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ABSTRACT OF THE DISSERTATION 

 

Underlying Mechanisms of Vascular Disease in  
Hutchinson-Gilford Progeria Syndrome 

 

by 

 

Paul Kim 

Doctor of Philosophy in Bioengineering 

University of California, Los Angeles, 2024 

Professor Loren G. Fong, Co-Chair 

Professor Dino Di Carlo, Co-Chair 

Children with Hutchinson-Gilford progeria syndrome (HGPS) display symptoms resembling 

accelerated aging, with most succumbing in their mid-teens to complications from arteriosclerotic 

lesions in major arteries. HGPS arises from a de novo mutation in the LMNA gene, such as the 

Gly608Gly mutation, which creates an aberrant splice donor site, resulting in a deletion of 50 

amino acids in prelamin A and the production of mutant protein called progerin. Progerin, unlike 

mature lamin A, retains a farnesyl lipid anchor, which contributes to cellular toxicity. In HGPS, a 

prominent vascular anomaly is reduced numbers of smooth muscle cells (SMCs) in the medial 

layer of large arteries, promoting arteriosclerotic disease. In order to study the underlying 

mechanisms of vascular disease in HGPS, we created a mouse model of HGPS (LmnaG609G) which 

exhibits disease phenotypes reminiscent of human HGPS, including the hallmark vascular disease. 

We also created an in vitro doxycycline-inducible cell culture system to investigate properties of 

progerin by studying the effects of progerin on the nuclear lamina meshwork, nuclear mechanics, 
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integrity of the nuclear envelope, their relationship to nuclear morphology, DNA damage, and cell 

viability.  

In this dissertation, my goal was to understand the mechanisms underlying vascular 

pathology in HGPS, focusing on the interactions between progerin, lamin B1, and the integrity of 

the nuclear lamina meshwork in vascular SMCs. In Chapter 2, we investigated the role of 

mechanical stress on the vascular disease and showed that disrupting the LINC complex in smooth 

muscle cells reduces SMC loss in LmnaG609G mice. In Chapter 3, we hypothesized that progerin 

weakens the structural integrity of the nuclear envelope. Indeed, we showed that progerin resulted 

in nuclear membrane ruptures and found that it was responsible for vascular pathology in vivo. In 

Chapter 4, we investigated a more fundamental question—how does progerin induce abnormal 

biological effects in cells? We discovered that progerin forms an abnormal meshwork, 

characterized by clusters of large meshwork gaps. Unexpectedly, progerin had a dominant-

negative effect on the nuclear lamina, thus further disrupting nuclear integrity. In Chapter 5, I 

summarize our key findings and discuss our current view on the mechanisms of vascular smooth 

muscle cell loss in HGPS.  
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Nuclear Lamina 

The nuclear lamina is an intricate meshwork of intermediate filament proteins located 

beneath the inner nuclear membrane, playing a vital role in maintaining the structural integrity and 

functionality of the nucleus in eukaryotic cells (Figure 1.1). First identified in the late 1970s, the 

nuclear lamina has since been recognized as a fundamental component in a range of cellular 

processes including chromatin organization, DNA replication, and the regulation of gene 

expression (R. D. Goldman, Gruenbaum, Moir, Shumaker, & Spann, 2002). 

 

Figure 1.1. Electron microscopy image of Xenopus oocyte. Image reveals the nuclear lamina 

meshwork of Xenopus oocytes prepared by free-dried/metal-shadow method. Insert visualizes a 

well-preserved area of the meshwork with nuclear pore complexes mechanically removed showing 

two sets of near-orthogonal filaments. The figure adapted from (Aebi, Cohn, Buhle, & Gerace, 

1986) 



 3 

Molecular Composition and Structure 

The nuclear lamina is primarily composed of nuclear lamins. Nuclear lamins are type V 

intermediate filament proteins, primarily classified into A-type and B-type lamins based on their 

biochemical properties and expression patterns (Lin & Worman, 1993). A-type lamins, comprising 

lamins A and C—splice variants produced from the LMNA gene—are predominantly expressed in 

differentiated cells and are essential for cellular responses to mechanical stimuli (Burke & Stewart, 

2013). B-type lamins, which include lamins B1 and B2—encoded by LMNB1 and LMNB2—are 

expressed ubiquitously and are crucial from early embryonic development through to adulthood 

(Harborth, Elbashir, Bechert, Tuschl, & Weber, 2001). 

The nuclear lamins form a fibrous network that interfaces with both chromatin and the 

inner nuclear membrane, providing mechanical support and regulating nuclear size and shape 

(Fawcett, 1966). This network is dynamically reorganized during the cell cycle; it disassembles 

during mitosis and reassembles in the daughter cells, a process regulated by phosphorylation 

through cell cycle-dependent kinases (Gerace & Blobel, 1980). 

