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Abbreviations

EC Endothelial cells
eNOS Endothelial nitric oxide synthase
eNTPD1 Ectonucleoside triphosphate diphosphohydrolase-1
FACE-1 Farnesylated protein converting enzyme-1
HGPS Hutchinson-Gilford progeria syndrome
KLF2 Krüppel-like factor 2
PPi Inorganic pyrophosphate
ROS Reactive oxygen species
TNAP Tissue non-specific alkaline phosphatase
VSMC Vascular smooth muscle cells
ZMPSTE24 Zinc metalloproteinase STE24

 Hutchinson-Gilford Progeria Syndrome (HGPS)

The gross manifestations of Hutchinson-Gilford progeria syndrome (HGPS) were 
recognized as early as 1754 in an Englishman man who died at age 17. The entity 
was initially described clinically in 1886 by Jonathan Hutchinson [1], with a subse-
quent case reported in 1897 by Hastings Gilford [2]; in 1904, Gilford christened the 
disease “progeria” (literally “before old age”) [3]. HGPS is categorized as a prema-
ture aging (progeroid) syndrome; it occurs in roughly one in 20 million live births; 
there are approximately 400–500 cases described in the worldwide literature. 
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Affected individuals are initially healthy and asymptomatic, but at 18–24 months 
diverge from normal growth curves (“failure to thrive”), eventually exhibiting a 
characteristic phenotype comprising scleroderma-like skin, alopecia, osteopenia, 
skeletal dysplasias (including micrognathia and a “bird-beak” nose), joint contrac-
tures, and decreased subcutaneous tissue (lipodystrophy) [4]. In addition to cardiac 
conduction defects, individuals with HGPS most importantly develop markedly 
accelerated cardiovascular disease with vascular stiffening, valvular and vascular 
calcification, and severe atherosclerosis; patients characteristically die of myocar-
dial infarction or stroke at 14–15 years of age. Because many of the features of 
HGPS phenocopy the changes associated with normal human senescence, it has 
been proposed as a model for physiologic aging (see final section). The implicit 
assumption is that therapy which can ameliorate the premature aging of progeria 
can potentially mitigate more typical physiologic senescence.

 Mechanisms Underlying Non-HGPS Progeroid Syndromes

HGPS is actually just one of the more well-known of several progeroid (“resem-
bling normal aging”) syndromes, each with somewhat distinct mechanisms and dif-
ferent manifestations [5].

Virtually all of the premature aging diseases are monogenic—attributable to 
mutations in a single gene. Several are associated with primary defects in DNA 
repair, often (although not uniformly) accompanied by heightened mutation rates 
and cancer incidence. Progeroid DNA repair disorders include (1) mutations in vari-
ous RecQ helicases responsible for unwinding DNA during replication and repair 
(e.g., Werner syndrome, Bloom syndrome, and Rothmund-Thompson syndrome) 
and (2) mutations in a number of the proteins involved in nucleotide excision DNA 
repair (e.g., Cockayne syndrome and xeroderma pigmentosum). Mutations in the 
gene for the extracellular matrix protein fibrillin have also been linked to the 
Marfan- progeroid-lipodystrophy syndrome with individuals exhibiting a progeroid 
appearance at birth [6]. Interestingly, although all of these entities are associated 
with variably shortened lifespans, many patients with DNA repair defects can live 
into adulthood, and morbidity and mortality are not always attributable to cardio-
vascular causes.

Another pathway implicated in accelerated aging involves klotho, a transmem-
brane β-glucuronidase that acts as a co-receptor for the binding of various fibroblast 
growth factors; it is also an endogenous regulator of mitochondrial function and 
antioxidant production (reviewed in [7]). Klotho levels decrease with aging; in 
murine models, klotho deficiency leads to premature senescence while promoting 
vascular calcification. Of note, no genetic klotho deficiency disorders have been 
described in humans, although klotho polymorphisms have been linked to heteroge-
neities in aging phenotype onset and severity [8]. In cell cultures and in mouse 
models, reduced levels of Klotho upregulate Runx2, a central transcription factor 
control node for osteogenic differentiation; concurrently, klotho deficiency leads to 
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increased levels of tissue non-specific alkaline phosphatase (TNAP) which catabo-
lizes inorganic pyrophosphate, an endogenous inhibitor of calcification. In general, 
oxidative stress and reactive oxygen species (ROS) feature broadly in any disorder 
that involves vascular and valvular calcification. Thus, the expression levels of sev-
eral bone morphogenic proteins, as well as Runx2, are all upregulated by various 
ROS (reviewed in [7]).

