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Abstract

Products of the LMNA gene, primarily lamin A and C, are key components of the nuclear lamina, 

a proteinaceous meshwork that underlies the inner nuclear membrane and is essential for proper 

nuclear architecture. Alterations in lamin A and C that disrupt the integrity of the nuclear lamina 

affect a whole repertoire of nuclear functions, causing cellular decline. In humans, hundreds of 

mutations in the LMNA gene have been identified and correlated with over a dozen degenerative 

disorders, referred to as laminopathies. These diseases include neuropathies, muscular dystrophies, 

lipodystrophies, and premature aging diseases. This review focuses on one of the most severe 

laminopathies, Hutchinson-Gilford Progeria Syndrome (HGPS), which is caused by aberrant 

splicing of the LMNA gene and expression of a mutant product called progerin. Here, we discuss 

current views about the molecular mechanisms that contribute to the pathophysiology of this 

devastating disease, as well as the strategies being tested in vitro and in vivo to counteract progerin 

toxicity. In particular, progerin accumulation elicits nuclear morphological abnormalities, 

misregulated gene expression, defects in DNA repair, telomere shortening, and genomic 

instability, all of which limit cellular proliferative capacity. In patients harboring this mutation, a 

severe premature aging disease develops during childhood. Interestingly, progerin is also produced 

in senescent cells and cells from old individuals, suggesting that progerin accumulation might be a 

factor in physiological aging. Deciphering the molecular mechanisms whereby progerin 

expression leads to HGPS is an emergent area of research, which could bring us closer to 

understanding the pathology of aging.
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1. Introduction

The nuclear lamina has emerged as a nuclear compartment with critical roles in the 

maintenance of nuclear architecture and stability, as well as genome organization and 

function (Burke and Stewart 2014, Gruenbaum and Foisner 2015, Gruenbaum and Medalia 

2015). The nuclear lamina is composed of the type V intermediate filament proteins A-type 

lamins (primarily lamin A/C) and B-type lamins (lamin B1/B2), in addition to lamina-

associated proteins. B-type lamins are expressed in all cells and found almost exclusively at 

the nuclear periphery. A-type lamins (lamin A/C) result from alternative splicing of the 

LMNA gene and are found at the nuclear lamina and throughout the nuclear interior, being 

expressed mainly in differentiated cells. The current view is that lamins serve a scaffolding 

role, anchoring chromatin and transcription factors to the nuclear periphery, providing the 

compartmentalization of the genome that is required for proper DNA transactions such as 

transcription, replication, and repair, as well as transducing signals from the cytoskeleton 

into the nucleus. In addition, lamin expression level is directly linked to mechanical stability 

of the nucleus, and tissue rigidity and plasticity (Swift, Ivanovska et al. 2013). The 

association of mutations in lamin proteins, primarily in the LMNA gene, with over a dozen 

degenerative disorders underscores the importance of nuclear lamins in health and disease. 

Lamin-associated diseases or laminopathies encompass a range of phenotypes with different 

tissue pathologies, including muscular dystrophy disorders (e.g., Emery-Dreyfus Muscular 

Dystrophy or EDMD), peripheral neuropathies (e.g. Charcot-Marie-Tooth-Disease type 2B1 

or CMT2B), lipodystrophies, as well as premature aging syndromes such as Hutchinson 

Gilford Progeria Syndrome (HGPS), Atypical Werner Syndrome (AWS), and restrictive 

dermopathy (RD) (Worman, Fong et al. 2009, Gordon, Rothman et al. 2014, Gonzalo and 

Kreienkamp 2015, Vidak and Foisner 2016). Despite intensive research, the relationships 

between genotypes and phenotypes in laminopathies remain poorly understood (Smith, 

Kudlow et al. 2005, Bertrand, Chikhaoui et al. 2011). Some hotspot mutations in the LMNA 
gene have been identified and associated with specific types of laminopathies, such is the 

case of HGPS. However, different mutations throughout the LMNA gene can cause the same 

type of disorder, and different substitutions of the same base can cause different disorders. 

Furthermore, the same LMNA mutation can cause disease in some individuals and be 

asymptomatic in others, stressing the enormous phenotypic variability in laminopathies 

(Rodriguez and Eriksson 2011). This variability suggests that mechanisms other than LMNA 
mutation contribute to the development of the disease. Understanding the factors that 

determine disease severity in laminopathies is an active area of investigation.

Another intriguing question in the field has been why laminopathies affect only a single or a 

few tissues, when lamin A/C are ubiquitously expressed. Some models propose that lamins 

alterations impact the 3D organization of the genome, inducing changes in gene expression. 

These changes vary among tissues, providing tissue specificity of laminopathies. Other 

models propose that alterations in lamins impact the mechanotransduction properties of 

cells, being especially detrimental for tissues such as muscle that are exposed to strong 

mechanical tension. Here we review the knowledge about the molecular mechanisms 

whereby mutations in the LMNA gene cause cellular and organismal decline, as well as the 
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pathophysiology of HGPS and current therapeutic strategies for ameliorating this 

devastating disease.

2. HGPS is caused by expression of a mutant lamin A protein “progerin”

The LMNA gene encodes four lamins (A, C, CΔ10, and C2) via alternative splicing, of 

which lamin A and C are the most ubiquitously expressed. Lamin A and C are identical up 

to residue 574. Lamin C possesses five unique C-terminal residues, and lamin A is 

synthesized as a 664-residue prelamin A precursor that after post-translational processing 

results in a mature lamin A protein of 646 residues. Prelamin A contains a C-terminal -

CAAX motif that is farnesylated, followed by cleavage of the last three residues and 

carboxymethylation of the terminal cysteine (Figure 1A). These modifications facilitate the 

association of prelamin A with the nuclear envelope. Subsequently, the endoprotease 

Zmpste24 (FACE-1) cleaves the 15 C-terminal residues, rendering mature lamin A. To date, 

over 400 mutations in the LMNA gene have been identified and associated with disease 

(http://www.umd.be/LMNA/).

