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ABSTRACT

As human longevity increases, understanding the molecular mechanisms that drive aging
becomes ever more critical to promote health and prevent age-related disorders. Premature
aging disorders or progeroid syndromes can provide critical insights into aspects of physiological
aging. A major cause of progeroid syndromes which result from mutations in the genes LMNA and
ZMPSTE24 is disruption of the final posttranslational processing step in the production of the
nuclear scaffold protein lamin A. LMNA encodes the lamin A precursor, prelamin A and ZMPSTE24
encodes the prelamin A processing enzyme, the zinc metalloprotease ZMPSTE24. Progeroid
syndromes resulting from mutations in these genes include the clinically related disorders
Hutchinson-Gilford progeria syndrome (HGPS), mandibuloacral dysplasia-type B, and restrictive
dermopathy. These diseases have features that overlap with one another and with some aspects
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of physiological aging, including bone defects resembling osteoporosis and atherosclerosis (the ZMPSTE24

latter primarily in HGPS). The progeroid syndromes have ignited keen interest in the relationship
between defective prelamin A processing and its accumulation in normal physiological aging. In
this review, we examine the hypothesis that diminished processing of prelamin A by ZMPSTE24 is
a driver of physiological aging. We review features a new mouse (Lmna-®*¥%/64%%) that produces
solely unprocessed prelamin A and provides an ideal model for examining the effects of its
accumulation during aging. We also discuss existing data on the accumulation of prelamin A or
its variants in human physiological aging, which call out for further validation and more rigorous
experimental approaches to determine if prelamin A contributes to normal aging.

Introduction ) _ ) )
mutations in LMNA, which encodes prelamin

Aging is an important determinant of osteoporosis
and cardiovascular disease. A large percentage of
the older U.S. population has at least one of these
two disorders, making them enormous burdens in
terms of suffering and medical costs [1-4].
A better understanding of the molecular drivers
of bone and vascular decline during aging, through
the analysis of relevant cellular and mouse models,
will significantly hasten the development of strate-
gies and therapeutics to improve public health of
our older population. Research on progeroid syn-
dromes has pointed to unexpected drivers promot-
ing pathologies associated with these rare diseases
and possibly with physiological aging more gener-
ally [5-7]. Progeroid syndromes caused by

A as well as lamin C, and ZMPSTE24, which
encodes the prelamin A processing enzyme, the
zinc metalloprotease ZMPSTE24, have implicated
unprocessed, farnesylated prelamin A or its var-
iants in accelerated aging processes [8,9].
However, much remains to be learned about the
underlying pathogenic mechanisms these proteins
mediate and their contributions, if any, to physio-
logical aging.

Defective processing of prelamin A and

progeroid syndromes

Prelamin A, the precursor of the nuclear lamin A,
has a carboxyl-terminal cysteine-aliphatic-aliphatic
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-any amino acid (CAAX) motif. The CAAX motif
signals a series of three post-translational reac-
tions. In the first step, protein farnesyltransferase
catalyzes the addition of a farnesyl moiety to the
cysteine [10,11]. Next, the RCE1 protease catalyzes
cleavage between the farnesylated cysteine and -
AAX residues, which are -SIM in prelamin A (it
should be noted that ZMPSTE24 can also cleave
some CAAX motifs, but not that of prelamin A)
[12]. Third, the carboxyl-terminal farnesylcysteine
is methylated in a reaction catalyzed by isoprenyl-
cysteine carboxyl methyltransferase [13,14]. This
series of reactions yields farnesylated and carboxyl
methylated prelamin A (Figure 1, top). Most
CAAX motif-containing proteins require these
modifications for proper membrane binding or
protein—-protein interactions. However, prelamin
A is unusual in that immediately after its synthesis
a multispanning membrane enzyme, the zinc
metalloprotease ZMPSTE24, catalyzes a second
reaction that cleaves off the last 15 amino acids,
producing non-farnesylated mature lamin A that
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Figure 1. The processing of prelamin a in normal and progeroid
cells. The post-translational processing steps leading to farne-
sylated and carboxyl methylated prelamin a (top) are described
in the text. The final enzymatic reaction in prelamin
a processing is the ZMPSTE24-catalyzed cleavage of prelamin
A to generate mature lamin A (blue) and a 15-amino acid
farnesylated and carboxyl methylated polypeptide (red) (left).
This cleavage does not occur in cells lacking ZMPSTE24 or with
a with a LMNA mutation that blocks cleavage (right). The
farnesylated and carboxyl methylated cysteine is indicated. At
bottom, fluorescence micrographs show that nuclei from cells
expressing GFP-lamin a have a normal ovoid shape (left)
whereas nuclei from cells expressing an unprocessed form of
GFP-tagged prelamin a are aberrantly shaped (right).

incorporates into the nuclear lamina [9,15-18]
(Figure 1, bottom left). The cleaved farnesylated
and carboxyl methylated peptide has not been
detected in cells and is likely rapidly degraded.
The reason prelamin A undergoes modification
followed by rapid cleavage of the modification is
unknown, although it is clearly important for
human health. When cleavage by ZMPSTE24 is
blocked, farnesylated and carboxyl methylated pre-
lamin A accumulates, leading to progeroid syn-
dromes. At least one hallmark of progeroid cells
is aberrantly shaped nuclei [19,20] (Figure 1, bot-
tom right).

ZMPSTE24 and the integral membrane CAAX
processing components are dually localized to both
the inner nuclear membrane and endoplasmic reti-
culum membrane. Prelamin A contains a strong
nuclear localization signal and its posttranslational
modifications occur within the nucleus [21].
However, when prelamin A nuclear localization is
artificially blocked by deletion of its nuclear localiza-
tion signal, it nevertheless can be fully processed at
the endoplasmic reticulum membrane [21,22].

Prelamin A-related progeroid syndromes

Normally, farnesylated prelamin A is a transient
species, essentially undetectable in cells because of
its efficient conversion to mature lamin A. The
premature aging disease Hutchinson-Gilford pro-
geria syndrome (HGPS) is caused by a splicing
mutation in LMNA that generates an internally
deleted prelamin A variant called progerin or
A50 prelamin A, but normal lamin C [23,24].
Progerin retains its CAAX motif, but lacks the
ZMPSTE24 cleavage site, and thus remains perma-
nently farnesylated and carboxyl methylated
(Figure 2a). Children with HGPS manifest numer-
ous premature aging symptoms, including general-
ized lipodystrophy, alopecia, failure to thrive, bone
loss, and early-onset cardiovascular disease.
Myocardial infarction or stroke is typically the
cause of death for patients with HGPS and occurs
in the mid-teens [6,25,26]. The progeroid syn-
dromes restrictive dermopathy (RD) and mandi-
buloacral dysplasia-type B (MAD-B) result from
mutations in ZMPSTE24 that lead to accumulation
of full-length permanently farnesylated and car-
boxyl methylated prelamin A (Figure 2b) [27-
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Figure 2. Defective prelamin a processing results in permanently farnesylated prelamin a and progeroid syndromes. Processing of
human prelamin A to mature lamin A by ZMPSTE24, between residues Yess and Les7, is shown at the top. (a) a dominant LMNA
splicing mutation internally deletes 50 amino acids, including the ZMPSTE24 processing site, resulting in progerin, and causing HGPS.
(b) recessive mutations in ZMPSTE24 leads to accumulation of unprocessed prelamin A, causing RD and MAD-B. (c) the dominant
LMNA-L647R mutation disrupts ZMPSTE24-catalyzed cleavage, resulting in accumulation of prelamin A, and causing a MAD-B-like

disorder.

30]. RD, caused by complete loss-of-function
mutations in ZMPSTE24, is neonatal lethal, pre-
sumably because of severe embryonic develop-
mental defects in bone, skin, and other organs.
MAD-B caused by partial loss-of-function muta-
tions in ZMPSTE24 is generally less severe than
HGPS, with the lifespan of patients typically vary-
ing from the teens to the 40s. Distinct ZMPSTE24
alleles retain varying levels of residual proteolytic
activity that scale with disease severity [31,32].
MAD-B is characterized by growth retardation,
partial lipodystrophy, mottled pigmentation of
the skin, and prominent bone defects including
mandibular hypoplasia and progressive resorption
of bone of the distal phalanges and clavicles.
A single patient has been reported whose symp-
toms are phenotypically similar to MAD-B but
whose genetic mutation is in LMNA [33]. This
patient ~ with ~ MAD-B-like  disease  has
a heterozygous LMNA L647R point mutation that
abolishes the ZMPSTE24 cleavage in human pre-
lamin A, and thus also leads to accumulation of
full-length farnesylated and carboxyl methylated
prelamin A with a single amino acid substitution
(Figure 2c). The patient had growth retardation,
mandibular hypoplasia, mottled pigmentation of

the skin, mild subcutaneous lipoatrophy, and
resorption of a distal phalanx at 17 years of age.
Echocardiography showed normal left ventricular
ejection fraction and stress echocardiography
showed no ischemic changes at 81% of the target
heart rate, suggesting no coronary artery obstruc-
tive disease at that age.