 

Figure 1.2. A schematic diagram showing lamin A and progerin processing. Prelamin A, which 

consists of 664 amino acids, typically undergoes four post-translational modifications in wild-type 
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cells (left panel). Initially, the cysteine in the CaaX motif is farnesylated by farnesyltransferase 

(FTase). Next, the -aaX amino acids are cleaved off. Following this, the now exposed 

farnesylcysteine is methylated. Finally, ZMPSTE24 cleaves and degrades the terminal 15 amino 

acids, including the farnesylcysteine methyl ester, resulting in the production of mature lamin A, 

comprising 646 amino acids. In the context of Hutchinson-Gilford progeria syndrome (HGPS) 

(right panel), a point mutation leads to the deletion of 50 amino acids in prelamin A (amino acids 

607–656), eliminating the site for the terminal ZMPSTE24-mediated endoproteolytic cleavage. As 

a result, the farnesylated mutant prelamin A, known as progerin, accumulates within the cells, 

preventing the formation of mature lamin A. The figure adapted with permission from (S. G. Young, 

L. G. Fong, & S. Michaelis, 2005). 

Biological Functions and Significance 

Beyond their main role of structural support for the nucleus, nuclear lamins are involved 

in various fundamental biological processes, including DNA repair, replication, and the regulation 

of gene expression through their interaction with chromatin and transcription factors (Reddy et al., 

2008). For instance, lamin A/C interacts with specific gene regions, influencing the organization 

of heterochromatin and thus playing a direct role in the silencing or activation of gene expression 

(Shumaker et al., 2006). The importance of lamins is further highlighted in the context of 

laminopathies, a diverse group of genetic disorders caused by mutations in the lamin genes. These 

include diseases such as Emery-Dreifuss muscular dystrophy, familial partial lipodystrophy, and 

Hutchinson-Gilford progeria syndrome, each characterized by defects in tissue integrity and 

cellular function that reflect the mechanical and regulatory roles of lamins (Worman & Bonne, 

2007). The study of HGPS has particularly illuminated the role of A-type lamins in aging and 

cellular senescence. Progerin's incorporation into the nuclear lamina causes significant alterations 
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in nuclear architecture, which contributes to the premature aging phenotype observed in HGPS 

patients (M Eriksson et al., 2003). Research in this area not only deepens our understanding of 

premature aging but also sheds light on the processes of normal aging (R D Goldman et al., 2004). 

Pathogenesis of SMC Loss in HGPS 

Hutchinson-Gilford progeria syndrome is marked by premature aging and severe 

cardiovascular complications, predominantly atherosclerosis, which manifest much earlier than in 

the general population. One of the central features of cardiovascular disease in HGPS is the 

progressive loss of smooth muscle cells in the vascular media, which is hypothesized to underlie 

the accelerated development of atherosclerosis in HGPS (Varga et al., 2006). In HGPS, the loss of 

vascular SMCs is attributed to the deleterious effects of the mutant lamin A protein, progerin. This 

mutant protein induces multiple cellular defects including disrupted nuclear morphology, impaired 

mechanical stability, and altered gene expression (Capell et al., 2005; Kim et al., 2018a). SMCs in 

the arterial wall are particularly susceptible to these disruptions, resulting in SMC death, which 

compromises their ability to contract and respond to vascular stress (Hamczyk et al., 2019). 

Research has shown that progerin expression leads to increased DNA damage, disruption of tissue 

repair mechanisms, and enhanced senescence and apoptosis of vascular SMCs (Varga et al., 2006). 

The reduction in SMCs results in weakening of the arterial wall, decreased elasticity, and increased 

fibrosis, which in turn facilitates the early onset and rapid progression of atherosclerotic lesions. 

Recently, researchers from South Korea discovered a novel compound called Progerinin, 

which has been shown to reduce progerin expression and improve the loss of vascular smooth 

muscle cells in both in vitro and in vivo HGPS models. Subsequently, they found significant 

improvements in cardiac parameters such as stroke volume, ejection fraction, and fractional 

shortening in Progerinin-treated LmnaG606G/+ mice. Their studies further highlighted the significant 
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correlation between the health of vascular smooth muscle cells and cardiovascular disease (Kang 

et al., 2023).  

From a different perspective, the Cao group explored the influence of progerin on 

endothelial cells and its role in cardiovascular disease in HGPS patients. They developed 3D 

tissue-engineered blood vessels (viTEBVs) using induced pluripotent stem cell–derived smooth 

muscle cells (viSMCs) and endothelial cells (viECs) from HGPS patients. These tissue-engineered 

blood vessels, containing HGPS cells, exhibited markers of cardiovascular disease associated with 

the endothelium and showed a decrease in vasoconstriction and vasodilation. Notably, viTEBVs 

with HGPS viECs and healthy viSMCs only showed reduced vasodilation. Furthermore, viTEBVs 

composed of HGPS endothelial cells, regardless of whether the viSMCs were healthy or HGPS-

derived, produced the proteins VCAM1 and E-selectin, which are indicators of inflammation. In 

summary, their model demonstrated the significant impact of HGPS endothelial cells on 

cardiovascular disease (Atchison et al., 2020). 

 

Figure 1.3. Aorta section from a 11-year-old HGPS patient stained with H&E. Atherosclerotic 

aorta showing relative acellularity of intima and media with round cell infiltration in the adventitia 
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below. The figure adapted from (W. E. Stehbens, Wakefield, Gilbert-Barness, Olson, & Ackerman, 

1999). 

Cardiovascular Disease in HGPS Patients: An Insight for Studying Normal-aging Associated 

Heart Disease. 

Complications from cardiovascular disease is the primary cause of death in patients with 

Hutchinson-Gilford progeria syndrome, making it imperative to understand the underlying 

mechanisms to develop effective therapies. Over the past two decades, research has shown that 

HGPS patients exhibit multiple key cardiovascular issues; including accelerated atherosclerosis, 

vascular stiffening, significant fibrosis in the medial and adventitial layers, calcification, loss of 

vascular smooth muscle cells, left ventricular diastolic dysfunction, and cardiac valve disease 

(Figure 1.3). These conditions collectively lead to premature death from myocardial infarction or 

stroke (Benedicto, Dorado, & Andres, 2021; Merideth et al., 2008). Notably, the cardiovascular 

pathology in HGPS shares many similarities with that observed in normal aging (Olive et al., 2010). 