In 2003, two laboratories reported simultaneously the identification of a mutation in the 

LMNA gene that causes HGPS (De Sandre-Giovannoli, Bernard et al. 2003, Eriksson, 

Brown et al. 2003). This mutation is a de novo single-base substitution within the LMNA 
exon 11 (c.1824C>T) that activates a cryptic splice site, leading to an in-frame deletion of 50 

amino acids near the C-terminus of prelamin A (Figure 1B). The abnormal protein 

produced, known as ‘progerin’, retains the –CAAX motif and is farnesylated and 

carboxymethylated. However, progerin lacks the second site for endoproteolytic cleavage, 

and thus remains permanently farnesylated and carboxymethylated. This mutant form of 

lamin A acts in a dominant fashion to induce a whole variety of abnormalities in nuclear 

processes, which eventually lead to cellular and organismal decline. In fact, a morpholino 

oligonucleotide inhibiting usage of the cryptic splice site decreases progerin production and 

significantly ameliorates cellular phenotypes (Scaffidi and Misteli 2006). Although c.

1824C>T remains the most frequent mutation in HGPS patients, other mutations in the 

LMNA gene have been reported that result in increased usage of the cryptic splice site. 

Some of these mutations cause a more severe phenotype than classical HGPS. Several 

studies indicate that the amount of progerin relative to prelamin A dictates the severity of the 

disease (Moulson, Fong et al. 2007, Reunert, Wentzell et al. 2012).

Post-translational modifications of progerin seem to play a major role in the 

pathophysiology of disease (Toth, Yang et al. 2005, Yang, Bergo et al. 2005, Fong, Frost et 

al. 2006, Varela, Pereira et al. 2008, Ibrahim, Sayin et al. 2013). For instance, blocking 

farnesylation of progerin results in a marked improvement of nuclear abnormalities in 

fibroblasts from both HGPS patients and mouse models of progeria. In addition, treatment 

with prenylation inhibitors in vivo improves the aging-like phenotype of the mice and 

increases lifespan (Varela, Pereira et al. 2008). Similarly, a mouse model of progeria with a 

hypomorphic allele of isoprenylcysteine carboxyl methyltransferase (ICMT), the enzyme 

that methylates the C-terminal end of prelamin A/progerin, exhibits a marked improvement 

of phenotype and increased survival. ICMT inhibition also delays senescence in HGPS 

fibroblasts (Ibrahim, Sayin et al. 2013).
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Other post-translational modifications of lamin A include phosphorylation and sumoylation. 

Phosphorylation of lamin A facilitates disassembly of lamin filaments and breakdown of the 

nuclear lamina in preparation for mitosis (Snider and Omary 2014). In HGPS cells, 

phosphorylation of a prominent site (S22) by CDK1 during interphase is reduced, and 

prenylation inhibitors can rescue this defect (Moiseeva, Lopes-Paciencia et al. 2016). 

Moreover, preventing phosphorylation of lamin A/progerin by CDK inhibitors accelerates 

senescence in HGPS fibroblasts. Sumoylation of lamin A at lysine K201 by the SUMO E2 

enzyme Ubc9 has been reported, and shown to require the conserved E203 residue (Zhang 

and Sarge 2008). Sumoylation is important for the proper localization of lamin A within the 

nucleus. Expression of GFP-tagged lamin A mutant proteins K201R, E203G, or E203K, 

which all have reduced sumoylation, shows an altered localization pattern, with the mutant 

proteins accumulating at foci near the nuclear periphery instead of a more continuous 

pattern. This is accompanied by decreased cell viability. Moreover, fibroblasts from a patient 

with the E203K lamin A mutation show decreased lamin A sumoylation and increased cell 

death, supporting a role for sumoylation in lamin A localization and function. Importantly, 

HGPS patient-derived fibroblasts exhibit a reduction in the nuclear/cytoplasmic 

concentration of Ran GTPase, resulting in reduced nuclear levels of Ubc9, as well as TPR, a 

nucleoporin from the basket of the nuclear pore complex (Kelley, Datta et al. 2011). Ectopic 

expression of progerin in HeLa cells was sufficient to reduce nuclear levels of Ubc9, while 

forced localization of Ubc9 to the nucleus ameliorated these progerin-induced phenotypes. 

These data suggest that progerin impacts the function of Ran GTPase and sumoylation 

pathways. Overall, these studies demonstrate that lamin A undergoes a variety of post-

translational modifications that are important for its proper localization and function. 

Alterations in these modifications with progerin contribute to progerin-induced phenotypes.

Progerin expression provokes cellular decline, eliciting nuclear morphological 

abnormalities, misregulated gene expression, chromatin changes, mitochondrial dysfunction, 

defects in DNA repair, alternate splicing, accelerated telomere shortening and premature 

senescence (Figure 1C) (Goldman, Shumaker et al. 2004, Prokocimer, Barkan et al. 2013, 

Gonzalo and Kreienkamp 2015, Gonzalo and Eissenberg 2016). Despite enormous progress 

in recent years identifying cellular processes altered by progerin, we still lack a clear picture 

of the molecular mechanisms whereby progerin expression causes all these cellular 

phenotypes.

3. Molecular mechanisms behind cellular decline in HGPS

3.1. Nuclear morphological abnormalities

The cytological hallmark of HGPS patient-derived fibroblasts is nuclear morphological 

abnormality (Figure 2). HGPS nuclei appear bigger and dysmorphic, with protrusions and 

chromatin herniations throughout, as well as thickening of the nuclear lamina and 

disorganization of nuclear pores and chromatin (Goldman, Shumaker et al. 2004). In 

addition, HGPS nuclei accumulate basal level of DNA damage owed to deficiencies in DNA 

repair mechanisms (Figure 3). These nuclear defects are exacerbated during proliferation in 

culture, concomitant with accumulation of progerin and immobilization of lamin A at the 

nuclear lamina. Recent studies have shown a dosage-dependent effect of progerin expression 

Gonzalo et al. Page 4

Ageing Res Rev. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in normal fibroblasts inducing phenotypes characteristic of HGPS fibroblasts (Chojnowski, 

Ong et al. 2015). This suggests that reducing progerin levels under a threshold could be 

sufficient to reduce phenotype severity. In fact, Lee and colleagues have reported the 

effectiveness of a LMNA gene exon 11 antisense oligonucleotide (ASO) increasing lamin C 

production at the expense of lamin A in normal primary fibroblasts (Lee, Nobumori et al. 

