various tissues, reduced 
the vascular pathology, and increased the median lifespan 
of the animals.102 However, albeit base editing approaches 
hold the potential as possible treatment options for HGPS 
and other SPS, further investigation of potential immune 
responses to treatment and optimization of delivery strate-
gies are required prior to translating these findings into the 
clinic.102

Discussion
The advent of rapid DNA sequencing methods has greatly 
accelerated the capability to uncover the genetic basis of 
several progeroid syndromes, leading to a rapid increase in 
the number of identified causative genes in recent years, 
and revealing a highly clinical and genetic heterogeneity 
underlying these conditions that often show overlapping 
signs and symptoms2–5 Therefore, an expert clinical eva-
luation coupled to NGS of panels of genes involved in 
premature-ageing disorders, rather than single-gene 
screening, is currently recommended for molecular diag-
nosis in specialized centers, and requires an interdisciplin-
ary collaboration among several specialists in order to 
establish as early as possible an accurate clinical and 
molecular diagnosis for a proper patient management. 
More comprehensive genomic testing including whole- 
exome sequencing and whole-genome sequencing may 
be considered if single-gene testing or use of a multi- 
gene panel fails to confirm a diagnosis in an individual 
with progeroid features.2–4 For example, a large panel of 
82 genes involved in these syndromes has been recently 
applied for the screening of 66 patients with a clinical 
suspicion of premature-ageing disorders, allowing to con-
firm or establish a final diagnosis in 26% of the cases, so 
that authors have suggested that it could represent a valid 
first-level analysis before whole-genome sequencing 
approaches.4

In addition, the identification of the genetic cause of 
several progeroid syndromes has led to the development of 
animal models of these disorders that have been increas-
ingly used to investigate potential therapeutic strategies.23 

Moreover, the characterization of the mutations underlying 
these conditions poses the basis for future gene editing and 
base editing approaches.
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