Like typical aging, noninvasive imaging and autopsies of HGPS patients show 

atherosclerosis and cardiovascular calcification (Merideth et al., 2008). F. L. Debusk reported in a 

study of four HGPS cases that the majority of these patients succumb to heart failure or myocardial 

infarction primarily due to coronary atherosclerosis, with varying degrees of generalized 

atherosclerosis affecting the large arteries (Debusk, 1972). Common to both HGPS and normal 

aging is the calcification that affects the aorta and mitral valves, contributing to cardiovascular 

disease-associated morbidity in both populations. In a review of 12 HGPS patient autopsies, P. B. 

Baker et al. reported common findings of atherosclerosis-related coronary artery occlusion and 

calcification of the aortic and mitral valves (Baker, Baba, & Boesel, 1981). 
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Moreover, HGPS is characterized by vessel stiffening, measured noninvasively by pulse 

wave velocity (PWV), a reliable indicator of cardiac events independent of blood pressure (Gordon 

et al., 2012; Hamczyk et al., 2018). A study by M. Gerhard-Herman et al. involving a 21-patient 

cohort revealed that all HGPS patients exhibited significant vascular stiffening, with carotid-

femoral PWV values comparable to those of adults older than 60 years, corroborated by other 

studies (Gerhard-Herman et al., 2012). Consequently, HGPS has been classified as a disease of 

vascular stiffening akin to cardiovascular diseases (CVD) seen in normal aging. PWV and arterial 

wall echo-density are now primary cardiovascular metrics for assessing the effectiveness of 

treatments in HGPS clinical trials (Benedicto et al., 2021). 

Another similarity between HGPS and normal aging is the expression of progerin in both 

populations (Lopez-Otin, Blasco, Partridge, Serrano, & Kroemer, 2013).  Although present at 

levels 50 times lower than in HGPS patients, progerin is detected in normal individuals from an 

early age (Gordon et al., 2014b). This is attributed to a classic pre-mRNA splicing mutation in 

HGPS, which activates a sporadic intronic splice site also present in normal individuals (Cao et 

al., 2011; McClintock et al., 2007; Scaffidi & Misteli, 2006).  Even small accumulations of 

progerin can exert significant toxic effects due to its dominant-negative function. There is 

considerable evidence linking progerin to various aspects of generalized aging and cardiovascular 

health, particularly noting the similarity of atherosclerotic plaques in HGPS to those found in aging 

individuals (Olive et al., 2010). Moreover, vascular stiffening in HGPS mirrors that seen in normal 

aging, evidenced by increased PWV in both groups (Gordon et al., 2012). 

Although many cardiovascular alterations in HGPS mimic those seen in physiological 

aging, HGPS patients lack many of the classical cardiovascular risk factors. For example, like 

healthy children, they exhibit similar levels of mean plasma cholesterol, low-density and high-
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density lipoprotein-bound cholesterol, triglycerides, and median C-reactive protein. Therefore, 

studying the mechanisms of CVD in HGPS offers a unique opportunity to understand the 

mechanisms of CVD in non-HGPS individuals in the absence of confounding risk factors or 

chronic diseases that typically influence cardiovascular health (Gordon et al., 2014b). 

Current HGPS Therapeutic Approaches 

The treatment of Hutchinson-Gilford progeria syndrome primarily focuses on managing 

symptoms and improving quality of life, as there is currently no cure for the disease. (Gordon et 

al., 2012) Currently, the only FDA approved treatment is Lonafarnib. This is a farnesyltransferase 

inhibitor that has shown promising results in clinical trials. Lonafarnib can prevent the 

farnesylation of progerin, the toxic protein responsible for HGPS. The most significant outcome 

of the lonafarnib clinical trials was the observed increase in survival. Children with HGPS treated 

with lonafarnib had a statistically significant increase in survival rates compared to those who were 

not treated with the drug. A retrospective cohort study demonstrated that lonafarnib treatment led 

to a 3-year increase in survival on average (Gordon et al., 2018). It has also been observed to 

improve cardiovascular status, increase weight gain, and enhance the overall skeletal structure in 

children with HGPS (Ullrich et al., 2013). 

Another therapeutic direction involves targeting the aberrant splicing of prelamin A using 

morpholino antisense oligonucleotides, antidiabetic metformin, and the proteasome inhibitor 

MG132, which have shown to transcriptionally reduce the RNA-binding protein splicing factor 

SRSF in HGPS fibroblasts. Moreover, RNA therapeutics like SRP-2001 and L-B143 have 

dramatically decreased progerin transcripts and protein expression in critical tissues, significantly 

extending the lifespan of progeria mouse models (Koblan et al., 2021; Puttaraju et al., 2021). 
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Recently, two research teams independently suggested a CRISPR/Cas9-based approach for 

treating Hutchinson-Gilford progeria syndrome (HGPS) by specifically halting the production of 

lamin A and progerin, while preserving lamin C (Beyret et al., 2019; Santiago-Fernandez et al., 

2019). This is based on findings that lamin A is not essential in mice (Fong, Ng, et al., 2006; Lee 

et al., 2016). While this method has shown promise in enhancing health and prolonging the lifespan 

of progeria mice models (LmnaG609G/G609G), its effects on humans remain uncertain. Additionally, 

the limited efficiency and potential for unintended insertions and deletions (indels) with the 

standard CRISPR/Cas9 system present significant challenges for clinical translation (Cong et al., 

2013).  

Significance of This Dissertation 

The integration of multiple advanced methodologies in our study provided a 

comprehensive understanding of smooth muscle cell pathology in Hutchinson-Gilford progeria 

syndrome. The use of genetically engineered mouse models and in vitro doxycycline-inducible 

aortic SMCs illuminated the systemic impact and progression of SMC dysfunction in a living 

organism. These observations underscored the importance of SMC integrity to vascular health and 

how their degeneration significantly contributes to the vascular phenotype associated with HGPS. 