2016). These cells did not present a detectable phenotype, consistent with lamin C-only mice 

being disease free (Fong, Ng et al. 2006). This ASO was able to reduce progerin expression 

in HGPS fibroblasts. Importantly, administration of exon 11 ASO in a mouse model of 

progeria reduced significantly lamin A and progerin levels in mouse tissues and improved 

aortic pathology. This strategy to reduce progerin might be of therapeutic applicability. 

Mechanistically, the study showed that the serine/arginine-rich splicing factor 2 (SRSF2) is 

critical for alternative splicing of the LMNA gene, with SRSF2 loss of function shifting the 

output of splicing towards lamin C, with lower expression of all lamin A forms.

Progerin also has different behavior than lamin A during mitosis. Progerin causes defects in 

chromosome segregation and nuclear envelope reassembly in addition to trapping lamina 

components and inner nuclear envelope proteins in the endoplasmic reticulum after mitosis 

(Eisch, Lu et al. 2016). Interestingly, progerin seems to displace the centromere protein F 

(CENP-F) from kinetochores, resulting in increased genomic instability, which in turn 

contributes to premature senescence.

Another characteristic of HGPS fibroblasts is their increased nuclear stiffness with 

increasing passage and their sensitivity to mechanical strain. While strain application in 

normal cells induces proliferative signals, HGPS cells lack this cell cycle activation response 

(Verstraeten, Ji et al. 2 008). In addition, polarization microscopy showed that lamins in 

HGPS nuclei have a reduced ability to rearrange under mechanical stress (Dahl, Scaffidi et 

al. 2006). These different responses to force may explain tissue specific effects of progerin. 

For instance, tissues with high levels of mechanical stress such as bone, skeletal muscle, 

heart, and blood vessels could be especially affected by progerin expression. Thus, impaired 

mechanotransduction could contribute to bone and vascular defects in HGPS patients 

(Prokocimer, Barkan et al. 2013).

3.2. Epigenetic changes

Alterations in histone modifications, DNA methylation, chromatin-modifying activities, and 

overall chromatin architecture have been observed in progerin-expressing cells (Arancio, 

Pizzolanti et al. 2014). In HGPS, there is loss of peripheral heterochromatin and reduced 

levels of repressive histone modifications (H3K9me3, H3K27me3)(Figure 3) and associated 

proteins (HP1), as well as increased transcription of pericentromeric satellite repeats 

(Scaffidi and Misteli 2006, Shumaker, Dechat et al. 2006, Dechat, Pfleghaar et al. 2008). 

Interestingly, these chromatin changes and expression of progerin are also observed in cells 

from old individuals, suggesting their implication in physiological aging (Scaffidi and 

Misteli 2006). Levels of H3K9me3 vary with changes of histone methyltransferase Suv39h1 

expression in HGPS cells in culture (Liu, Wang et al. 2013). This enzyme seems to play a 

key role in progeria because knockout of Suv39h1 in a mouse model of progeria improves a 

variety of phenotypes. The changes in H3K27me3 correlate with upregulation of poorly 
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expressed genes and downregulation of highly expressed genes, a trend that is observed in 

senescent HGPS cells (McCord, Nazario-Toole et al. 2013). Recently, deregulation of 

H3K27me3 in HGPS cells has been linked to impaired interaction of progerin with lamina-

associated polypeptide-α (LAP2α). This protein binds tightly to lamin A, facilitating the 

interaction of lamin A with euchromatin (Gesson, Rescheneder et al. 2016). In fact, the 

chromatin immunoprecipitation (ChIP) profile of lamin A/C shows strong overlap with that 

of LAP2α (Gesson, Rescheneder et al. 2016). Consistent with this data, LAP2α-deficient 

cells exhibit reduced binding of lamin A/C to euchromatic domains. In contrast, progerin 

interacts weakly with LAP2α, and expression of progerin reduces dramatically the cellular 

levels of LAP2α (Vidak, Kubben et al. 2015). This is accompanied by reduced H3K27me3 

levels and proliferation defects, which are rescued by increasing LAP2α levels (Chojnowski, 

Ong et al. 2015, Vidak, Kubben et al. 2015). Barrier-to-Autointegration Factor (BAF) is 

another lamina-associated protein recently proposed to mediate chromatin defects upon 

expression of prelamin A/progerin (Loi, Cenni et al. 2015). BAF is required for the changes 

in H3K9me3, HP1 and LAP2α observed in response to prelamin A accumulation. Progerin 

interacts with BAF and this study shows that the LAP2α nuclear localization defects 

observed in HGPS cells involves progerin-BAF interaction. These findings establish 

functional links between lamina-associated proteins and lamin A/C pathological forms.

HGPS patient cells also exhibit reduced expression of components of the NURD 

(Nucleosome Remodeling Deacetylase) complex, including RBBP1, RBBP7, MTA3, and 

HDCA1 subunits (Pegoraro, Kubben et al. 2009). Loss of NURD subunits RBBP1 and 

RBBP7 precedes DNA damage accumulation in progerin-expressing cells and depletion of 

these subunits in normal cells causes decreased methylation of histone H3 and DNA 

damage. In addition, the function of SIRT6, a member of the sirtuin family with both 

deacetylation and mono-ADP ribosylation activities, is significantly compromised in 

progerin-expressing cells. SIRT6 deficiency has been proposed to contribute to DNA repair 

defects and genomic instability in HGPS cells (Ghosh, Liu et al. 2015). Moreover, 

hypoacetylation of histone H4 has been reported in a mouse model of progeria, and linked to 

deficiency in the histone acetyltransferase MOF. Treatment of mouse progeria cells with a 

histone deacetylase inhibitor improved DNA repair and delayed entry into senescence 

(Krishnan, Chow et al. 2011).

In addition to histone modifications, DNA methylation patterns are altered in progeria cells. 

In particular, hypermethylation of ribosomal RNA genes and thus a reduction in their 

production has been reported in a mouse model of progeria (Osorio, Varela et al. 2010). 