The farnesyl moiety promotes the toxicity of
progerin and prelamin A

Considerable data implicate the farnesylated forms
of prelamin A and its variants as dose-dependent
drivers of progeroid phenotypes. It is thus the
presence of permanently farnesylated forms of
these proteins, and not the decrease in mature
lamin A, that causes progeroid cellular defects
and disease. Rather, loss of mature lamin A due
to homozygous null Lmna mutations in mice or
LMNA haploinsufficiency in humans causes cardi-
omyopathy and muscular dystrophy [34,35].

The first evidence for permanently farnesylated
prelamin A being a driver of pathology came from
studies of Zmpste24~'~ mice, which express prelamin
A but no mature lamin A and provide a model for
the human disease RD (but the mice survive past
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birth). Crossing these mice onto an Lmna* back-
ground leads to accumulation of only half the
amount of farnesylated prelamin A, and this is suffi-
cient to eliminate essentially all progeroid symptoms
[36,37]. Several groups then showed that treatment
of cultured cells with protein farnesyltransferase
inhibitors (FTIs) improves the abnormal nuclear
morphology associated with accumulation of perma-
nently farnesylated prelamin A or progerin [38-42].
In pioneering in vivo experiments, Fong et al. [43]
demonstrated that an FTT improved progeroid phe-
notypes of Zmpste24”'~ mice. FTIs were later
demonstrated to improve progeroid phenotypes in
various mouse models of HGPS [44,45]. In MAD-B,
the greater the residual activity of ZMPSTE24 due to
different point mutations - resulting in more pre-
lamin A processing - the lesser the severity of disease
[31,32]. Clinical trials based on this preclinical
research eventually led to the U.S. Food and Drug
Administration approval of the FTI lonafarnib
(brand name Zokinvy) for HGPS, MAD-B, and
related progeroid syndromes with accumulation of
prelamin A variants [46-48]. Preclinical data suggest
that blocking carboxyl methylation of the isoprenyl
cysteine in prelamin A may also be beneficial [49,50].

How might permanently farnesylated
prelamin A lead to progeroid phenotypes?

In order to understand how accumulation of per-
manently farnesylated prelamin A or its variants
cause progeroid phenotypes, we must rely on addi-
tional basic research to decipher the functions of
the nuclear lamina. The lamina is a meshwork of
atypical intermediate filaments underlying the
nuclear envelope inner membrane that in most
mammalian differentiated cells is composed of
mature lamin A, lamin BI1, lamin B2, and lamin
C [51,52]. Each of these lamins appears to form
separate filaments, all of which contribute to the
lamina. Lamin A is specifically implicated in
numerous fundamental functions, including main-
taining the structural integrity of the nucleus and
providing an organizing platform for chromatin
and transcription factors [53].

Lamin A also interacts directly with Sun pro-
teins of the inner nuclear membrane [54]. In the
perinuclear space, Sun proteins bind to outer
nuclear membrane KASH (for Klarsicht, ANC-

1, Syne homology) domain proteins, called
nesprins in mammals, to form the ‘linker of
the nucleoskeleton and cytoskeleton” (LINC)
complex [54-56]. Different nesprins bind to
actin, microtubule motors, or intermediate fila-
ments in the cytoplasm [57]. Hence, lamin A is
part of an elaborate structural network connect-
ing the inside of the nucleus to the cytoskeleton
that functions in mechanotransduction and
positioning of the nucleus within the cell
[58,59]. Mechanical stress from outside the cell,
such as the stiff extracellular matrix in bone and
shear stress of blood flow in arteries, is therefore
communicated to cytoskeletal elements and ulti-
mately to lamin A through this network. This
may lead to changes in genome organization
and gene expression in response to extracellular
mechanical stimuli [60]. Inputs from this
mechanotransduction system may regulate the
expression of lamin A itself, as its levels are
increased in nuclei of cells in tissues of greater
stiffness such as bone [61]. Farnesylated pro-
gerin prevents proper positioning of the nucleus
in migrating fibroblasts, suggesting that it inter-
feres with proper mechanotransduction between
the extracellular matrix, cytoplasm, and
nucleus [62].

The structural, transcriptional, or mechanical
impacts of permanently farnesylated prelamin
A or progerin that are directly responsible at
a molecular level for the premature aging symp-
toms apparent in progeroid diseases have not
been precisely determined. Alterations in numer-
ous cellular processes and pathways have been
reported in tissue culture cells or patient fibro-
blasts expressing permanently farnesylated prela-
min A or progerin. Among the best documented
of these are DNA replication stress, DNA repair
defects, altered nuclear mechanics epigenetic
alterations, telomere attrition, genomic instability,
oxidative stress, stem cell exhaustion, cellular
senescence, loss of proteostasis, increased inflam-
mation, and mitochondrial dysfunction [63-79].
Notably, many of these defects and changes are
strikingly similar to the classical ‘hallmarks of
aging’ [80,81]. Thus, as discussed below, at least
some of the changes that occur in physiological
aging could result from diminished prelamin
A processing by ZMPSTE24.



Mouse models of prelamin A-related
progeroid syndromes and their limitations

HGPS mouse models have been valuable in ana-
lyzing tissue-specific and systemic effects of pro-
gerin [44,45,82-89]. These HGPS mutant mice
recapitulate most of the phenotypes characteris-
tic of patients, including failure to thrive, alope-
cia, generalized lipodystrophy, bone defects, and
vascular changes. The latter include smooth
muscle cell loss and adventitial thickening in
the aorta [45,82-89]. In contrast, endothelial
cells, despite being the first to experience shear
stress, remain preserved, albeit potentially func-
tionally compromised [90-92]. Most strains of
HGPS mice die prematurely between 4 and 10
months of age, with median survival varying
between strains.

Zmpste24”'~ mice that accumulate farnesylated pre-
lamin A have been used as a model for progeroid
syndromes, sometimes interchangeably (and inaccu-
rately) with HGPS [15,16,43]. Zmpst6247/ " mice fail to
thrive, have severe bone defects, and die at 5-7 months
of age. While prelamin A, like progerin, may cause
vascular defects, this has not been established, as
Zmpste24”'~ mice may die of other causes before this
phenotype is manifest. A critical often overlooked
problem in using Zmpste24”'~ mice is that the
observed abnormal phenotypes may not be solely
due to the accumulation of farnesylated prelamin
A. ZMPSTE?24 appears to have additional and critical
cellular functions, one of which is clearing Sec61
translocons that are ‘clogged’ with partially folded
nascent secretory proteins [93,94]. Loss of such
a fundamental role in cellular quality control may
confound the use of Zmpste24™'~ mice in understand-
ing the specific role of prelamin A in pathology.
ZMPSTE24 May also have other cellular roles; for
instance, it functions through an as yet undefined
mechanism to protect cells against enveloped viruses
[95]. In the budding yeast Saccharomyces cerevisiae,
where ZMPSTE24 was discovered and is called Ste24
[96-98], a ste24 deletion mutation causes incorrect
topology of a membrane reporter protein, induction
of the unfolded protein response pathway, and impro-
per secretion of proteins lacking a signal sequence
[99-102].