 Mechanisms Underlying HGPS Syndrome

This section will focus specifically on HGPS, one of the dozen so-called laminopa-
thies caused by abnormal abundance or aberrant post-translational processing of 
lamin A [9].

Lamins are intermediate filaments associated with the inner nuclear membrane 
of the nuclear envelope; they provide nuclear structural integrity with additional 
roles in regulating nuclear shape, chromatin architecture, signal transduction, and 
gene transcription [10]. Divided into homologous A- and B-type proteins, both lam-
ins are expressed in most differentiated mammalian cells; they are subject to alter-
native splicing and also undergo significant post-translational modification [11].

In particular, lamin A and lamin C are alternatively spliced A-type lamins 
encoded by the LMNA gene; HGPS is specifically a disorder of abnormal lamin A 
processing. Mature lamin A is generated by progressive modification from a prela-
min A precursor (Fig.  11.1) [12]. After farnesylation, the C-terminal serine- 
isoleucine- methionine tripeptide is removed and replaced with a carboxymethyl 
residue. The farnesylation and carboxymethyl adduct leads to a more hydrophobic 
protein that intercalates into the lipid of the inner nuclear membrane. The carboxy-
methyl and farnesyl modifications form the substrate for zinc metalloproteinase 
STE24 (ZMPSTE24, also known as farnesylated protein converting enzyme-1, or 
FACE-1) to cleave the terminal 15 amino acids and release the mature lamin A mol-
ecule; this protein can then interact with a variety of nuclear membrane proteins to 
organize nuclear architecture and regulate gene activity. Importantly, if the farnesyl 
group is not ultimately removed, persistent membrane integration will lead to a 
distorted and dysfunctional nuclear architecture (see below).

HGPS typically occurs as a consequence of a de novo synonymous c.1824C>T 
mutation in the 11th exon of LMNA (Fig.  11.1). Although the C>T transition 
(GGC>GGT) codes for glycine in both cases (G608G), it also generates a new 
splice site in exon 11, ultimately leading to the deletion of 150 nucleotides that 
code for 50 amino acids, including the ZMPSTE24 cleavage site. Thus, the mutant 
farnesylated protein—called progerin—cannot be catabolized by FACE-1 and 
remains permanently attached to the nuclear membrane. As would be expected, 
mutations that affect the activity of ZMPSTE24 can also lead to persistent prela-
min A association with the nuclear membrane and also cause a syndrome analo-
gous to HGPS [13].
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The persistent nuclear membrane association of progerin leads to a host of intra-
cellular defects, histologically reflected by distorted and irregular nuclear profiles 
(Fig. 11.1; reviewed in [14, 15]). Nuclear rigidity and distortion presumably lead to 
grossly abnormal chromatin architecture, with subsequent defective chromatin 
remodeling and ineffective access of transcriptional machinery to persistently con-
densed genomic DNA. DNA damage will result from mechanical strand breakage, 
and telomere shortening and genomic instability are predictable consequences. The 
distorted chromatin organization will, in turn, be reflected in aberrant gene tran-
scription and intracellular signaling. It is likely that the nuclear membrane distortion 
will also lead to defective mechanosensing through altered nuclear-cytoskeletal 
interactions, which are expected to be especially important for normal vascular 
function [16, 17]. The dysregulated chromatin architecture will likely also lead to 
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Fig. 11.1 Normal (left side) and classical mutant HGPS (right side) prelamin A processing and 
effects on cellular physiology. Wild type prelamin A is initially farnesylated at a cysteine residue 
near the C-terminus, followed by removal of the terminal serine-isoleucine-methionine tripeptide 
and then carboxymethylation; the fanesylation and carboxymethylation allow the precursor mole-
cule to integrate into the inner nuclear membrane. This protein is then cleaved by zinc metallopro-
teinase STE24 (ZMPSTE24) to form the mature lamin A protein, which is no longer intercalated 
into the nuclear membrane, but does interact with a variety of nuclear envelope proteins to main-
tain normal nuclear shape and chromatin architecture. In the case of the HGPS prelamin A, a de 
novo synonymous mutation replaces the cytosine with a thymidine at position 1824 in the 11th 
exon; although this theoretically results in a conserved codon for glycine at position 608, the C>T 
transition generates an alternative splice site that removes 150 nucleotides from exon 11, resulting 
in the deletion of 50 amino acids including the cleavage site for ZMPSTE24. Subsequent farnesyl-
ation and carboxymethylation produces the progerin protein that remains associated with the inner 
nuclear membrane and leads to nuclear distortion with alterations in chromatin architecture, intra-
cellular signaling, and mechanotransduction, ultimately leading to genomic instability and prema-
ture senescence. Note that low levels of progerin are synthesized ‘normally’ in aged cells and can 
be induced by oxidative stress and telomere shortening
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dysfunctional mitoses and possible replication-associated catastrophe. Finally, the 
requirement for augmented DNA repair will engender excess mitochondrial 
demands with an additional component of oxidative stress.