Our in vitro doxycycline-inducible system offered a controlled environment to dissect the 

cellular mechanisms at play, specifically focusing on the induced expression of progerin. This 

system highlighted the direct consequences of progerin on SMC, including changes in DNA 

damage, p53 pathway activation, nuclear membrane ruptures, nuclear morphology, nuclear 

stiffness, cell death, and lamina structure which were not easily observable in a complex 

organismal model. Moreover, the controlled expression of progerin also allowed for the 
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observation of cellular responses over time, providing insight into the dynamics of disease 

progression at the cellular level. 

The quantitative western blotting of mouse tissues validated the protein-level changes 

associated with disease states corresponding to animal’s age. These quantitative analyses were 

essential for drawing connections between molecular alterations and the phenotypic traits observed 

in the aorta from LmnaG606G/+ and Zmpste24–/– LmnaG606G/+ compound mutant mouse models. 

Examination of progeria mouse aorta sections stained with collagen type-8 antibody 

revealed that there were regional differences in SMC loss and adventitia thickening. Aorta wall 

near inner curvature of ascending aorta and branching points in aortic arch exhibited significantly 

more SMC loss and adventitia thickening. Moreover, these effected areas shared a remarkable 

resemblance with atherosclerosis mouse models in terms of where atherosclerotic lesions formed. 

This fascinating result elucidate the role of mechanical stress on VSMC death. The application of 

a custom-built cell stretching device revealed the sensitivity of progerin-SMCs to mechanical 

stress and confirmed our initial hypothesis. This aspect of the study pointed to the 

mechanosensitive of these cells, suggesting that mechanical forces could exacerbate the 

pathological features of HGPS or, conversely, could be targeted for therapeutic benefit. 

Understanding the mechanical properties of SMCs in the context of HGPS could lead to novel 

approaches for managing or mitigating the vascular aspects of the syndrome. And these findings 

allowed us to develop a transgenic mouse model to test our hypothesis.  

Atomic force microscopy (AFM), Airyscan high-resolution confocal microscopy, and 

STED microscopy were pivotal in providing high-resolution insights into the structural integrity 

and nuclear lamin organization in SMCs. AFM detailed the intrinsic properties of the progerin 

expressing cells, which are crucial for understanding the enhanced susceptibility of vascular tissues 
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in HGPS patients to mechanical stress and strain. Meanwhile, Airyscan high-resolution confocal 

microscopy and STED microscopy allowed us to visualize nuclear lamina abnormalities that 

underlie the disrupted functions observed in HGPS SMCs, offering potential targets for molecular 

interventions. 

Through the utilization of all the methodologies mentioned above, the significance of this 

dissertation lies in its comprehensive elucidation of the unique characteristics of the aorta, 

particularly in its expression levels of lamin proteins and the implications of these findings on 

vascular health. Unlike other tissues, the aorta is distinguished by its exceptionally high expression 

of lamin A and comparatively low levels of lamin B1. This distinctive profile not only underscores 

the unique structural and functional attributes of the aorta but also highlights its potential 

vulnerability to age-related changes. Central to this research is the discovery of progerin 

accumulation with advancing age. Progerin is found to progressively increase, while lamin B1 

levels simultaneously decrease. These changes are shown to have profound pathological 

consequences. 

Progerin accumulation disrupts the nuclear meshwork, leading to structural abnormalities 

that compromise the integrity of the nuclear envelope. This dissertation carefully details how these 

structural anomalies elicit nuclear membrane ruptures, which in turn exacerbate DNA damage and 

increase cell death rates. These cellular malfunctions are particularly critical in vascular smooth 

muscle cells, which are integral to the aorta's function and overall vascular health. The detailed 

analysis provided in this research demonstrates that the disruption caused by progerin not only 

impacts cellular architecture but also induces a cascade of detrimental effects, such as nuclear bleb 

and NM ruptures that compromise cell viability and function. 
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Abstract  

Progerin, the protein that causes Hutchinson-Gilford progeria syndrome, triggers nuclear 

membrane (NM) ruptures and blebs, but the mechanisms are unclear. We suspected that the 

expression of progerin changes the overall structure of the nuclear lamina. High-resolution 

microscopy of smooth muscle cells revealed that lamin A and lamin B1 form independent 

meshworks with uniformly spaced openings (~0.085 µm2). The expression of progerin in smooth 

muscle cells resulted in the formation of an irregular meshwork with clusters of large openings (up 

to 1.4 µm2). The expression of progerin acted in a dominant-negative fashion to disrupt the 

morphology of the endogenous lamin B1 meshwork, triggering irregularities and large openings 

that closely resembled the irregularities and openings in the progerin meshwork. These abnormal 

meshworks were strongly associated with NM ruptures and blebs. Of note, the progerin meshwork 

was markedly abnormal in nuclear blebs that were deficient in lamin B1 (~50% of all blebs). That 

observation suggested that higher levels of lamin B1 expression might normalize the progerin 

meshwork and prevent NM ruptures and blebs. Indeed, increased lamin B1 expression reversed 

the morphological abnormalities in the progerin meshwork and markedly reduced the frequency 

of NM ruptures and blebs. Thus, progerin expression disrupts the overall structure of the nuclear 

lamina, but that effect—along with NM ruptures and blebs—can be abrogated by increased lamin 

B1 expression.
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Significance Statement  

Progerin, the mutant lamin A in Hutchinson-Gilford progeria syndrome, triggers multiple disease 

phenotypes despite persistent synthesis of wild-type lamin A, prompting speculation that progerin 

acts in a dominant-negative fashion to disrupt the structure and function of the nuclear lamina. 