NUCLEUS (&) 5

Lmna“®*8R1648R nice - a new model to study

the impact of solely full-length farnesylated
prelamin A

We have overcome some of the limitations of the
current mouse models to study prelamin A during
aging by generating a new mouse model expressing
an uncleavable prelamin A variant with a single amino
acid substitution [103]. The mouse Lmnal648R allele
is equivalent to the LMNALG647R allele in the pre-
viously characterized human patient with a MAD-
B-like phenotype (Figure 2c) [33]. It changes the leu-
cine just downstream from the processing site in the
portion of prelamin A that is normally cleaved off and
blocks the cleavage step. This leads to the expression of
a permanently farnesylated prelamin variant with an
arginine in place of a leucine at residue 648, and no
mature lamin A. In humans, many LMNA mutations,
including the classical HGPS mutation, are dominant
and thus manifest disease in the heterozygous state. In
mice, HGPS and other LMNA-based diseases are well
modeled in the homozygous state, with heterozygotes
of some strains showing more modest or later-onset
phenotypes [44,83,86,104-106]. Thus, it is not surpris-
ing that Lmna""***" mice are indistinguishable from
wild-type littermates. In contrast, the homozygous
Lmna" ¥R mice develop failure to thrive and
bone defects that are similar to, albeit less severe and
of later onset, than those in Zmpste24™~ mice.
Strikingly, however, the Lmna"***"**} mice have
near-normal longevity, with male mice having
a median survival of 89 and female mice 106 weeks
(Figure 3). This finding is in stark contrast to
Zmpste24” mice that die at 20 to 28 weeks of age.
The earlier death of Zmpste24”'~ mice may be due to
loss of the other ZMPSTE24 functions discussed in
addition to accumulation of farnesylated prelamin
A. It is of note that the median survival of male
Lmna V%R mice is shorter than that of their
female couterparts, which could result from a sex-
specific difference in the biological effects of the
L648R form of prelamin A or, more trivially, from
more aggressive male mice attacking weaker cage
mates. In any case, because Limna™**SR8R mice
grow old, they provide an ideal model for determining
how prelamin A accelerates bone loss and possibly
cardiovascular disease or other abnormalities that
occur with aging.
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Figure 3. Survival curves for male and female Lmna™* (+/+), Lmna*/****® (+/L648R), and Lmna“®*®¥/6*%k (L 648R/L648R) mice.Data

are an extension of our originally published cohort [103].

L64SR/L648R .
Lmna / mice show an overall failure to

thrive. They have decreased body mass compared
to Lmna'’* mice starting at approximately 10
weeks of age that becomes more prominent over
time (Figure 4a). Consistent with their decreased
body masses, male and female Lmna ®*8R/1648R
mice are visibly smaller than Lmna®" animals
(Figure 4b). They also have significantly reduced
body fat at 52 weeks of age (Figure 4c).

The most prominent tissue-specific defects in
Lmna™**3V 4R mice are in bone, particularly in the
cranium and mandible. The Zmpste24™'~ mice have
what was described as ‘destroyed’ zygomatic arches at
8 weeks [15]. The more gradual onset of defects in the
Lmna V4R mice allowed us to demonstrate nor-
mal zygomatic arches at 4 weeks of age with degen-
erative changes secondary to bone resorption
occurring at approximately 30 weeks of age [103].
Compared to Lmna*"* mice, Lmna™***®"*® mjce
also demonstrate degeneration of the mandible and
loss of vertebral bone density with age (Figure 5).
These bone abnormalities in Lmna **** "% mice,
which are significantly more severe than in age and
sex matched Lmna™* mice, are reminiscent of tem-
poromandibular joint degeneration and osteoporosis
that occur in human physiological aging.

We do not know yet if Lmna"**¥%V 48R mice
develop vascular disease at old ages. As noted
above, HGPS model mice have smooth muscle
cell loss and adventitial thickening in the aorta
[45,82-89]. While we have observed smooth mus-
cle loss in two very old Lmna ****M*R mice, the
aortas of most of the mutant mice are histologi-
cally indistinguishable from those of their unaf-
fected littermates. To observe vascular changes in

L648R/L648R . .
Lmna / mice, it may be necessary to cross

them to a mouse line susceptible to atherosclerosis,
as has been done with one HGPS mouse model
(88,107].

Until now, the biological effects of progerin
and full-length prelamin A have been assumed
to be similar, since both are permanently farne-
sylated, but the Lmna"®***"**R mice raise the
possibility that there may be important differ-
ences between them. All of the prelamin A in
Lmna"®*** 48R mice is in the farnesylated and
carboxyl methylated state (albeit with a single
amino acid difference from wild-type prelamin
A), yet their longevity is nearly normal, unlike
HGPS mouse models or Zmpste24™'~ mice.
However, the mechanism responsible for the
longer lifespan is not known. With regard to
differences with progerin, one hypothesis is
that the loss of 50 amino acid may somehow
render this permanently farnesylated variant
more toxic than full-length, farnesylated prela-
min A. Compared to wild-type prelamin A, the
L648R amino acid substitution could potentially
diminish the toxic effects of full-length, farnesy-
lated prelamin A and its impact on longevity.
While these and other hypotheses remain to be
tested, this new mouse model nonetheless con-
trasts with existing HGPS and Zmpste24™'~ pro-
geroid mice and facilitates the analysis of
molecular and cellular changes caused by per-
manently farnesylated prelamin A. Given their
near-normal longevity, Lmna™¢***/o*¥R  mice
also provide a powerful platform to study the
effects of permanently farnesylated prelamin
A with aging.
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(L648R/L648R) (n=20), Lmna+/L648R (+/L648R) (n=17), and Lmna+/+ (+/+) (n=13) mice and female L648R/L648R (n=13),
+/L648R (n=15), and +/+ (n=11) mice. Values are means and error bars indicate standard errors. (b) photographs of male and
female +/+ and L648R/L648R mice at the indicated ages. (c) body fat volume (left) and body fat volume normalized to body mass
(right) of 52-wk-old male and female +/+ and L648R/L648R mice. Triangles and circles represent values individual mice; the long
horizontal bars represent means and error bars indicate standard errors. Figure is from Wang et al. [103].
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mice. Values are means and error bars indicate standard errors. Figures are from Wang et al. [103].

Do prelamin A or progerin play a role in aging is an important one that remains as yet unsa-

physiological aging? tisfactorily answered. Some studies have indeed

The question of whether or not permanently farne- claimed that prelamin A or progerin accumulate in
sylated forms of prelamin A contribute to normal  cells of older humans. However, as discussed below,



questions remain about the interpretation of those
studies and none have been reproduced. This calls
out for more rigorous and larger scale studies, parti-
cularly because existing therapeutic strategies for the
premature aging diseases, e.g. FTIs, or new ones,
could potentially be harnessed to improve health
and increase lifespan in the normally aging popula-
tion if a permanently farnesylated form of prelamin
A were validated as driver of aging.

In 2006, Scaffidi and Misteli [64] showed that
nuclei in skin fibroblasts obtained from old indivi-
duals acquired defects similar to those in cells from
children with HGPS, including changes in histone
modifications and increased DNA damage. Along
with this, they detected progerin mRNA in fibro-
blasts from normal individuals, albeit at about 50-
fold lower levels compared to those from patients
with HGPS. However, progerin mRNA levels did not
increase with age in normal fibroblasts, leaving open
the question of whether it contributes to aging.
Subsequently, McClintock et al. [108] reported that
progerin accumulates in skin of aging individuals,
and Olive et al. [109] presented data suggesting that
it increases in coronary arteries in old age. However,
the numbers of progerin expressing cells were extre-
mely low in these studies, which have not been
reproduced. Furthermore, other studies have found
that the very low levels of progerin mRNA or protein
in cells from individuals without HGPS do not
increase with age [62,64].

Prelamin A has also been hypothesized to be
involved in physiological aging. This is based on
the compelling possibility that a slight decrease in
ZMPSTE24 expression or activity could lead to
prelamin A accumulation, which in turn could
drive aging phenotypes such as osteoporosis.
A frequently cited paper by Ragnauth et al. [110]
concluded from an immunohistochemical com-
parison of arteries from young and old humans
that prelamin A accumulates in the vasculature
during physiological aging. These authors further
provided immunohistochemical evidence that led
them to conclude that smooth muscle cells in the
media layer of vessels from young individuals con-
tained high levels of ZMPSTE24 (and undetectable
prelamin A), whereas arteries from aged indivi-
duals showed reduced ZMPSTE24 and an
increased frequency of prelamin A-containing
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cells. However, this evidence is correlative, and
furthermore the antibodies used in this study
were not well validated. Lattanzi et al. [111] simi-
larly reported that fibroblasts obtained from cen-
tenarians had decreased expression ZMPSTE24
and more of the fibroblasts in a culture were
labeled with antibodies against prelamin
A. While intriguing, the issue of rigor and repro-
ducibility is critically important and studies such
as these must be repeated with other protein detec-
tion approaches, including the use of different and
well-validated antibodies for immunolabelling, and
in larger numbers of subjects. Even if relatively
low-level prelamin A expression is rigorously con-
firmed in cells of old individuals, it must be con-
clusively shown that the low levels present are
detrimental, as heterozygous Zmpste24”~ and
Lmna* **® mice appear to be asymptomatic.
However, mice and humans differ in many ways,
including overall lifespan and complications that
occur with aging. It is also possible that aged
human cells might be more sensitized to the pre-
sence of prelamin A and less able to neutralize its
toxic effects, as has been proposed for pro-
gerin [64].