Interestingly, although a number of murine models of progeria have been devel-
oped, they do not entirely recapitulate the disease phenotype in humans with com-
plete fidelity (reviewed in [18]; (Table 11.1). Some of this is undoubtedly due to 
differences in cross-species protein interactions (human progerin may associate dif-
ferently with nuclear membrane proteins than the mouse homologue), as well as the 
relative role of lamins A and C in murine nuclear architecture. Nevertheless, there 
are enough overlaps in the clinical course to assert that the basic theory regarding 
aberrant nuclear structure-function is likely correct. Moreover, the mouse models 

Table 11.1 Murine models of HGPS

Model Protein expression
Vascular 
changesa

Cardiac 
arrhythmia

Premature 
agingb

LMNAHG/+

Heterozygous knock-in 
of mutant human LMNA 
coding for progerin

Combined human 
progerin and normal 
murine lamin A/C 
expression

No Not 
reported

Yes
4–8 month 
lifespan

LMNAHG/HG

Homozygous knock-in of 
mutant human LMNA 
coding for progerin

Exclusive human 
progerin expression

Not reported Not 
reported

Yes
3–4 week 
lifespan

BAC G608G transgene
Bacterial artificial 
chromosome containing 
human LMNA with 
c.1824C>T transition

Combined human 
progerin and normal 
murine lamin A/C 
expression

Yes No No

LMNAG609G/+

Heterozygous knock-in 
of mutant murine LMNA

Combined murine 
progerin and normal 
murine lamin A/C 
expression

Yes Not 
reported

Yes
~32-week 
lifespan

LMNAG609G/G609G

Homozygous knock-in of 
mutant murine LMNA

Murine progerin and 
lamin C, with residual 
lamin A expression

Yes Yes Yes
~ 15-week 
lifespan

Apoe-/- LMNAG609G/G609G

Homozygous knock-in of 
mutant murine LMNA in 
a mouse with congenital 
apoE deficiencyc

Murine progerin and 
lamin C, with residual 
lamin A expression 
with absent 
apolipoprotein E

Yes, including 
atherosclerosis

Yes Yes
~18-week 
lifespan

Zmpste24-/-

Homozygous knock-out 
of ZMPSTE24

Murine prelamin A and 
lamin C

Yes Yes Yes
5–7 month 
lifespan

Adapted from [18]
aIncludes calcification and VSMC loss; atherosclerosis is NOT seen unless noted
bIncludes failure to thrive, stunting, alopecia, osteoporosis, loss of subcutaneous fat; normal wild- 
type life-span >2 years
cHamczyk et al. [35]
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can be exploited to study disease pathogenesis, as well as the efficacy of various 
therapeutic interventions.

Given the specific molecular processes underlying the biochemical changes in 
HGPS, a number of therapeutic interventions have been investigated. In particular, 
farnesyl transferase inhibitors (e.g., lonafarnib) have proved effective in single-arm 
clinical trials [19]. There is also augmented benefit to HGPS patients from the addi-
tion of statins (blocking upstream HMG-CoA reductase) and bisphosphonates 
(blocking farnesyl diphosphate synthase) introducing two additional inhibitors to 
the prelamin farnesylation pathway [20].

 Mechanisms for Vascular Pathology in HGPS

Both endothelium and smooth muscle cells are impacted by progerin effects on 
nuclear transcription.

Endothelial pathology in HGPS Although less well investigated, endothelial 
cells (EC) with lamin A mutations exhibited accelerated senescence in vitro and a 
proinflammatory/atherogenic program of EC activation with sustained expression 
of leukocyte adhesion molecules (vascular cell adhesion molecule-1 and E-selectin), 
proinflammatory cytokines (interleukin-8 and monocyte chemoattractant pro-
tein-1), and prothrombotic genes (plasminogen activator inhibitor-1), with reduced 
expression of endothelial nitric oxide synthase (eNOS) and downregulation of 
Krüppel- like factor 2 (KLF2; a zinc finger transcription factor important in main-
taining normal endothelial function at sites of laminar flow) [21–23]. Moreover, 
conditioned media from HGPS EC induced similar dysfunction in normal endothe-
lium [23] suggesting that soluble mediators and/or extracellular vesicles may be 
involved [24, 25].