Thus far, however, there has been no evidence that progerin disrupts lamin protofilament formation 

or that it interferes with the structure of nuclear lamin meshworks in cells. We showed that progerin 

forms an abnormal meshwork with large openings and that it triggers remarkably similar 

abnormalities in an independent meshwork formed by lamin B1 (i.e., arguably a dominant-

negative effect). These meshwork abnormalities, along with frequent nuclear membrane ruptures 

and nuclear blebs could be reversed by increased expression of lamin B1 or LAP2b.  
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Introduction 

Hutchinson–Gilford progeria syndrome (HGPS), a progeroid disorder in children, is caused by the 

synthesis of progerin, a mutant form of lamin A (M. Eriksson et al., 2003). Children with HGPS 

develop disease phenotypes in multiple tissues (e.g., bone, connective tissue, skin, hair, heart, 

vasculature) and typically die during their teenage years from atherosclerotic cardiovascular 

disease (Merideth et al., 2008). Progerin is caused by a de novo point mutation in LMNA [most 

often p.G608G(GGC>GGT)] that promotes usage of a cryptic splice donor site and leads to a 

mutant transcript with an in-frame deletion of 150 nucleotides, resulting in the production of 

progerin, an internally truncated lamin A that retains a C-terminal farnesyl lipid anchor (S G Young, 

L G Fong, & S Michaelis, 2005). Progerin is unequivocally the culprit in HGPS. The expression 

of progerin in genetically modified mice triggers disease phenotypes similar to those in children 

with HGPS (e.g., skeletal abnormalities, osteoporosis, alopecia, vascular disease, sclerodermatous 

changes in the skin) (Sánchez-López et al., 2021; Varga et al., 2006; Yang et al., 2006). When 

progerin is expressed in cultured cells, it triggers phenotypes that are observed in fibroblasts from 

children with HGPS (e.g., abnormal nuclear shape, DNA damage, senescence) (M. Eriksson et al., 

2003; Glynn & Glover, 2005). 

Progerin is targeted to the nuclear lamina, a 14–16 nm-thick fibrillar structure located adjacent 

to the inner nuclear membrane (Turgay & Medalia, 2017). In most somatic cells, the main 

components of the nuclear lamina are the A-type lamins (lamin A and lamin C; products of LMNA) 

and the B-type lamins (lamin B1 and lamin B2; products of LMNB1 and LMNB2, respectively) 

(Dittmer & Misteli, 2011). The A- and B-type lamins assemble into separate but interacting net-

like fibrillar meshworks (Nmezi et al., 2019; Shimi et al., 2015; Turgay et al., 2017). The nuclear 

lamina provides structural support for the nucleus and protects the integrity of the nuclear 
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membranes. Fibroblasts lacking all nuclear lamins (Lmna–/–Lmnb1–/–Lmnb2–/–) exhibit frequent 

and prolonged nuclear membrane (NM) ruptures, resulting in DNA damage (Chen et al., 2021). 

Nuclear lamins also interact with nuclear membrane proteins, DNA-binding proteins, and 

transcription factors impacting critical cellular functions (e.g., cell migration, heterochromatin 

anchoring, nuclear positioning, gene expression, cell division) (Worman & Schirmer, 2015). 

When progerin is expressed in cultured cells, it alters properties associated with the nuclear 

envelope (Chang et al., 2019; De Vos et al., 2011; Glynn & Glover, 2005; Kelley et al., 2011; 

Mallampalli, Huyer, Bendale, Gelb, & Michaelis, 2005; Verstraeten, Ji, Cummings, Lee, & 

Lammerding, 2008; J. Zhang et al., 2011). In smooth muscle cells (SMCs), progerin increases 

nuclear stiffness, as judged by atomic force microscopy (Kim et al., 2021). It also triggers 

replicative stress (Coll-Bonfill et al., 2023), reduced DNA repair (H. Zhang, Xiong, & Cao, 2014), 

ER stress (Hamczyk et al., 2019),  DNA damage and NM ruptures (Kim et al., 2021). Progerin 

also renders nuclei of SMCs more susceptible to mechanical stress, resulting in increased numbers 

of NM ruptures, greater DNA damage, and more cell death (Kim et al., 2021; Kim et al., 2018b). 

In a mouse model of HGPS, we observed NM ruptures in SMCs in the medial layer of the aorta 

(Kim et al., 2021). The fact that progerin triggered NM ruptures in SMCs (but not in adjacent 

endothelial cells or adventitial cells) helped to explain the histopathologic hallmark in HGPS (loss 

of medial SMCs in large arteries) (W. Stehbens, Delahunt, Shozawa, & Gilbert-Barness, 2001). 

While the expression of progerin promotes nuclear blebs and NM ruptures, the mechanisms 

have not been clear. We formulated a simple hypothesis—that progerin expression results in overt 

structural abnormalities in the nuclear lamina—not only in the progerin meshwork but also in the 

meshworks of other nuclear lamins. To test this hypothesis, we used doxycycline-inducible vectors 

to create SMCs that express prelamin A (which is processed to mature lamin A) as well as SMCs 
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that express progerin. With these inducible cell lines in hand, we were able to characterize cells 

that produced identical amounts of progerin or mature lamin A. We were also able to compare, by 

high-resolution confocal fluorescence microscopy (Nmezi et al., 2019; Shimi et al., 2015), the 

structure of the nuclear lamina meshwork formed by progerin, and the meshwork formed by 

mature lamin A. These studies allowed us to test whether the structure of the progerin meshwork 

was abnormal, and if so, whether progerin adversely affected the structure of meshworks of other 

nuclear lamins (e.g., lamin B1). We were also able to determine whether abnormalities in nuclear 

lamin meshworks were associated with NM ruptures and blebs. We also used live cell imaging to 

investigate the relationship between NM ruptures and blebs. 