Studies of HIV protease inhibitors have also
hinted at the possibility of a potential link between
prelamin A accumulation and aging symptoms.
Several HIV protease inhibitors, including lopina-
vir, inhibit ZMPSTE24, leading to the accumula-
tion of permanently farnesylated prelamin A [112-
117]. Patients infected with HIV on long-term
antiretroviral therapy have an increased risk of
atherosclerosis, myocardial infarction, and osteo-
porosis [118-120]. Prelamin A accumulation sec-
ondary to pharmacological treatment with these
drugs could potentially therefore contribute to
age-related complications, but a true causal link
has not been demonstrated.

Studies of rare diseases and mouse models clearly
implicate permanently farnesylated prelamin A in
progeroid syndromes. If its connection to physiolo-
gical aging is solidified, it raises speculation that FTI
therapy could be a ‘fountain of youth’ that would
prevent or retard age-related complications.
Needless to say, the potential role of permanently
farnesylated prelamin A in physiological aging war-
rants solidification with further rigorous and repro-
ducible research.



10 H. J. WORMAN AND S. MICHAELIS

Acknowledgments

We thank Dr Yuexia Wang (Columbia University) for her
contributions to the research discussed in this review article.

Disclosure statement

HJW. has received consulting income from Eiger
BioPharmaceuticals.
Funding

This work was supported by NIH grants from the National
Institute of Aging [RO1AG075047] (to SM and HJW) and the
National  Institute of General Medical Sciences
[R35GM127073 to SM]. The content is solely the responsi-
bility of the authors and does not necessarily represent the
official views of the NIH.

Data availability statement

Data sharing is not applicable to this article as no new data
were created or analyzed in this study.

ORCID

Howard J. Worman @ http://orcid.org/0000-0002-7063-7889
Susan Michaelis @ http://orcid.org/0000-0001-5851-5021

References

[1] Compston JE, McClung MR, Leslie WD. Osteoporosis.
Lancet. 2019;393(10169):364-376. doi: 10.1016/S0140-
6736(18)32112-3

[2] Corrado A, Cici D, Rotondo C, et al. Molecular basis of
bone aging. Int ] Mol Sci. 2020;21(10):3679. doi: 10.
3390/ijms21103679

[3] North BJ, Sinclair DA. The intersection between aging
and cardiovascular disease. Circ Res. 2012;110
(8):1097-1108. doi: 10.1161/CIRCRESAHA.111.246876

[4] Yazdanyar A, Newman AB. The burden of cardiovas-
cular disease in the elderly: morbidity, mortality, and
costs. Clin Geriatr Med. 2009;25(4):563-577. doi: 10.
1016/j.cger.2009.07.007

[5] Dreesen O, Stewart CL. Accelerated aging syndromes, are

they relevant to normal human aging? Aging (Albany NY).

2011;3(9):889-895. doi: 10.18632/aging.100383

Gonzalo S, Kreienkamp R, Askjaer P. Hutchinson-

Gilford progeria syndrome: a premature aging disease

caused by LMNA gene mutations. Ageing Res Rev.

2017;33:18-29. doi: 10.1016/j.arr.2016.06.007

Hamczyk MR, Del Campo L, Andres V. Aging in the

cardiovascular system: lessons from Hutchinson-Gilford

[6

[7

progeria syndrome. Annu Rev Physiol. 2018;80(1):27-48.
doi: 10.1146/annurev-physiol-021317-121454

[8] Gordon LB, Rothman FG, Lopez-Otin C, et al
Progeria: a paradigm for translational medicine. Cell.
2014;156(3):400-407. doi: 10.1016/j.cell.2013.12.028

[9] Michaelis S, Hrycyna CA. Biochemistry. A protease for
the ages. Science. 2013;339(6127):1529-1530. doi: 10.
1126/science.1236764.

[10] Reiss Y, Goldstein JL, Seabra MC, et al. Inhibition of
purified p2lras farnesyl: protein transferase by
cys-AAX tetrapeptides. Cell. 1990;62(1):81-88. doi:
10.1016/0092-8674(90)90242-7

[11] Wang M, Casey PJ. Protein prenylation: unique fats
make their mark on biology. Nat Rev Mol Cell Biol.
2016;17(2):110-122. doi: 10.1038/nrm.2015.11

[12] Nie L, Spear E, Babatz TD, et al. A new paradigm for
prelamin a proteolytic processing by ZMPSTE24: the
upstream SYA LL cleavage occurs first and there is no
CaaX processing by ZMPSTE24 bioRxiv; 2020. doi: 10.
1101/2020.05.13.093849.

[13] Clarke S, Vogel JP, Deschenes RJ, et al. Posttranslational
modification of the Ha-ras oncogene protein: evidence for
a third class of protein carboxyl methyltransferases. Proc
Natl Acad Sci U S A. 1988;85(13):4643-4647. doi: 10.1073/
pnas.85.13.4643

[14] Dai Q, Choy E, Chiu V, et al. Mammalian prenylcys-
teine carboxyl methyltransferase is in the endoplasmic
reticulum. J Biol Chem. 1998;273(24):15030-15034.
doi: 10.1074/jbc.273.24.15030

[15] Bergo MO, Gavino B, Ross J, et al. Zmpste24 deficiency
in mice causes spontaneous bone fractures, muscle
weakness, and a prelamin a processing defect. Proc
Natl Acad Sci U S A. 2002;99(20):13049-13054. doi:
10.1073/pnas.192460799

[16] Pendas AM, Zhou Z, Cadifianos ], et al. Defective
prelamin a processing and muscular and adipocyte
alterations in Zmpste24 metalloproteinase-deficient
mice. Nat Genet. 2002;31(1):94-99. doi: 10.1038/ng871

[17] Pryor EE Jr, Horanyi PS, Clark KM, et al. Structure of the
integral membrane protein CAAX protease Ste24p.
Science. 2013;339(6127):1600-1604. doi: 10.1126/science.
1232048

[18] Quigley A, Dong YY, Pike AC, et al. The structural basis of
ZMPSTE24-dependent laminopathies. Science. 2013;339
(6127):1604-1607. doi: 10.1126/science.1231513

[19] Young SG, Fong LG, Michaelis S, et al. Zmpste24,
misshapen cell nuclei, and progeria—new evidence sug-
gesting that protein farnesylation could be important
for disease pathogenesis. ] Lipid Res. 2005;46
(12):2531-2558. doi: 10.1194/jlr.R500011-JLR200

[20] Worman HJ, Michaelis S. Permanently farnesylated pre-
lamin A, progeria, and atherosclerosis. Circulation.
2018;138(3):283-286. doi: 10.1161/CIRCULATIONAHA.
118.034480

[21] Barrowman J, Hamblet C, George CM, et al. Analysis
of prelamin a biogenesis reveals the nucleus to be


https://doi.org/10.1016/S0140-6736(18)32112-3
https://doi.org/10.1016/S0140-6736(18)32112-3
https://doi.org/10.3390/ijms21103679
https://doi.org/10.3390/ijms21103679
https://doi.org/10.1161/CIRCRESAHA.111.246876
https://doi.org/10.1016/j.cger.2009.07.007
https://doi.org/10.1016/j.cger.2009.07.007
https://doi.org/10.18632/aging.100383
https://doi.org/10.1016/j.arr.2016.06.007
https://doi.org/10.1146/annurev-physiol-021317-121454
https://doi.org/10.1016/j.cell.2013.12.028
https://doi.org/10.1126/science.1236764
https://doi.org/10.1126/science.1236764
https://doi.org/10.1016/0092-8674(90)90242-7
https://doi.org/10.1016/0092-8674(90)90242-7
https://doi.org/10.1038/nrm.2015.11
https://doi.org/10.1101/2020.05.13.093849
https://doi.org/10.1101/2020.05.13.093849
https://doi.org/10.1073/pnas.85.13.4643
https://doi.org/10.1073/pnas.85.13.4643
https://doi.org/10.1074/jbc.273.24.15030
https://doi.org/10.1073/pnas.192460799
https://doi.org/10.1073/pnas.192460799
https://doi.org/10.1038/ng871
https://doi.org/10.1126/science.1232048
https://doi.org/10.1126/science.1232048
https://doi.org/10.1126/science.1231513
https://doi.org/10.1194/jlr.R500011-JLR200
https://doi.org/10.1161/CIRCULATIONAHA.118.034480
https://doi.org/10.1161/CIRCULATIONAHA.118.034480

a CaaX processing compartment. Mol Biol Cell
2008;19(12):5398-5408. doi: 10.1091/mbc.e08-07-0704