HGPS cells also show a gain in methylation of CpG sites that tend to be hypomethylated in 

normal cells, and a decrease in methylation of CpG sites normally hypermethylated (Heyn, 

Moran et al. 2013). All these studies reveal that epigenetic changes are induced by 

expression of progerin and that strategies that reverse these changes could be investigated as 

a therapeutic possibility.

3.3. Misregulated gene expression

Genome-wide expression profiling of HGPS fibroblasts revealed a widespread 

transcriptional misregulation when compared to normal fibroblasts. Transcription factors 
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(TFs) and extracellular matrix (ECM) proteins were the more prominent functional 

categories differentially expressed in HGPS cells (Csoka, English et al. 2004). The reported 

gene expression profile is consistent with disorders affecting mesodermal and mesenchymal 

cell lineages. In particular, HGPS fibroblasts exhibit high expression of ECM proteins and 

low expression of ECM remodelling enzymes, which can result in aberrant ECM deposition. 

In a mouse model carrying a progeric mutation within the Lmna gene, inhibition of the Wnt 

pathway was reported, leading to reduced function of the transcription factor LEF1, which 

regulates expression of ECM proteins (Hernandez, Roux et al. 2010). These studies suggest 

that deficiencies in Wnt signalling could cause changes in ECM composition, contributing to 

vascular stiffness in HGPS (Vidak and Foisner 2016).

In addition, HGPS fibroblasts exhibit defects in the retinoblastoma protein (pRb) signalling 

pathway and these defects are reversed by farnesyltransferase inhibitor (FTI) treatment 

(Marji, O'Donoghue et al. 2010). Members of the retinoblastoma family, which include pRb, 

p107 and p130, participate in multiple cellular processes such as cell cycle progression, 

differentiation, senescence, and apoptosis (Gonzalo and Blasco 2005). Rb proteins induce a 

repressive chromatin state around euchromatic promoters and also participate in the 

assembly of heterochromatin domains such as centromeres and telomeres (Gonzalo, Garcia-

Cao et al. 2005). Thus, deficiency in Rb function in HGPS cells could contribute to 

proliferation defects, changes in gene expression, as well as alterations in the structure and 

function of heterochromatin domains.

Moreover, HGPS fibroblasts activate downstream effectors of the Notch signalling pathway 

(Scaffidi and Misteli 2008). This is owed to progerin releasing the sequestration of the Notch 

co-activator SKIP by wild-type lamins, resulting in transcriptional activation of downstream 

genes such as TEL1, HES1, and HES5. This phenotype is also observed upon induction of 

progerin expression in hMSCs (human mesenchymal stem cells), which in turn impacts their 

differentiation potential. These data provide a link between accelerated aging in HGPS 

patients and adult stem cell dysfunction. Further support for altered stem cell functions in 

HGPS came from cellular reprogramming of HGPS fibroblasts to induced pluripotent stem 

cells (iPSCs), followed by differentiation of HGPS-iPSCs into different lineages (Zhang, 

Lian et al. 2011). In particular, this study identified vascular smooth muscle and 

mesenchymal stem cell defects. Thus, shortage or exhaustion of stem cells needed for tissue 

replacement could represent a major cause of the pathology of HGPS.

Interestingly, the aberrant interaction of progerin with TFs that control adipogenesis has 

been proposed as a mechanism behind lipodystrophy in HGPS. For instance, SREBP1 binds 

with high affinity to progerin, resulting in SREBP1 sequestration at the nuclear periphery 

and reduction of its transcriptional activity (Duband-Goulet, Woerner et al. 2011). Similarly, 

impaired differentiation of human mesenchymal stem cells (hMSCs) into the adipose lineage 

was recently reported upon accumulation of prelamin A (Ruiz de Eguino, Infante et al. 

2012). This effect is owed to sequestration of the transcription factor Sp1 by prelamin A, 

resulting in altered expression of ECM genes.

Sequestration of TFs seems to be a recurrent theme in laminopathies. Approaches on a 

global scale have attempted to map the interactome of lamin A, and to elucidate how 
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progerin alters these interactions. A yeast two-hybrid screening identified 225 progerin-

specific interactions, 51 proteins that interacted with both lamin A and progerin, and 61 

interactions specific from lamin A (Dittmer, Sahni et al. 2014). The majority of progerin-

specific interacting proteins were localized at the nuclear envelope (89%), while only half of 

lamin A-binding proteins accumulate at this location. Progerin-specific interactors were 

enriched for intrinsic membrane proteins with channel and transport function, including ER 

components and proteins involved in membrane organization, protein localization, and 

vesicle-mediated transport. In contrast, many lamina and nuclear envelope components were 

found among the lamin A-specific interacting proteins. It is tempting to speculate that gain 

or loss of tissue-specific lamin A/C-interactions could provide tissue specificity of 

laminopathies. Expression of progerin might either increase or decrease the sequestration of 

proteins at the nuclear periphery or in the nuclear interior, impacting their function.

A recent study has also shown that lamin A/C play a role in the compartmentalization and 

function of the Polycomb group (PcG) of proteins, key regulators of development and 

differentiation (Cesarini, Mozzetta et al. 2015). Depletion of A-type lamins leads to 

dispersion of PcG proteins, hindering their gene repressive functions. As a consequence, loss 

of lamin A/C expression accelerates the differentiation of myoblasts to myotubes (Cesarini, 

Mozzetta et al. 2015). These data indicate that through regulation of PcG group of factors, 

lamin A/C proteins can modulate the expression of a variety of genes. Further studies are 

needed to determine if progerin expression can impact the localization and function of PcG 

proteins, and if these processes contribute to the alterations in gene expression observed in 

HGPS patient-derived cells.