With our studies underway, it was quickly evident that the lamin A meshwork in SMCs was 

uniform and regular, whereas the progerin meshwork was irregular and contained large gaps. We 

also found that an abnormal progerin meshwork was associated with low levels of lamin B1. The 

latter observation prompted us to test whether increased lamin B1 expression would eliminate the 

structural irregularities in the progerin meshwork, and if so, whether that would be accompanied 

by reduced numbers of NM ruptures and blebs. 
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Results 

The nuclear lamin meshwork is abnormal in progerin-expressing SMCs. Nuclear lamins 

assemble into filamentous meshworks adjacent to the inner nuclear membrane. To characterize 

progerin and lamin A meshworks, we used doxycycline (Dox)-inducible vectors to create clonal 

aortic smooth muscle cells (SMCs) that expressed human progerin or human prelamin A (which is 

processed to mature lamin A). Dox levels in the medium were adjusted to achieve progerin and 

lamin A levels similar to levels in the aorta of LmnaG609G/+ mice (Figure 1A). After 48 h of Dox 

induction, SMCs were stained with an antibody that detects human lamin A and progerin (but not 

mouse lamin A/C). Images of the nuclear lamin meshwork at the upper surface of the nucleus were 

collected by high-resolution confocal fluorescence microscopy (Figure 1B). Human lamin A 

formed a meshwork with uniform gaps of ~0.085 µm2. The meshwork in ~80% of progerin-

expressing SMCs appeared indistinguishable from lamin A–expressing cells; however, ~20% of 

the progerin-expressing cells exhibited an abnormal meshwork with irregularities and large gaps 

(Figure 1, B and C). These observations were confirmed by super-resolution STED microscopy 

(Figure 1D). The gaps in the abnormal regions of the progerin meshwork ranged in size from 0.01 

to 1.4 µm2 (vs. 0.01–0.27 µm2 in the lamin A meshwork) and on average were larger (0.25 µm2 vs. 

0.085 µm2 in prelamin A-expressing SMCs) (Figure 1, E and F). 

Progerin has a dominant-negative effect on the structure of the meshworks formed by other 

nuclear lamins. We examined the lamin B1 meshwork in SMC cell lines that expressed progerin, 

prelamin A, or a nonfarnesyl-progerin in which the CaaX motif was changed from –CSIM to –

SSIM (Mallampalli et al., 2005) (SI Appendix,  Figure S1A). The endogenous lamin B1 meshwork 

in wild-type SMCs and prelamin A–expressing SMCs was regular, with openings averaging ~0.08 

µm2 (Figure 2, A and B). Progerin expression changed the structure of the lamin B1 meshwork 
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(Figure 2, A and B), resulting in irregularities and large openings that mirrored the abnormalities 

in the progerin meshwork, as judged by confocal (Figure 2A) and STED (Figure 2C) microscopy. 

The gaps in the lamin B1 meshwork in progerin-expressing SMCs were larger than in prelamin 

A–expressing SMCs (0.142 ± 0.016 µm2 vs. 0.090 ± 0.011 µm2; P = 0.0012, n = 45 nuclei/group) 

(Figure 2B). An abnormal lamin B1 meshwork was restricted to cells with a morphologically 

abnormal progerin meshwork. Also, the sizes of the openings in the lamin B1 meshwork were 

virtually identical to those in the progerin meshwork (Figure 2D). 

Nonfarnesyl-progerin did not alter the structure of the lamin B1 meshwork (Figure 2, A and 

B). Much of the nonfarnesyl-progerin was in the nucleoplasm (SI Appendix, Figure S1, B–D), but 

some of it was located at the nuclear rim (colocalizing with lamin B1 and LAP2b) (SI Appendix, 

Figure S1, B–D). The nonfarnesyl-progerin along the nuclear rim formed a regular meshwork with 

small openings (Figure 2A). 

We used a lamin C–specific antibody to define the distribution of endogenous lamin C. [The 

lamin C–specific antibody was validated by western blotting and immunocytochemistry (SI 

Appendix, Figure S2).] Lamin C staining in wild-type SMCs had a punctate pattern, both at the 

nuclear rim and in the nucleoplasm (Figure 3, A and B). While the staining was predominantly 

punctate, in some cases lamin C appeared to line one or two sides of an opening in the lamin A 

meshwork. In progerin-expressing cells, lamin C puncta bordered openings in the progerin 

meshwork, including in regions of the meshwork containing large gaps and irregularities (Figure 

3B). 

Nuclear membrane (NM) ruptures and nuclear blebs are associated with an abnormal 

progerin meshwork. Progerin triggers nuclear blebs and NM ruptures in SMCs (Kim et al., 2021). 