[22] Wu D, Flannery AR, Cai H, et al. Nuclear localization
signal deletion mutants of lamin a and progerin reveal
insights into lamin a processing and emerin targeting.
Nucleus. 2014;5(1):66-74. doi: 10.4161/nucl.28068

[23] Eriksson M, Brown WT, Gordon LB, et al. Recurrent
de novo point mutations in lamin a cause
Hutchinson-Gilford progeria syndrome. Nature.
2003;423(6937):293-298. doi: 10.1038/nature01629

[24] Sandre-Giovannoli A D, Bernard R, Cau P, et al. Lamin
a truncation in Hutchinson-Gilford progeria. Science.
2003;300(5628):2055. doi: 10.1126/science.1084125

[25] DeBusk FL. The Hutchinson-Gilford progeria syn-
drome. Report of 4 cases and review of the literature.
] Pediatr. 1972;80(4):697-724. doi: 10.1016/S0022-
3476(72)80229-4

[26] Merideth MA, Gordon LB, Clauss S, et al. Phenotype
and course of Hutchinson-Gilford progeria syndrome.
N Engl ] Med. 2008;358(6):592-604. doi: 10.1056/
NEJMo0a0706898

[27] Agarwal AK, Fryns JP, Auchus R], et al. Zinc metallo-
proteinase, ZMPSTE24, is mutated in mandibuloacral
dysplasia. Hum Mol Genet. 2003;12(16):1995-2001.
doi: 10.1093/hmg/ddg213

[28] Moulson CL, Go G, Gardner JM, et al. Homozygous
and compound heterozygous mutations in ZMPSTE24
cause the laminopathy restrictive dermopathy. J Invest
Dermatol. 2005;125(5):913-919. doi: 10.1111/j.0022-
202X.2005.23846.x

[29] Shackleton S, Smallwood DT, Clayton P, et al
Compound  heterozygous ZMPSTE24 mutations
reduce prelamin a processing and result in a severe
progeroid phenotype. ] Med Genet. 2005;42(6):e36.
doi: 10.1136/jmg.2004.029751

[30] Navarro CL, Esteves-Vieira V, Courrier S, et al. New
ZMPSTE24 (FACEl) mutations in patients affected
with restrictive dermopathy or related progeroid syn-
dromes and mutation update. Eur ] Hum Genet.
2014;22(8):1002-1011. doi: 10.1038/ejhg.2013.258

[31] Barrowman J, Wiley PA, Hudon-Miller SE, et al. Human
ZMPSTE24 disease mutations: residual proteolytic activ-
ity correlates with disease severity. Hum Mol Genet.
2012;21(18):4084-4093. doi: 10.1093/hmg/dds233

[32] Spear ED, Hsu ET, Nie L, et al. ZMPSTE24 missense
mutations that cause progeroid diseases decrease pre-
lamin a cleavage activity and/or protein stability. Dis
Model Mech. 2018;11(7):dmm033670. doi: 10.1242/
dmm.033670

[33] Wang Y, Lichter-Konecki U, Anyane-Yeboa K, et al.
A mutation abolishing the ZMPSTE24 cleavage site in
prelamin a causes a progeroid disorder. J Cell Sci.
2016;129(10):1975-1980. doi: 10.1242/jcs.187302

[34] Sullivan T, Escalante-Alcalde D, Bhatt H, et al. Loss of
A-type lamin expression compromises nuclear envel-
ope integrity leading to muscular dystrophy. J Cell Biol.
1999;147(5):913-920. doi: 10.1083/jcb.147.5.913

NUCLEUS 1

[35] Bonne G, Di Barletta MR, Varnous S, et al. Mutations
in the gene encoding lamin A/C cause autosomal
dominant Emery-Dreifuss muscular dystrophy. Nat
Genet. 1999;21(3):285-288. doi: 10.1038/6799

[36] Fong LG, Ng JK, Meta M, et al. Heterozygosity for
Lmna deficiency eliminates the progeria-like pheno-
types in Zmpste24-deficient mice. Proc Natl Acad Sci
U S A. 2004;101(52):18111-18116. doi: 10.1073/pnas.
0408558102

[37] Varela I, Cadinanos J, Pendds AM, et al. Accelerated
ageing in mice deficient in Zmpste24 protease is linked
to p53 signalling activation. Nature. 2005;437
(7058):564-568. doi: 10.1038/nature04019

[38] Yang SH, Bergo MO, Toth JI, et al. Blocking protein
farnesyltransferase improves nuclear blebbing in mouse
fibroblasts with a targeted Hutchinson-Gilford progeria
syndrome mutation. Proc Natl Acad Sci U S A. 2005;102
(29):10291-10296. doi: 10.1073/pnas.0504641102

[39] Toth JI, Yang SH, Qiao X, et al. Blocking protein
farnesyltransferase improves nuclear shape in fibro-
blasts from humans with progeroid syndromes. Proc
Natl Acad Sci U S A. 2005;102(36):12873-12878. doi:
10.1073/pnas.0505767102

[40] Capell BC, Erdos MR, Madigan JP, et al. Inhibiting
farnesylation of progerin prevents the characteristic
nuclear blebbing of Hutchinson-Gilford progeria
syndrome. Proc Natl Acad Sci U S A. 2005;102
(36):12879-12884. doi: 10.1073/pnas.0506001102

[41] Mallampalli MP, Huyer G, Bendale P, et al. Inhibiting
farnesylation reverses the nuclear morphology defect in
a HeLa cell model for Hutchinson-Gilford progeria
syndrome. Proc Natl Acad Sci U S A. 2005;102
(40):14416-14421. doi: 10.1073/pnas.0503712102

[42] Glynn MW, Glover TW. Incomplete processing of
mutant lamin a in Hutchinson-Gilford progeria leads
to nuclear abnormalities, which are reversed by farne-
syltransferase inhibition. Hum Mol Genet. 2005;14
(20):2959-2969. doi: 10.1093/hmg/ddi326

[43] Fong LG, Frost D, Meta M, et al. A protein farnesyl-
transferase inhibitor ameliorates disease in a mouse
model of progeria. Science. 2006;311
(5767):1621-1623. doi: 10.1126/science.1124875

[44] Yang SH, Meta M, Qiao X, et al. A farnesyltransferase
inhibitor improves disease phenotypes in mice with a
Hutchinson-Gilford progeria syndrome mutation. J Clin
Invest. 2006;116(8):2115-2121. doi: 10.1172/JCI28968

[45] Capell BC, Olive M, Erdos MR, et al. A farnesyltransferase
inhibitor prevents both the onset and late progression of
cardiovascular disease in a progeria mouse model. Proc
Natl Acad Sci U S A. 2008;105(41):15902-15907. doi: 10.
1073/pnas.0807840105

[46] Gordon LB, Kleinman ME, Miller DT, et al. Clinical
trial of a farnesyltransferase inhibitor in children with
Hutchinson-Gilford progeria syndrome. Proc Natl
Acad Sci U S A. 2012;109(41):16666-16671. doi: 10.
1073/pnas.1202529109


https://doi.org/10.1091/mbc.e08-07-0704
https://doi.org/10.4161/nucl.28068
https://doi.org/10.1038/nature01629
https://doi.org/10.1126/science.1084125
https://doi.org/10.1016/S0022-3476(72)80229-4
https://doi.org/10.1016/S0022-3476(72)80229-4
https://doi.org/10.1056/NEJMoa0706898
https://doi.org/10.1056/NEJMoa0706898
https://doi.org/10.1093/hmg/ddg213
https://doi.org/10.1111/j.0022-202X.2005.23846.x
https://doi.org/10.1111/j.0022-202X.2005.23846.x
https://doi.org/10.1136/jmg.2004.029751
https://doi.org/10.1038/ejhg.2013.258
https://doi.org/10.1093/hmg/dds233
https://doi.org/10.1242/dmm.033670
https://doi.org/10.1242/dmm.033670
https://doi.org/10.1242/jcs.187302
https://doi.org/10.1083/jcb.147.5.913
https://doi.org/10.1038/6799
https://doi.org/10.1073/pnas.0408558102
https://doi.org/10.1073/pnas.0408558102
https://doi.org/10.1038/nature04019
https://doi.org/10.1073/pnas.0504641102
https://doi.org/10.1073/pnas.0505767102
https://doi.org/10.1073/pnas.0505767102
https://doi.org/10.1073/pnas.0506001102
https://doi.org/10.1073/pnas.0503712102
https://doi.org/10.1093/hmg/ddi326
https://doi.org/10.1126/science.1124875
https://doi.org/10.1172/JCI28968
https://doi.org/10.1073/pnas.0807840105
https://doi.org/10.1073/pnas.0807840105
https://doi.org/10.1073/pnas.1202529109
https://doi.org/10.1073/pnas.1202529109

12 (&) H.J. WORMAN AND S. MICHAELIS

[47] Gordon LB, Kleinman ME, Massaro J, et al. Clinical
trial of the protein farnesylation inhibitors lonafarnib,
pravastatin, and zoledronic acid in children with
Hutchinson-Gilford progeria syndrome. Circulation.
2016;134(2):114-125. doi: 10.1161/
CIRCULATIONAHA.116.022188

[48] Suzuki M, Jeng LJB, Chefo S, et al. FDA approval

summary for lonafarnib (Zokinvy) for the treatment

of Hutchinson-Gilford progeria syndrome and
processing-deficient progeroid laminopathies. Genet

Med. 2023;25(2):100335. doi: 10.1016/j.gim.2022.11.