Vascular smooth muscle cell pathology in HGPS Vascular smooth muscle cell 
(VSMC) attrition, with increased proteoglycan matrix expression, occurs in murine 
progeria models as well as in HGPS patients [26, 27]. This VSMC loss may be 
attributable to error-prone DNA repair mechanisms including non-homologous end 
joining of double-stranded DNA breaks, leading to increased cell death through 
caspase-independent mechanisms (e.g., mitotic catastrophe) [28]. Loss of VSMC 
and increased matrix synthesis will ultimately engender stiffer, less compliant ves-
sels; loss of normal endothelial function (e.g., with diminished eNOS production) 
will also lead to increased vascular tone; systemically, this can promote the hyper-
tensive changes seen in progeria.

Cardiovascular calcification in HGPS An increased propensity to calcification 
underlies many of the vascular and valvular pathologies associated with HGPS 
(reviewed in [12]); these likely involve an increased production by VSMC of factors 
that drive osteogenic differentiation, as well as the loss of extracellular inorganic 
pyrophosphate (PPi), a major inhibitor of calcification [29] (Fig. 11.2).
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PPi synthesis is reduced when mitochondrial dysfunction results in diminished 
ATP synthesis (the main source of PPi); this occurs in progeroid syndromes pre-
sumably through increased oxidative stress and defective mitochondrial turnover. 
In addition, knock-in mice carrying the mutant LmnaG609G/+ construct exhibited 
concurrent upregulation of enzymes that catabolize ATP (ectonucleoside triphos-
phate diphosphohydrolase- 1; eNTPD-1) or PPi, including tissue non-specific alka-
line phosphatase (TNAP) [30]; exogenous PPi reduced vascular calcification in 
this model.

On the flip side of the equation (reviewed in [12]), DNA damage (associated with 
cellular senescence) and oxidative stress conspire to reduce ZMPSTE24 expression 
in VSMC, resulting in increased prelamin A levels. In turn, accumulating prelamin 
A drives endogenous damage repair mechanisms and a senescent VSMC secretory 
phenotype [31]. As a result, VSMC produce increasing levels of osteogenic regula-
tors such as osteocalcin and osteopontin, and the transcription factor Runx2, in 
addition to mediators that promote calcification, including interleukin 6, bone mor-
phogenic protein 2, and osteoprotogerin (Fig. 11.2).

eNTPD1

Mitochondrial dysfunction Vascular smooth muscle cell

Mitochondria

Reduced ATP
synthesis

ATP

Nucleus

Inhibits
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Nuclear
membrane
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Progerin
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• bone morphogenic protein 2
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Fig. 11.2 Mechanisms of calcification in wild type and HGPS vascular smooth muscle cells. 
Nuclear distortion and instability lead to oxidative stress and mitochondrial dysfunction, which 
will result in reduced ATP production and ultimately diminished inorganic pyrophosphate (PPi) 
synthesis. Since extracellular PPi is a major inhibitor of calcification, mechanisms that reduce its 
synthesis or increase its degradation lead to greater matrix calcification. Thus, increased produc-
tion by HGPS cells of tissue non-specific alkaline phosphatase (TNAP) and ectonucleoside tri-
phosphate diphosphohydrolase-1(eNTPD1) reduces the functional levels of PPi. At the same time, 
HGPS vascular smooth muscle cells are also synthesizing osteogenic transcription factors, such as 
runx2, as well as a host of osteogenic regulatory proteins that are associated with a senescent secre-
tory VSMC phenotype. The net result is markedly increased propensity for matrix calcification. 
eNPP1: ectonucleotide pyrophosphatase/phosphodiesterase 1, an enzyme that breaks down extra-
cellular ATP to generate PPi
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Although valvular calcification (most commonly in the aortic valve) has been 
reported in HGPS patients [32], nothing is known about the underlying mechanisms 
and whether the pathways involved might actually mirror typical valvular senescent 
calcification. Presumably, the same pathways described for VSMC also impact the 
propensity for calcification in valvular interstitial cells, but this has not been for-
mally evaluated. Although there is an understandable paucity of human HGPS val-
vular specimens to analyze, the various murine models provide excellent 
opportunities to explore altered calcification in other sites. Indeed, to date, valvular 
degenerative pathologies have not even been reported in any of the mouse progeria 
systems.