We suspected that the ruptures and blebs were associated with abnormalities in the progerin 



 93 

meshwork. To test that suspicion, progerin-expressing SMCs were fixed and stained with a human 

lamin A–specific antibody. Cells with nuclear blebs (n = 171) and without nuclear blebs (n = 132) 

were identified on low-magnification images and then characterized further by high-resolution 

confocal microscopy (Figure 4A). Nuclear blebs and an abnormal progerin meshwork were 

strongly correlated; 71% of cells with a nuclear bleb had an abnormal progerin meshwork, whereas 

only 14% of cells without a bleb exhibited an abnormal meshwork (Figure 4B). Similar analyses 

were performed for NM ruptures. NM ruptures were identified by live-cell imaging in progerin-

SMCs that expressed a nuclear-targeted GFP reporter (nls-GFP) (Vargas, Hatch, Anderson, & 

Hetzer, 2012) (De Vos et al., 2011). NM ruptures were identified by leakage of nls-GFP into the 

cytoplasm (Figure 4C). After 48 h of imaging, the cells were fixed and examined by 

immunofluorescence confocal microscopy. An abnormal progerin meshwork was observed in 72% 

of cells with a NM rupture (n = 120) but in only 16% of cells without a NM rupture (n = 273) 

(Figure 4D). Nuclear blebs and NM ruptures were also strongly correlated; 84% of cells with a 

NM rupture had a nuclear bleb (Figure 4E), and 91% cells with a nuclear bleb had a NM rupture 

(Figure 4F). 

An abnormal progerin meshwork in nuclear blebs is associated with low lamin B1 levels. We 

stained progerin-expressing SMCs with antibodies against human lamin A (to detect progerin), 

lamin B1, and LAP2b and then imaged cells with nuclear blebs by high-resolution confocal 

microscopy. Nuclear blebs contained both progerin and LAP2b, and the intensity of progerin and 

LAP2b staining in blebs was similar to that along the nuclear rim (Figure 5A). In contrast, lamin 

B1 staining of blebs was heterogenous. In ~50% of nuclear blebs, lamin B1 expression was barely 

detectable (Figure 5, A and B). Maximum intensity projections confirmed low amounts of lamin 

B1 expression in the bleb relative to amounts at the nuclear rim. In blebs with very low levels of 
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lamin B1, the progerin meshwork was irregular with large openings (Figure 5C). The irregular 

pattern was observed in 96% of blebs with low levels of lamin B1 (n = 98 cells). In contrast, only 

3% of blebs with strong lamin B1 staining had a morphologically abnormal progerin meshwork (n 

= 102 cells) (Figure 5D). 

Nuclear blebs form at sites of NM ruptures. We observed a strong association between NM 

ruptures and nuclear blebs in progerin-expressing SMCs (Figure 4F). To understand that 

association, we used live-cell imaging to monitor bleb formation and NM ruptures in progerin-

expressing SMCs that expressed nls-GFP and cGAS-mCherry [to mark NM rupture sites; (Civril 

et al., 2013; Denais et al., 2016)]. After Dox-induction of progerin expression, the frequency of 

nuclear blebs and NM ruptures increased. After 48 h, 14% of the cells had a nuclear bleb or a NM 

rupture (Figure 6A). Consistent with earlier studies (Hatch & Hetzer, 2016; Vargas et al., 2012), 

NM ruptures occurred more frequently in cells with nuclear blebs (Figure 6B). Of note, cGAS-

mCherry was often found in nuclear blebs (Figure 6C and SI Appendix, Video 1), suggesting that 

blebs formed at a NM rupture site. Indeed, live-cell imaging revealed that 81% of new blebs 

formed at a NM rupture site (Figure 6D). Because progerin causes repetitive NM ruptures in SMCs 

(Kim et al., 2021) and because NM ruptures are more frequent in cells with a nuclear bleb (Figure 

6B), we suspected that we would find NM ruptures within blebs. Indeed, we observed NM ruptures 

(as judged by cGAS-mCherry labeling) at a nuclear bleb, which was associated with the formation 

of smaller blebs within the nuclear bleb (Figure 6E). 

Because we had previously documented NM ruptures in vivo in aortic SMCs of LmnaG609G 

mice (Kim et al., 2021), we predicted that we might also encounter nuclear blebs in aortic SMCs. 

Indeed, we found nuclear blebs in SMCs in the aorta of 10-week-old LmnaG609G/G609G mice (Figure 
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6F and SI Appendix, Figure S3B). In some of those cells, we observed (with a lamin A/C–specific 

antibody) an abnormal nuclear lamina meshwork (Figure 6F and SI Appendix,  Figure S3B). 

NM ruptures and nuclear blebs are associated with an abnormal nuclear lamin meshwork 

in Lmnb1–/– and Zmpste24–/– SMCs. To further explore the relationship between nuclear blebs 

and NM ruptures, we created Zmpste24–/– and Lmnb1–/– SMCs. Immunocytochemistry studies 

identified increased nuclear blebs in Zmpste24–/– and Lmnb1–/– cells (SI Appendix, Figure S4), and 

live-cell imaging revealed increased NM ruptures (Figure 7A). At the end of the live-cell imaging, 

the SMCs were fixed and stained with antibodies against lamin A/C (to identify cells with a nuclear 

bleb) and cGAS (to identify NM rupture sites). In both Zmpste24–/– and Lmnb1–/– cells, NM 

ruptures were strongly correlated with blebs. In Zmpste24–/– cells with a bleb (n = 126 cells), 69% 

had a NM rupture. In Zmpste24–/– cells without a nuclear bleb (n = 187 cells), only 8% had a NM 

rupture (Figure 7B). In Lmnb1–/– cells with a nuclear bleb (n = 174 cells), 91% had a NM rupture; 

in Lmnb1–/– cells without a nuclear bleb (n = 145 cells), 27% had a NM rupture (Figure 7B). 

Irregular lamin A meshworks with large gaps were identified in both Lmnb1–/– and Zmpste24–

/– SMCs (Figure 7C). In Zmpste24–/– cells with a nuclear bleb (n = 110 cells), 61.2% had an 

abnormal lamin A meshwork; in cells without a bleb (n = 198 cells), 2.5% had an abnormal lamin 

A meshwork (Figure 7D). In Lmnb1–/– cells with a nuclear bleb (n = 156), 90.2% had an abnormal 

lamin A meshwork; in cells without a nuclear bleb (n = 129), 43.9% had an abnormal lamin A 

meshwork (Figure 7D). 