003

Ibrahim MX, VI S, MK A, et al. Targeting isoprenyl-

cysteine methylation ameliorates disease in a mouse

model of progeria. Science. 2013;340

(6138):1330-1333. doi: 10.1126/science.1238880

[50] Chen X, Yao H, Kashif M, et al. A small-molecule
ICMT inhibitor delays
Hutchinson-Gilford progeria syndrome cells. Elife.
2021;10:€63284. doi: 10.7554/eLife.63284

[51] Turgay Y, Eibauer M, Goldman AE, et al. The mole-
cular architecture of lamins in somatic cells. Nature.
2017;543(7644):261-264. doi: 10.1038/nature21382

[52] Turgay Y, Medalia O. The structure of lamin filaments

[49

senescence of

in somatic cells as revealed by cryo-electron
tomography. Nucleus. 2017;8(5):475-481. doi: 10.
1080/19491034.2017.1337622
[53] Gruenbaum Y, Foisner R. Lamins: nuclear intermedi-
ate filament proteins with fundamental functions in
nuclear mechanics and genome regulation. Annu Rev
Biochem. 2015;84(1):131-164. doi: 10.1146/annurev-
biochem-060614-034115
Crisp M, Liu Q, Roux K, et al. Coupling of the nucleus
and cytoplasm: role of the LINC complex. J Cell Biol.
2006;172(1):41-53. doi: 10.1083/jcb.200509124
[55] Sosa BA, Rothballer A, Kutay U, et al. LINC complexes
form by binding of three KASH peptides to domain
interfaces of trimeric SUN proteins. Cell. 2012;149
(5):1035-1047. doi: 10.1016/j.cell.2012.03.046
Rothballer A, Schwartz TU, Kutay U. Lincing complex
functions at the nuclear envelope: what the molecular
architecture of the LINC complex can reveal about its
function. Nucleus. 2013;4(1):29-36. doi: 10.4161/nucl.
23387
[57] Chang W, Worman HJ, Gundersen GG. Accessorizing
and  anchoring the LINC  complex for
multifunctionality. J Cell Biol. 2015;208(1):11-22. doi:
10.1083/jcb.201409047

[58] Gundersen GG, Worman H]J. Nuclear positioning. Cell.
2013;152(6):1376-1389. doi: 10.1016/j.cell.2013.02.031

[59] Maurer M, Lammerding J. The driving force: nuclear
mechanotransduction in cellular function, fate, and
disease. Annu Rev Biomed Eng. 2019;21(1):443-468.
doi: 10.1146/annurev-bioeng-060418-052139

[60] Wong X, Loo TH, Stewart CL. LINC complex regula-
tion of genome organization and function. Curr Opin

(54

[56

Genet Dev. 2021;67:130-141. doi: 10.1016/j.gde.2020.
12.007

[61] Swift J, Ivanovska IL, Buxboim A, et al. Nuclear
lamin-A scales with tissue stiffness and enhances
matrix-directed differentiation. Science. 2013;341
(6149):1240104. doi: 10.1126/science.1240104

[62] Chang W, Wang Y, Luxton GWG, et al. Imbalanced
nucleocytoskeletal connections create common polarity
defects in progeria and physiological aging. Proc Natl
Acad Sci U S A. 2019;116(9):3578-3583. doi: 10.1073/
pnas.1809683116

[63] Dreesen O. Towards delineating the chain of events
that cause premature senescence in the accelerated
aging  syndrome  Hutchinson-Gilford  progeria
(HGPS). Biochem Soc Trans. 2020;48(3):981-991. doi:
10.1042/BST20190882

[64] Scaffidi P, Misteli T. Lamin A-dependent nuclear
defects in human aging. Science. 2006;312
(5776):1059-1063. doi: 10.1126/science.1127168

[65] Liu Y, Rusinol A, Sinensky M, et al. DNA damage
responses in progeroid syndromes arise from defective
maturation of prelamin a. J Cell Sci. 2006;119(Pt
22):4644-4649. doi: 10.1242/jcs.03263

[66] Kreienkamp R, Graziano S, Coll-Bonfill N, et al. A
cell-intrinsic interferon-like response links replication
stress to cellular aging caused by progerin. Cell Rep.
2018;22(8):2006-2015. doi: 10.1016/j.celrep.2018.01.
090

[67] Gonzalo S, Kreienkamp R. DNA repair defects and
genome instability in Hutchinson-Gilford progeria
syndrome. Curr Opin Cell Biol. 2015;34:75-83. doi:
10.1016/j.ceb.2015.05.007

[68] Lammerding J, Fong LG, Ji JY, et al. Lamins a and
C but not lamin B1 regulate nuclear mechanics. J Biol
Chem. 2006;281(35):25768-25780. doi: 10.1074/jbc.
M513511200

[69] Verstraeten VL, Ji JY, Cummings KS, et al. Increased
mechanosensitivity ~and  nuclear  stiffness in
Hutchinson-Gilford progeria cells: effects of farnesyl-
transferase inhibitors. Aging Cell. 2008;7(3):383-393.
doi: 10.1111/j.1474-9726.2008.00382.x

[70] Kubben N, Zhang W, Wang L, et al. Repression of the
antioxidant NRF2 pathway in premature aging. Cell.
2016;165(6):1361-1374. doi: 10.1016/j.cell.2016.05.017

[71] Dahl KN, Scaffidi P, Islam MF, et al. Distinct structural
and mechanical properties of the nuclear lamina in
Hutchinson-Gilford progeria syndrome. Proc Natl
Acad Sci U S A. 2006;103(27):10271-10276. doi: 10.
1073/pnas.0601058103

[72] Xiong ZM, Choi JY, Wang K, et al. Methylene blue
alleviates nuclear and mitochondrial abnormalities in
progeria. Aging Cell. 2016;15(2):279-290. doi: 10.1111/
acel.12434

[73] Cao K, Blair CD, Faddah DA, et al. Progerin and
telomere dysfunction collaborate to trigger cellular
senescence in normal human fibroblasts. ] Clin
Invest. 2011;121(7):2833-2844. doi: 10.1172/JCI43578


https://doi.org/10.1161/CIRCULATIONAHA.116.022188
https://doi.org/10.1161/CIRCULATIONAHA.116.022188
https://doi.org/10.1016/j.gim.2022.11.003
https://doi.org/10.1016/j.gim.2022.11.003
https://doi.org/10.1126/science.1238880
https://doi.org/10.7554/eLife.63284
https://doi.org/10.1038/nature21382
https://doi.org/10.1080/19491034.2017.1337622
https://doi.org/10.1080/19491034.2017.1337622
https://doi.org/10.1146/annurev-biochem-060614-034115
https://doi.org/10.1146/annurev-biochem-060614-034115
https://doi.org/10.1083/jcb.200509124
https://doi.org/10.1016/j.cell.2012.03.046
https://doi.org/10.4161/nucl.23387
https://doi.org/10.4161/nucl.23387
https://doi.org/10.1083/jcb.201409047
https://doi.org/10.1083/jcb.201409047
https://doi.org/10.1016/j.cell.2013.02.031
https://doi.org/10.1146/annurev-bioeng-060418-052139
https://doi.org/10.1016/j.gde.2020.12.007
https://doi.org/10.1016/j.gde.2020.12.007
https://doi.org/10.1126/science.1240104
https://doi.org/10.1073/pnas.1809683116
https://doi.org/10.1073/pnas.1809683116
https://doi.org/10.1042/BST20190882
https://doi.org/10.1042/BST20190882
https://doi.org/10.1126/science.1127168
https://doi.org/10.1242/jcs.03263
https://doi.org/10.1016/j.celrep.2018.01.090
https://doi.org/10.1016/j.celrep.2018.01.090
https://doi.org/10.1016/j.ceb.2015.05.007
https://doi.org/10.1016/j.ceb.2015.05.007
https://doi.org/10.1074/jbc.M513511200
https://doi.org/10.1074/jbc.M513511200
https://doi.org/10.1111/j.1474-9726.2008.00382.x
https://doi.org/10.1016/j.cell.2016.05.017
https://doi.org/10.1073/pnas.0601058103
https://doi.org/10.1073/pnas.0601058103
https://doi.org/10.1111/acel.12434
https://doi.org/10.1111/acel.12434
https://doi.org/10.1172/JCI43578