3.4. DNA repair defects and genomic instability

Fibroblasts from HGPS patients and from mouse models of progeria exhibit accumulation of 

DNA damage, chromosomal instability, increased sensitivity to DNA-damaging agents (Liu, 

Wang et al. 2005, Varela, Cadinanos et al. 2005), and a permanently activated DNA damage 

response (DDR) (Figure 3) (Scaffidi and Misteli 2006). Molecular mechanisms contributing 

to DNA damage in HGPS include: defects in the recruitment of DNA repair factors 53BP1, 

Rad50 and Rad51 to sites of damage that instead exhibit aberrant accumulation of the 

nucleotide excision repair protein XPA (Liu, Wang et al. 2005, Liu, Wang et al. 2008); 

delayed recruitment of phospho-NBS1 and MRE11, components of the MRN complex 

necessary for sensing DNA lesions (Constantinescu, Csoka et al. 2010); and decreased 

nuclear levels of components of the DNAPK holoenzyme (DNAPKcs, Ku70 and Ku80) 

(Liu, Barkho et al. 2011). These deficiencies are consistent with delayed checkpoint 

response and defects in double-strand break (DSB) repair by non-homologous end joining 

(NHEJ) and homologous recombination (HR). In mouse models of progeria, defects in 

ATM-KAP-1 signaling and DNA damage-induced chromatin remodeling were reported 

(Liu, Wang et al. 2013), and proposed to contribute to deficiencies in the recruitment and 

retention of DNA repair proteins at heterochromatic lesions.

Interestingly, iPSCs generated from HGPS fibroblasts lack nuclear morphological 

abnormalities and progerin expression, consistent with the LMNA gene being silenced in 

stem cells (Liu, Barkho et al. 2011). Differentiation of HGPS-iPSCs to smooth muscle cells 
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(SMCs) results in progerin expression and appearance of progerin-induced phenotypes such 

as DNA damage, leading to premature senescence. Importantly, these cells exhibit a marked 

suppression of Poly-(ADP-ribose) polymerase 1 (PARP1), an enzyme that participates in the 

repair of ssDNA breaks and is critical for the fidelity of DNA replication. Loss of PARP1 in 

HGPS SMCs leads to an aberrant upregulation of NHEJ during S-phase, contributing to 

mitotic catastrophe and cell death (Liu, Barkho et al. 2011).

Other factors contributing to genomic instability in HGPS cells include the accumulation of 

reactive oxygen species (ROS) due to mitochondrial dysfunction. HGPS fibroblasts are 

hindered in their ability to repair ROS-induced DNA damage, exhibiting higher sensitivity to 

oxidative stress than normal fibroblasts (Richards, Muter et al. 2011). The accumulation of 

un-repairable DNA breaks in HGPS cells correlates with proliferation defects, and ROS 

scavengers reduce DNA damage and improve cellular growth. In addition, SILAC (stable 

isotope labeling with amino acid) analysis performed in HGPS and normal fibroblasts shows 

a reduction in the levels of mitochondrial proteins participating in oxidative phosphorylation 

in HGPS fibroblasts, which is accompanied by mitochondrial dysfunction (Rivera-Torres, 

Acin-Perez et al. 2013). Similar mitochondrial dysfunction was observed in mouse models 

of progeria, suggesting that these problems are common in laminopathies.

Impaired NRF2 pathway activity also contributes to increased oxidative stress in HGPS 

(Kubben, Zhang et al. 2016). Normally, the NRF2 pathway activates antioxidant genes by 

binding to antioxidant-responsive elements (ARE) motifs. Interestingly, progerin tightly 

binds NRF2, causing NRF2 subnuclear mislocalization and disrupting formation of 

transcription factor complexes at ARE motifs. Consequently, NRF2-ARE target genes are 

repressed in HGPS, and chronic oxidative stress abounds. Excitingly, reactivation of the 

NRF2 pathway ameliorates classic alterations in HGPS cells, reducing progerin protein 

levels, lowering oxidative stress, and restoring lamin B1 levels. This finding underscores the 

importance of oxidative stress to the HGPS phenotype and suggests that NRF2-activiating 

compounds might be a means for improving HGPS phenotype.

3.5. Telomere shortening

HGPS patient-derived fibroblasts exhibit faster telomere attrition during proliferation in 

culture than normal fibroblasts, which causes DNA damage and premature entry into 

senescence (Gonzalo and Kreienkamp 2015). Ectopic expression of telomerase or p53 

inactivation reduces DNA damage and suppresses the proliferative defects, suggesting that 

telomere dysfunction and activation of checkpoints contribute to these defects (Kudlow, 

Stanfel et al. 2008). Importantly, telomerase expression also reverts progerin-induced 

changes in gene expression. In particular, many deregulated genes in progerin-expressing 

cells are linked to senescence, and telomerase can rescue the majority of these changes 

(Chojnowski, Ong et al. 2015). In addition, this study demonstrated that embryonic stem 

cells (ESCs), which express high levels of telomerase, are protected from progerin-induced 

phenotypes. These findings support the notion that progerin causes telomere dysfunction and 

that telomerase protects HGPS patient cells from the toxic effects of progerin.

Recent studies have also shown that alterations in telomere biology induce accumulation of 

progerin. For instance, induction of telomere dysfunction by expression of a dominant 
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negative TRF2 protein (TRF2ΔBΔM) results in increased levels of progerin (Cao, Blair et al. 

2011). In addition, replicative senescence of normal human fibroblasts is accompanied by an 

elevated production of progerin, while this effect is not observed during telomere-

independent senescence (Cao, Blair et al. 2011). This upregulation of progerin seems to be 

owed to changes in alternative splicing of the LMNA gene. Interestingly, a whole variety of 

genes were alternatively spliced in response to telomere damage. Importantly, expression of 

telomerase in normal fibroblasts reduces the usage of the cryptic splice site that results in 

progerin production. Although the mechanism whereby telomere dysfunction activates 

progerin production is not known, it is tempting to speculate that reduced binding of 

telomeric proteins of the shelterin complex, or activation of the DNA damage response could 

impact pre-mRNA splicing in general, and alternative splicing of the LMNA gene in 

particular.

Overall, these studies reveal a reciprocal toxic relationship between telomeres and progerin, 

with telomere dysfunction inducing progerin production and progerin expression causing 

telomere dysfunction. This disastrous relationship could contribute to cellular decline during 

physiological aging. In fact, both telomere shortening and expression of progerin are 

observed in cells from old individuals. Thus, maintaining telomere function protects from 

cellular aging not only by preventing chromosomal instability, but also by ensuing proper 

control of alternative splicing, which in the case of the LMNA gene can have highly 

detrimental effects.