Atherosclerosis in HGPS Severe atherosclerotic disease is a common feature in 
HGPS; indeed, as noted previously, the most common cause of death in affected 
patients is myocardial infarction or cerebrovascular accident. This predilection for 
early and severe atherosclerosis is not attributable to changes in circulating choles-
terol levels or general inflammatory state of affected individuals [33], although EC 
dysfunction will likely lead to greater inflammatory cell recruitment at sites of vas-
cular injury [22, 23]. Given that atherosclerosis also characteristically occurs at sites 
of low or turbulent shear stress (i.e., at branch points or sites of vascular curvature), 
and that EC KLF2 is down regulated in progeria, it also seems likely that defective 
mechanosensing in the vasculature will be a contributory factor [34]. The athero-
sclerotic plaques in HGPS closely resemble more typical age-related atherosclero-
sis although there increased adventitial fibrosis has been described; it is noteworthy 
that progerin is expressed in a significant fraction of all the cells (EC, intima, media, 
and adventitia) in these plaques [26].

Interestingly, most progeroid murine models exhibit vascular stiffening—likely 
as a consequence of VSMC loss and increased extracellular matrix synthesis—but 
atherosclerosis is not a feature in animals with progerin-only mutations (Table 11.1). 
This is likely due to the fact that mice are relatively resistant to atherosclerosis 
development, attributable to species differences in cholesterol and lipid metabolism. 
Nevertheless, expression of murine progerin on a background of congenital apopro-
tein E deficiency (ApoE−/−) led to the development of accelerated atherosclerosis, as 
well as atherosclerosis-related mortality [35]. VSMC-specific progerin expression 
alone yielded a severe atherosclerotic phenotype (and a shortened lifespan) on the 
ApoE-deficient background, whereas progerin expression in the macrophage cell 
lineage alone did not.

 Relation of HGPS to “Normal” Aging

Physiologic aging is fundamentally the consequence of genomic instability, telomere 
loss, epigenetic changes, and abnormal protein turnover [36]. The tissues in HGPS 
patients exhibit many of these molecular, biochemical, and cellular signatures. 
Consequently, the causal intracellular accumulation of progerin in HGPS patients is 
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promoted as an important window on the mechanisms that underlie physiologic 
senescence (reviewed in [18, 37]). Furthering the case that aging and progerin are 
mechanistically linked, oxidative stress and telomere shortening—associated with 
“normal” aging—also result in prelamin A synthesis [38] and progerin [39] expres-
sion in normal “aged” cells. Thus, there is at least a theoretical connection linking the 
aberrant nuclear membrane architecture associated with progerin to age-related 
pathologies such as cardiac fibrosis and diastolic dysfunction, vascular stiffening and 
hypertension, and atherosclerosis, stroke, and myocardial infarction. Presumably, the 
accelerated nature of the “physiologic” aging in HGPS results from the higher con-
stitutive levels of progerin in virtually all cells leading to severe ongoing dysfunction, 
versus the relatively sparse progerin-positive cells in normal age-related lesions. In 
this regard, it is noteworthy that progerin levels do increase with age, but only mar-
ginally so; progerin is detectable in <0.01% of fibroblasts in primary cultures from 
young donor skin biopsies, but only in the range of 0.3–0.8% of fibroblasts from 
aged donors [40]. Nevertheless, by the time cells reach replicative senescence, the 
fraction of progerin-positive cells reached almost 90%. In the final analysis, HGPS 
probably does represent a true model of accelerated aging [18, 37]; it remains to be 
seen whether the interventions developed to slow the progress of progeria will also 
prove effective in the more physiologic setting of “normal” human senescence.

 Conclusion

The fundamental pathogenesis underlying HGPS is well understood; moreover, the 
resulting biochemical abnormalities (e.g., persistent lamin farnesylation) are at least 
partially amenable to pharmacologic intervention. Thus, to the extent that the sec-
ondary manifestations of HGPS (lipodystrophy, alopecia, osteopenia, skeletal dys-
plasias, joint contractures, etc.) truly reflect accelerated “aging,” this incredibly rare 
entity has the potential to shine a very bright light on pathways that propel physio-
logic senescence. In particular, the endothelial and smooth muscle cell dysfunction 
in HGPS are almost certainly the proximate causes of the premature vascular (and 
valvular) calcification that occurs, as well as the accelerated atherosclerosis that rep-
resents the major cause of mortality in affected patients. Consequently, if accumulat-
ing progerin is indeed the driver for cardiovascular degenerative pathology (which is 
still an uncertain proposition), then the pharmacologic interventions developed to 
treat HGPS patients stand to provide major benefits for the entire (aging) population.
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