[74] Hamczyk MR, Villa-Bellosta R, Quesada V, et al
Progerin accelerates atherosclerosis by inducing endo-
plasmic reticulum stress in vascular smooth muscle
cells. EMBO Mol Med. 2019;11(4):e9736. doi: 10.
15252/emmm.201809736

[75] Goldman RD, Shumaker DK, Erdos MR, et al
Accumulation of mutant lamin a causes progressive
changes in nuclear architecture in Hutchinson-Gilford
progeria syndrome. Proc Natl Acad Sci U S A. 2004;101
(24):8963-8968. doi: 10.1073/pnas.0402943101

[76] Benson EK, Lee SW, Aaronson SA. Role of
progerin-induced telomere dysfunction in HGPS pre-
mature cellular senescence. J Cell Sci. 2010;123(Pt
15):2605-2612. doi: 10.1242/jcs.067306

[77] Espada ], Varela I, Flores I, et al. Nuclear envelope
defects  cause  stem  cell  dysfunction in
premature-aging mice. J Cell Biol. 2008;181(1):27-35.
doi: 10.1083/jcb.200801096

[78] Liu B, Wang J, Chan KM, et al. Genomic instability in
laminopathy-based premature aging. Nat Med. 2005;11
(7):780-785. doi: 10.1038/nm1266

[79] Primmer SR, Liao CY, Kummert OMP, et al. Lamin
a to Z in normal aging. Aging (Albany NY). 2022;14
(20):8150-8166. doi: 10.18632/aging.204342

[80] Lépez-Otin C, Blasco MA, Partridge L, et al. The hall-
marks of aging. Cell. 2013;153(6):1194-1217. doi: 10.
1016/j.cell.2013.05.039

[81] Lopez-Otin C, Blasco MA, Partridge L, et al. Hallmarks
of aging: an expanding universe. Cell. 2023;186
(2):243-278. doi: 10.1016/j.cell.2022.11.001

[82] Varga R, Eriksson M, Erdos MR, et al. Progressive
vascular smooth muscle cell defects in a mouse model
of Hutchinson-Gilford progeria syndrome. Proc Natl
Acad Sci U S A. 2006;103(9):3250-3245. doi: 10.1073/
pnas.0600012103

[83] Osorio FG, Navarro CL, Cadifianos J, et al. Splicing-

directed therapy in a new mouse model of human

accelerated aging. Sci  Transl Med. 2011;3

(106):106ral107. doi: 10.1126/scitranslmed.3002847

Villa-Bellosta R, Rivera-Torres J, Osorio FG, et al.

Defective extracellular pyrophosphate metabolism pro-

(84

—

motes vascular calcification in a mouse model of
Hutchinson-Gilford progeria syndrome that is amelio-
Circulation.

10.1161/

rated on pyrophosphate treatment.
2013;127(24):2442-2451. doi:
CIRCULATIONAHA.112.000571

[85] Lee JM, Nobumori C, Tu Y, et al. Modulation of
LMNA splicing as a strategy to treat prelamin a
diseases. J Clin Invest. 2016;126(4):1592-1602. doi:
10.1172/JCI85908

[86] Kim PH, Luu J, Heizer P, et al. Disrupting the LINC
complex in smooth muscle cells reduces aortic disease
in a mouse model of Hutchinson-Gilford progeria
syndrome. Sci Transl Med. 2018;10(460):eaat7163.
doi: 10.1126/scitranslmed.aat7163

[87] Cabral WA, Tavarez UL, Beeram I, et al. Genetic
reduction of mTOR extends lifespan in a mouse

NUCLEUS 13

model of Hutchinson-Gilford progeria syndrome.
Aging Cell. 2021;20(9):e13457. doi: 10.1111/acel.13457
[88] Hamczyk MR, Villa-Bellosta R, Gonzalo P, et al.
Vascular smooth muscle-specific progerin expression
accelerates atherosclerosis and death in a mouse
model of Hutchinson-Gilford progeria syndrome.
Circulation.  2018;138(3):266-282. doi: 10.1161/
CIRCULATIONAHA.117.030856
[89] Benedicto I, Dorado B, Andrés V. Molecular and cel-
lular mechanisms driving cardiovascular disease in
Hutchinson-Gilford progeria syndrome: lessons
learned from animal models. Cells. 2021;10(5):1157.
doi: 10.3390/cells10051157
[90] Danielsson BE, Peters HC, Bathula K, et al. Progerin-
expressing endothelial cells are unable to adapt to shear
stress. Biophys J. 2022;121(4):620-628. doi: 10.1016/j.
bp;j.2022.01.004
[91] Gete YG, Koblan LW, Mao X, et al. Mechanisms of
angiogenic incompetence in Hutchinson-Gilford pro-
geria via downregulation of endothelial NOS. Aging
Cell. 2021;20(7):e13388. doi: 10.1111/acel. 13388
[92] Osmanagic-Myers S, Kiss A, Manakanatas C, et al.
Endothelial progerin expression causes cardiovascular
pathology through an impaired mechanoresponse. J Clin
Invest. 2019;129(2):531-545. doi: 10.1172/JCI121297
[93] Ast T, Michaelis S, Schuldiner M. The protease Ste24
clears clogged translocons. Cell. 2016;164(1-
2):103-114. doi: 10.1016/j.cell.2015.11.053
[94] Kayatekin C, Amasino A, Gaglia G, et al. Translocon
declogger Ste24 protects against IAPP
oligomer-induced  proteotoxicity. Cell. 2018;173
(1):62-73. doi: 10.1016/j.cell.2018.02.026
[95] Fu B, Wang L, Li S, et al. ZMPSTE24 defends against
influenza and other pathogenic viruses. ] Exp Med.
2017;214(4):919-929. doi: 10.1084/jem.20161270
[96] Fujimura-Kamada K, Nouvet FJ, Michaelis S, et al.
A novel membrane-associated metalloprotease,
Ste24p, is required for the first step of NH2-terminal
processing of the yeast a-factor precursor. J Cell Biol.
1997;136(2):271-285. doi: 10.1083/jcb.136.2.271
[97] Boyartchuk VL, Ashby MN, Rine J. Modulation of Ras
and a-factor function by carboxyl-terminal proteolysis.
Science. 1997;275(5307):1796-1800. doi: 10.1126/
science.275.5307.1796
[98] Tam A, Nouvet FJ, Fujimura-Kamada K, et al. Dual
roles for Ste24p in yeast a-factor maturation:
NH2-terminal proteolysis and COOH-terminal CAAX
processing. J Cell Biol. 1998;142(3):635-649. doi: 10.
1083/jcb.142.3.635
[99] Jonikas MC, Collins SR, Denic V, et al. Comprehensive
characterization of genes required for protein folding
in the endoplasmic reticulum. Science. 2009;323
(5922):1693-1697. doi: 10.1126/science.1167983
[100] Hosomi A, Iida K, Cho T, et al. The ER-associated
protease  Ste24  prevents signal
peptide-independent translocation into the endoplas-
mic reticulum in Saccharomyces cerevisiae. J Biol

N-terminal


https://doi.org/10.15252/emmm.201809736
https://doi.org/10.15252/emmm.201809736
https://doi.org/10.1073/pnas.0402943101
https://doi.org/10.1242/jcs.067306
https://doi.org/10.1083/jcb.200801096
https://doi.org/10.1038/nm1266
https://doi.org/10.18632/aging.204342
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1073/pnas.0600012103
https://doi.org/10.1073/pnas.0600012103
https://doi.org/10.1126/scitranslmed.3002847
https://doi.org/10.1161/CIRCULATIONAHA.112.000571
https://doi.org/10.1161/CIRCULATIONAHA.112.000571
https://doi.org/10.1172/JCI85908
https://doi.org/10.1172/JCI85908
https://doi.org/10.1126/scitranslmed.aat7163
https://doi.org/10.1111/acel.13457
https://doi.org/10.1161/CIRCULATIONAHA.117.030856
https://doi.org/10.1161/CIRCULATIONAHA.117.030856
https://doi.org/10.3390/cells10051157
https://doi.org/10.1016/j.bpj.2022.01.004
https://doi.org/10.1016/j.bpj.2022.01.004
https://doi.org/10.1111/acel.13388
https://doi.org/10.1172/JCI121297
https://doi.org/10.1016/j.cell.2015.11.053
https://doi.org/10.1016/j.cell.2018.02.026
https://doi.org/10.1084/jem.20161270
https://doi.org/10.1083/jcb.136.2.271
https://doi.org/10.1126/science.275.5307.1796
https://doi.org/10.1126/science.275.5307.1796
https://doi.org/10.1083/jcb.142.3.635
https://doi.org/10.1083/jcb.142.3.635
https://doi.org/10.1126/science.1167983