4. Pathophysiology of HGPS

HGPS patients classically exhibit alopecia (hair loss), bone and joint abnormalities, 

subcutaneous fat loss, and severe atherosclerosis (Ullrich and Gordon 2015). Patients live for 

an average of just 14.6 years, with most dying in their early teenage years from myocardial 

infarction or stroke as a result of rapidly progressive atherosclerosis (Gordon, Massaro et al. 

2014) (Figure 4). Fortunately, this disease is extremely rare, with an estimated 350-400 

children worldwide. However, despite its paucity, this disease elicits much research 

attention. Not only is a treatment desperately needed, but better understanding HGPS might 

elucidate mysteries in the normal aging process. This is because progerin, which is produced 

at high levels in HGPS, also is produced during aging in the normal aging population 

(Scaffidi and Misteli 2006).

HGPS disease processes probably begin in utero. Despite this, HGPS patients are seemingly 

normal at birth and have normal birth weight. Yet, it is likely that some subtle features of 

disease, like circumoral pallor, are already inconspicuously present at birth. This mild initial 

phenotype might be surprising given the drastic phenotype that develops later in disease. 

However, the delay in disease manifestations might result from attenuated expression of 

lamin A/C and progerin in undifferentiated or embryonic cells, and it may take some time 

before progerin levels reach a threshold level for provoking disease (Constantinescu, Gray et 

al. 2006, Zhang, Lian et al. 2011). However, by 9-12 months of age, patients often present 

with failure to thrive, skin abnormalities, alopecia, circumoral cyanosis, prominent scalp 

veins, and decreased range of motion (Merideth, Gordon et al. 2008, Ullrich and Gordon 
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2015). With time, these early problems amplify in magnitude and usher in the characteristic 

disease phenotype.

HGPS patients develop a unique progeroid appearance. They are distinctively small, most 

never reaching four feet or 30 kg. A decreased and linear rate of weight gain prevents growth 

comparable to age matched peers (Gordon, McCarten et al. 2007, Kieran, Gordon et al. 

2007). Patients begin to lose cranial hair around 10 months of age. However, with time, 

patients lose body hair and eyebrows and progress to almost complete alopecia (Rork, 

Huang et al. 2014). HGPS patients also have distinctive craniofacial characteristics, 

developing micrognathia, prominent eyes, and a beaked nose (Kieran, Gordon et al. 2007, 

Domingo, Trujillo et al. 2009). Prominent forehead scalp veins and perioral cyanosis 

become evident, both likely the result of decreased subcutaneous fat (Rork, Huang et al. 

2014). Patients also have multiple dental abnormalities, including both lack of teeth as well 

as dental crowding, which can manifest as double rows of teeth (Gordon, McCarten et al. 

2007, Domingo, Trujillo et al. 2009). Middle ear abnormalities and aberrations in the ear 

canal also lead to low-frequency hearing loss in many patients (Guardiani, Zalewski et al. 

2011).

HGPS is a “segmental aging disease,” since some features of normal aging are present, 

whereas other features are notably absent. The liver, kidneys, lungs, and gastrointestinal tract 

are normally proficient in these patients (Kieran, Gordon et al. 2007, Ullrich and Gordon 

2015). However, others cell and tissue types, such as those of mesenchymal origin, are 

particularly susceptible to progerin-induced cellular defects, causing HGPS patients to 

harness notable fat and bone abnormalities (McClintock, Ratner et al. 2007, Merideth, 

Gordon et al. 2008, Zhang, Lian et al. 2011). A profound loss of subcutaneous fat is readily 

apparent in examining these patients. However, loss of subcutaneous fat causes other 

challenges beyond those readily apparent. Loss of fat in some body areas, such as the feet, 

can lead to discomfort and often requires supportive therapies (Gordon, Massaro et al. 

2014).

Bone and joint abnormalities are a hallmark of HGPS that progress to a skeletal dysplasia 

(Gordon, Gordon et al. 2011). Bone problems include small clavicles, thin ribs, and 

acroosteolysis. Patients exhibit reduced bone mineral density with accentuated 

demineralization at the end of long bones. Avascular necrosis is also present, including at the 

femoral head, likely resulting from vascular compromise (Cleveland, Gordon et al. 2012). 

Interestingly, fracture incidence among HGPS patients is not increased compared to the 

general population, though HGPS patients are more susceptible to skull fractures. This is 

likely the result of disrupted bone formation in the skull. Patent anterior and posterior 

fontanels can persist in patients as old as nine years of age, and these patients often also have 

widened calvarial sutures and a thin calvarium (Ullrich and Gordon 2015).

Skin alterations are often among the first manifestations of HGPS. Though manifestations 

can present with differing degrees of severity, typical alterations include areas of 

discoloration, stippled pigmentation, and tightened areas that restrict movement. 

Sclerodermoid changes, which give the skin a dimpled appearance with varying 
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pigmentation, frequently appear over the abdomen and lower extremities (Rork, Huang et al. 

2014).

The most significant problems in HGPS, and which ultimately underlie patient death, are the 

cardiovascular complications. Patients develop severe and progressive atherosclerosis, 

eventually leading to myocardial ischemia, infarction, and stroke (Stehbens, Wakefield et al. 

1999). Cardiac manifestations include increased afterload and angina (Ullrich and Gordon 

2015). Remarkably, it is estimated that 50% of children have radiographically detectable 

strokes by the age of eight, and infarcts were common on imaging studies of patients 

between five and 10 years of age (Silvera, Gordon et al. 2013). Most of these strokes are 

often clinically silent. This suggests that cardiovascular problems are present well before the 

end of life contributing to both morbidity and mortality.

The atherosclerosis that develops in HGPS has some important differences from the normal 

aging population, even though calcification, inflammation, and plaque rupture are present in 

both HGPS and normal aging. Interestingly, HGPS patients do not develop 

hypercholesterolemia or increased serum high-sensitivity C-reactive protein, two 

characteristics often seen with cardiovascular disease in the normal population (Stehbens, 

Wakefield et al. 1999, Olive, Harten et al. 2010). Additionally, vessels have a more complete 

fibrosis throughout the vessel wall, as arteries and veins show marked adventitial fibrosis 

with a dense rim of collagen. This complete stiffening of the wall leads to many measurable 

changes in the vasculature. Patients can become hypertensive, and some patients also have 

elongated QT intervals by EKG (Merideth, Gordon et al. 2008, Gerhard-Herman, Smoot et 

al. 2012). Carotid-femoral pulse wave velocity is dramatically elevated, indicating an 

increase in arterial stiffness. Patients also have abnormally echodense vascular walls by 

ultrasound, thought to correspond to a dramatically thickened fibrotic matrix. In these 

patients, as well as mouse models of disease, there is a striking depletion of vascular smooth 

muscle cells from the media, even in the outermost lamellar units adjacent to the adventitia, 

that is replaced by proteoglycans and collagen (Varga, Eriksson et al. 2006, Osorio, Navarro 

et al. 2011, Gerhard-Herman, Smoot et al. 2012, Villa-Bellosta, Rivera-Torres et al. 2013). 

This is likely due to the extreme sensitivity of vascular smooth muscle cells to progerin 

expression.

The vascular abnormalities present in HGPS cause neurological disease manifestations as 

well. Interestingly, HGPS patients have normal cognition and show no evidence of memory 

or cognitive challenges often associated with the normal aging process (Ullrich and Gordon 

2015). This potentially surprising finding might be explained by the observation that lamin 

A expression is limited in the brain by miR-9, thus preventing significant expression of 

progerin in neuronal cells and tissues (Jung, Coffinier et al. 2012). Thus, while neuronal 

cells avoid direct demise from progerin expression, many HGPS patients experience 

neurological symptoms such as headaches, muscular weakness, or seizures as a result of 

impaired blood flow and diseased vasculature. Headaches can be single or recurrent and 

often take on a migraine-type quality. NSAIDs can be used to treat headaches if they occur 

frequently (Ullrich and Gordon 2015).
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With such a multitude of symptoms and organ systems affected, treating disease is 

challenging. Upon diagnosis, physicians characterize the patient's specific manifestations of 

disease with a variety of tests (Ullrich and Gordon 2015). Some manifestations can be 

delayed with adequate therapies. However, the disease has no cure and has limited treatment 

options for systemically improving disease phenotype.

5. Therapeutic strategies for HGPS

In recent years, a number of therapies have shown promise in preclinical stages for treating 

disease (Figure 1C). Clinical trials are now being initiated with some compounds to 

determine their merit in human patients. The first of these compounds to achieve success in 

HGPS-patient derived cells in vitro and in progeria mouse models in vivo have been FTIs, 

which work by inhibiting the processing of prelamin A to mature lamin A, or in HGPS, to 

progerin (Fong, Frost et al. 2006, Yang, Meta et al. 2006, Varela, Pereira et al. 2008, 

Gordon, Kleinman et al. 2012). Administration of the FTI lonafarnib for two years in a 

clinical trial of HGPS patients improved secondary outcomes such as pulse-wave velocity, 

carotid artery wall echodensity, and incidence of stroke, headaches, and seizures (Gordon, 

Kleinman et al. 2012, Gordon, Massaro et al. 2014). However, the treatment only extended 

survival by an estimated 1.6 years. As a result, new clinical trials are now being initiated to 

determine if combination therapies might further improve disease phenotype. An ongoing 

trial includes two additional compounds to lonafarnib, the statin pravastatin and the 

bisphosphonate zoledronate, with the goal of inhibiting multiple steps in the farnesyl 

biosynthetic pathway. This trial is estimated to be completed by July 2017 (https://

clinicaltrials.gov/ct2/show/NCT00916747?term=Hutchinson-Gilford+Disease&rank=2).

In addition to prenylation inhibitors, other therapeutic strategies have shown a benefit 

ameliorating the phenotype of HGPS cells and mouse models of progeria. These include 

inhibitors of the enzyme responsible for carboxymethylation of the farnesylcysteine of 

progerin (Ibrahim, Sayin et al. 2013); rapamycin and sulforaphane, compounds that increase 

progerin clearance by autophagy (Cao, Graziotto et al. 2011, Cenni, Capanni et al. 2011, 

Gabriel, Roedl et al. 2014); the ROS scavenger N-acetyl cysteine, which reduces the amount 

of unrepairable DNA damage caused by the increased generation of ROS (Pekovic, Gibbs-

Seymour et al. 2011, Richards, Muter et al. 2011, Lattanzi, Marmiroli et al. 2012, Sieprath, 

Darwiche et al. 2012); methylene blue, a mitochondrial-targeting antioxidant (Xiong, Choi 

et al., 2015); or resveratrol, an enhancer of SIRT1 deacetylase activity that alleviates 

progeroid features (Liu, Ghosh et al. 2012). Recently, a phase 1 and 2 clinical trial was 

initiated to determine the effect of combined administration of everolimus, an inhibitor of 

the mTOR pathway similar to rapamycin, and lonafarnib (https://clinicaltrials.gov/ct2/show/

NCT02579044?term=Hutchinson-Gilford+Disease&rank=1). It is hoped that everolimus 

might reduce progerin levels by activating its clearance and might synergize with lonafarnib 

(Cao, Graziotto et al. 2011). However, a comparative study of the effect of three treatments –

a FTI, rapamycin, or a combination of zoledronate and pravastatin- on mesodermal stem 

cells derived from HGPS iPSCs gave variable results (Blondel, Jaskowiak et al. 2014). 

While all treatments improved nuclear morphology, differences among treatments were 

observed in the amelioration of other cellular phenotypes. In addition, some combinations 

had cytotoxic effects. Thus, caution needs to be exercised when designing clinical trials for 
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HGPS patients, since this toxicity will undermine benefits. The best treatment for HGPS 

patients remains a matter of active discussion and controversy. Understanding the full 

spectrum of functional effects of the different drugs will allow us to find strategies in the 

years to come that improve the dramatic phenotypes characteristic of HGPS while lowering 

toxicity.