14 H. J. WORMAN AND S. MICHAELIS

Chem. 2020;295(30):10406-10419. doi: 10.1074/jbc.
RA120.012575

[101] Tipper DJ, Harley CA, Kaiser C. Yeast genes control-
ling responses to topogenic signals in a model trans-
membrane protein. Mol Biol Cell. 2002 Apr;13
(4):1158-1174. doi: 10.1091/mbc.01-10-0488

[102] Runnebohm AM, Richards KA, Irelan CB, et al.
Overlapping function of Hrdl and Ste24 in translocon
quality control provides robust channel surveillance.
] Biol Chem. 2020;295(47):16113-16120. doi: 10.1074/
jbc.AC120.016191

[103] Wang Y, Shilagardi K, Hsu T, et al. Abolishing the
prelamin a ZMPSTE24 cleavage site leads to progeroid
phenotypes with near-normal longevity in mice. Proc
Natl Acad Sci U S A. 2022;119(9):e2118695119. doi: 10.
1073/pnas.2118695119

[104] Stewart CL, Kozlov S, Fong LG, et al. Mouse models of
the laminopathies. Exp Cell Res. 2007;313
(10):2144-2156. doi: 10.1016/j.yexcr.2007.03.026

[105] Zhang H, Kieckhaefer JE, Cao K. Mouse models of
laminopathies. Aging Cell. 2013;12(1):2-10. doi: 10.
1111/acel. 12021

[106] Zaghini A, Sarli G, Barboni C, et al. Long term
breeding of the Lmna G609G progeric mouse: char-
acterization of homozygous and heterozygous
models. Exp Gerontol. 2020;130:110784. doi: 10.
1016/j.exger.2019.110784

[107] Nevado RM, Hamczyk MR, Gonzalo P, et al

Premature vascular aging with features of plaque vul-

nerability in an atheroprone mouse model of

Hutchinson-Gilford progeria syndrome with Idlr

deficiency. Cells. 2020;9(10):2252. doi: 10.3390/

cells9102252

McClintock D, Ratner D, Lokuge M, et al. The mutant

form of lamin a that causes Hutchinson-Gilford pro-

geria is a biomarker of cellular aging in human skin.

PLoS One. 2007;2(12):¢1269. doi: 10.1371/journal.

pone.0001269

[109] Olive M, Harten I, Mitchell R, et al. Cardiovascular

pathology in Hutchinson-Gilford progeria: correlation

with the vascular pathology of aging. Arterioscler

Thromb Vasc Biol. 2010;30(11):2301-2309. doi: 10.

1161/ATVBAHA.110.209460

Ragnauth CD, Warren DT, Liu Y, et al. Prelamin a acts

to accelerate smooth muscle cell senescence and is

a novel biomarker aging.

[108

(110

of human vascular

Circulation. 2010;121(20):2200-2210. doi:
CIRCULATIONAHA.109.902056

[111] Lattanzi G, Ortolani M, Columbaro M, et al. Lamins
are rapamycin targets that impact human longevity:
a study in centenarians. ] Cell Sci. 2014;127(Pt
1):147-157. doi: 10.1242/jcs.133983

[112] Caron M, Auclair M, Sterlingot H, et al. Some HIV
protease inhibitors alter lamin A/C maturation and
stability, SREBP-1 nuclear localization and adipocyte
differentiation. AIDS. 2003;17(17):2437-2344. doi: 10.
1097/00002030-200311210-00005

[113] Coffinier C, Hudon SE, Farber EA, et al. HIV protease
inhibitors block the zinc metalloproteinase ZMPSTE24
and lead to an accumulation of prelamin a in cells.
Proc Natl Acad Sci U S A. 2007;104(33):13432-13437.
doi: 10.1073/pnas.0704212104

[114] Coffinier C, Hudon SE, Lee R, et al. A potent HIV
protease inhibitor, darunavir, does not inhibit
ZMPSTE24 or lead to an accumulation of
farnesyl-prelamin a in cells. J Biol Chem. 2008;283
(15):9797-9804. doi: 10.1074/jbc.M709629200

[115] Hudon SE, Coffinier C, Michaelis S, et al. HIV-
protease inhibitors block the enzymatic activity of pur-
ified Ste24p. Biochem Biophys Res Commun. 2008;374
(2):365-368. doi: 10.1016/j.bbrc.2008.07.033

[116] Clarke SG. HIV protease inhibitors and nuclear lamin
processing: getting the right bells and whistles. Proc
Natl Acad Sci U S A. 2007;104(35):13857-1388. doi: 10.
1073/pnas.0706529104

[117] Clark KM, Jenkins JL, Fedoriw N, et al. Human CaaX
protease ZMPSTE24 expressed in yeast: structure and
inhibition by HIV protease inhibitors. Protein Sci.
2017;26(2):242-257. doi: 10.1002/pro.3074

[118] Reyskens KM, Essop MF. HIV protease inhibitors
and onset of cardiovascular diseases: a central role
for oxidative stress and dysregulation of the
ubiquitin-proteasome  system. Biochim Biophys
Acta. 2014;1842(2):256-268. doi: 10.1016/j.bbadis.
2013.11.019

[119] Moran CA, Weitzmann MN, Ofotokun I. The protease
inhibitors and HIV-associated bone loss. Curr Opin
HIV AIDS. 2016;11(3):333-342. doi: 10.1097/COH.
0000000000000260

[120] Friis-Meller N, Reiss P, DAD Study Group. Class of
antiretroviral drugs and the risk of myocardial
infarction. N Engl ] Med. 2007;356(17):1723-1735.

10.1161/


https://doi.org/10.1074/jbc.RA120.012575
https://doi.org/10.1074/jbc.RA120.012575
https://doi.org/10.1091/mbc.01-10-0488
https://doi.org/10.1074/jbc.AC120.016191
https://doi.org/10.1074/jbc.AC120.016191
https://doi.org/10.1073/pnas.2118695119
https://doi.org/10.1073/pnas.2118695119
https://doi.org/10.1016/j.yexcr.2007.03.026
https://doi.org/10.1111/acel.12021
https://doi.org/10.1111/acel.12021
https://doi.org/10.1016/j.exger.2019.110784
https://doi.org/10.1016/j.exger.2019.110784
https://doi.org/10.3390/cells9102252
https://doi.org/10.3390/cells9102252
https://doi.org/10.1371/journal.pone.0001269
https://doi.org/10.1371/journal.pone.0001269
https://doi.org/10.1161/ATVBAHA.110.209460
https://doi.org/10.1161/ATVBAHA.110.209460
https://doi.org/10.1161/CIRCULATIONAHA.109.902056
https://doi.org/10.1161/CIRCULATIONAHA.109.902056
https://doi.org/10.1242/jcs.133983
https://doi.org/10.1097/00002030-200311210-00005
https://doi.org/10.1097/00002030-200311210-00005
https://doi.org/10.1073/pnas.0704212104
https://doi.org/10.1074/jbc.M709629200
https://doi.org/10.1016/j.bbrc.2008.07.033
https://doi.org/10.1073/pnas.0706529104
https://doi.org/10.1073/pnas.0706529104
https://doi.org/10.1002/pro.3074
https://doi.org/10.1016/j.bbadis.2013.11.019
https://doi.org/10.1016/j.bbadis.2013.11.019
https://doi.org/10.1097/COH.0000000000000260
https://doi.org/10.1097/COH.0000000000000260

	Abstract
	Introduction
	Defective processing of prelamin Aand progeroid syndromes
	Prelamin A-related progeroid syndromes
	The farnesyl moiety promotes the toxicity of progerin and prelamin A
	How might permanently farnesylated prelamin Alead to progeroid phenotypes?
	Mouse models of prelamin A-related progeroid syndromes and their limitations
	LmnaL648R/L648R mice– anew model to study the impact of solely full-length farnesylated prelamin A
	Do prelamin Aor progerin play arole in physiological aging?
	Acknowledgments
	Disclosure statement
	Funding
	Data availability statement
	References