Recent studies have identified new compounds that exert a beneficial effect in progeria 

models. For instance, remodelin, an inhibitor of N-acetyltransferase-10 (NAT10) rescues 

nuclear morphological abnormalities and proliferation defects. In addition, remodelin 

increases chromatin compaction and ameliorates the accumulation of DNA damage 

characteristic of progerin-expressing cells (Larrieu, Britton et al. 2014). Ongoing studies are 

monitoring the effect of remodelin on gene expression and evaluating its potential as a 

therapeutic strategy by using mouse models of progeria.

Another set of promising compounds are the retinoids (Swift, Ivanovska et al. 2013). It was 

recently shown that the LMNA gene promoter contains retinoic acid responsive elements (L-

RARE) and that treatment with all trans retinoic acid (ATRA) results in downregulation of 

LMNA gene expression. In HGPS patient-derived fibroblasts ATRA treatment reduces 

significantly progerin expression. Interestingly, ATRA synergizes with rapamycin in 

downregulating progerin levels, which in turn ameliorates a variety of progerin-induced 

phenotypes (Pellegrini, Columbaro et al. 2015). Retinoids were also identified in a high-

throughput, high-content based screening of a library of FDA approved drugs as a class of 

compounds able to revert cellular HGPS phenotypes (Kubben, Brimacombe et al. 2015). 

These findings stress the importance of testing in vivo the efficacy of retinoids in 

ameliorating HGPS defects without inducing toxicity. Furthermore, our recent studies show 

that activation of vitamin D receptor signaling by ligand (1,25α-dihydroxy-vitamin D3) 

binding ameliorates a broad repertoire of phenotypes of HGPS patient-derived cells 

(Kreienkamp, Croke et al. 2016). It is likely that combination therapy is the best strategy to 

obtain synergy among these compounds, while reducing toxicity owed to lowering the doses 

of each single compound. Preclinical trials with these new compounds either as single agents 

or in combination are needed to ascertain their potential therapeutic applicability.

6. Concluding remarks

Despite all that is known about HGPS and the remarkable strides taken in understanding 

disease, much remains to be learned. Only a few of the paradoxes of this disease have been 

resolved. For instance, it was surprising that progeroid patients do not develop cancer, given 

the association between cancer and aging. While some originally hypothesized that the 

reduced HGPS lifespan masked a heightened propensity for cancer development in progerin-

expressing cells, recent research indicates that progerin expression may actually inhibit cell 

transformation, explaining a normal cancer risk in these patients (Fernandez, Scaffidi et al. 

2014). Many other paradoxes and questions remain to be appreciated: What contributes to 

the variation in the lifespan of these patients? Why do some patients live 24 months and 

others 20 years? What phenotypes induced by progerin expression are ultimately responsible 

for progerin-induced cellular compromise? Why are some tissues more susceptible to 

progerin expression than others? Why are HGPS patients so susceptible to atherosclerosis 
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and cardiovascular disease? What key cellular factors might be targeted to reverse or 

alleviate progerin production?

Tremendous progress has been made over the last decade in understanding this disease. The 

next decade represents a kairos for building upon these findings and advancing novel 

therapeutic strategies for helping these patients. As research proceeds, HGPS continues to 

reveal unappreciated mysteries of aging. HGPS, with all of its intricacies, offers a unique 

model for elucidating new roles of lamin A/C and progerin in the cell.
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Highlights

• HGPS is caused by LMNA gene mutations and expression of a mutant 

protein “progerin” that causes cellular and organismal decline.

• HGPS cells show disruption of nuclear functions, including epigenetic 

alterations, misregulated gene expression, DNA repair defects and 

telomere dysfunction.

• HGPS patients exhibit systemic accelerated aging, dying in their teens 

from myocardial infarction or stroke due to severe atherosclerosis.

• Progerin expression increases with age in normal individuals, 

suggesting its implication in physiological aging.

• Current therapies aim to reduce progerin toxicity by downregulating its 

levels or targeting directly deregulated cellular processes.
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Figure 1. Abnormal processing of lamin A in HGPS
(A) Mature lamin A is produced from prelamin A, which is farnesylated followed by 

trimming and methylation at the C-terminus. Finally, cleavage by the Zmpste24 protease 

between amino acid residues 646-647 removes the farnesylated C-terminal end. (B) In 

HGPS patients, a mutation in exon 11 activates a cryptic splice site leading to deletion of 50 

amino acid residues from the precursor protein, including the final Zmpste24 cleavage site, 

and accumulation of farnesylated progerin. (C) Overview of cellular consequences of 
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progerin expression as well as proteins, small compounds and processes that influence 

progerin levels and/or progerin-induced defects.
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Figure 2. Expression of progerin alters nuclear organization and genome stability
Cells from HGPS patients are characterized by a series of alterations including reduced 

expression of extracellular matrix (ECM) components, nuclear envelope blebs, clustering of 

nuclear pore complexes (NPC), loss of peripheral heterochromatin, and reorganized 

microtubules. Progerin expression also affects dynamics of nuclear envelope transmembrane 

proteins (NETs), including emerin, and their interactions with chromatin-associated 

proteins, such as BAF, transcription factors (TF) and chromatin modifiers. HGPS cells have 
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higher levels of reactive oxygen species (ROS) and DNA damage, whereas LAP2α is 

downregulated.
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Figure 3. Nuclear defects in HGPS cells
Immunofluorescence performed in primary normal human fibroblasts (NF) and HGPS 

patient derived fibroblasts (HGPS) with antibodies recognizing lamin A (green, top panels), 

histone modification H3K9me3 (red, medium panels), and γH2AX (yellow, bottom panels), 

a marker of DNA damage. DAPI staining was used to demarcate nuclei (blue staining in all 

panels). Note how HGPS patient derived fibroblasts exhibit nuclear morphological 

abnormalities, decreased levels of H3K9me3, and accumulation of basal levels of unrepaired 

DNA damage, when compared to normal fibroblasts.
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Figure 4. Pathophysiology of HGPS
Scheme shows the prominent symptoms and signs of HGPS, as well as potential treatments 

to test in the future to ameliorate the pathophysiology of this devastating disease.
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