Lamin B1 and LAP2b expression normalized the meshwork in progerin-SMCs and reduced 

the frequency of nuclear blebs and NM ruptures. The observation that lamin B1 levels were 

low in nuclear blebs that exhibited a structurally abnormal progerin meshwork led us to 

hypothesize that increased lamin B1 expression would normalize the morphology of the progerin 
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meshwork. To test that hypothesis, we generated SMCs that expressed progerin constitutively and 

then introduced Dox-inducible constructs for lamin B1, nonfarnesyl–lamin B1, or HA-tagged 

LAP2b. Dox levels were adjusted to increase endogenous levels of lamin B1 and LAP2b by 

approximately threefold (SI Appendix,  Figure S5, A and B). After 48 h, cells were stained with 

antibodies against lamin A/C and lamin B1, and the nuclear lamin meshworks were examined by 

immunofluorescence confocal microscopy. Lamin B1 expression normalized the progerin 

meshwork (Figure 8A), reducing the percentage of cells with an abnormal progerin meshwork 

from 20% to 4% (n = 86–114 cells/group in three independent experiments) (Figure 8B). 

Nonfarnesyl–lamin B1 had no effect on the frequency of abnormal progerin meshworks (P = 0.57). 

Of note, LAP2b also reduced the percentage of cells with an abnormal progerin meshwork from 

20% to 4% (Figure 8B). High-resolution imaging of LAP2b in wild-type and progerin-SMCs 

revealed a uniform net-like staining pattern similar to that of the nuclear lamins (SI Appendix, 

Figure S5, C and D). 

Increased lamin B1 and LAP2b expression reduced the frequency of NM ruptures and blebs 

in progerin-expressing SMCs, consistent with their ability to improve the morphology of the 

progerin meshwork. Live-cell imaging studies revealed that lamin B1 and LAP2b reduced the 

percentage of progerin-expressing cells with NM ruptures from 20% to <6% (Figure 8C) and 

reduced the frequency of nuclear blebs from ~16% to <4% (Figure 8C). Nonfarnesyl–lamin B1 

had no effect on the frequency of NM ruptures or blebs (Figure 8C). 
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Discussion 

Lamin A, an intermediate filament protein, is a major component of the nuclear lamina. Lamin A 

dimers assemble into head-to-tail protofilaments and then into higher-order filaments to form a 

fibrillar meshwork that lines the inner nuclear membrane. Half-normal amounts of lamin A 

synthesis (LMNA haploinsufficiency) cause late-onset muscular dystrophy in humans and mice 

(Bonne et al., 1999; Wolf et al., 2008). A distinct genetic disease, HGPS, is caused by a de novo 

LMNA point mutation that leads to the production of progerin—an internally truncated lamin A 

containing a farnesyl lipid anchor. In children with HGPS, progerin causes multiple disease 

phenotypes and does so despite production of lamin A from the unaffected LMNA allele. The ability 

of progerin to trigger severe disease—despite ongoing lamin A synthesis—prompted speculation 

that progerin exerts a dominant-negative effect on the nuclear lamina (M. Eriksson et al., 2003). 

Thus far, however, the mechanisms by which progerin causes disease have remained unclear. In 

the current study, our efforts to characterize the impact of progerin on the structure of the nuclear 

lamina uncovered fresh insights into the mechanisms of disease. We used mouse SMCs as a model 

system to better understand mechanisms responsible for the progerin-induced NM ruptures and 

SMC loss in the aorta of LmnaG609G mice (Kim et al., 2021). High-resolution confocal microscopy 

of cultured SMCs revealed that lamin A and lamin B1 form similar but distinct meshworks—

consistent with earlier studies (Nmezi et al., 2019; Shimi et al., 2015). We found that the two 

meshworks were similar in appearance but that the precise location of the fibrils and the openings 

in the meshworks differed. We showed that the expression of prelamin A in SMCs results in the 

formation of an orderly lamin A meshwork with very small openings. In contrast, progerin resulted 

in the formation of an irregular meshwork with large openings. Unexpectedly, progerin expression 

also resulted in an abnormal lamin B1 meshwork with large openings (corresponding to openings 
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in the progerin meshwork), suggesting that progerin exerts a dominant-negative effect on the 

structure of the nuclear lamina. We suspect that progerin’s capacity to impact on the structure of 

the lamin B1 meshwork reflects direct protein–protein interactions between the two meshworks. 

The similar abnormalities in the progerin and lamin B1 meshworks in progerin-expressing 

SMCs were associated with a markedly increased frequency of NM ruptures and nuclear blebs. 

We found that increasing lamin B1 expression in progerin-expressing cells normalized the 

morphology of both the progerin and lamin B1 meshworks and resulted in a markedly reduced 

frequency of NM ruptures and blebs. In earlier studies (Kim et al., 2021), we found that increased 

lamin B1 expression in SMCs reduced progerin-induced nuclear stiffness, DNA damage, and cell 

death. Because progerin and lamin B1 both contain C-terminal modifications (i.e., farnesylation, 

carboxyl methylation) that promote their association with the inner nuclear membrane (Holtz, 

Tanaka, Hartwig, & McKeon, 1989; Nigg, Kitten, & Vorburger, 1992), we proposed that lamin B1 

and progerin could compete for a limited number of binding sites at the nuclear rim (Kim et al., 

2021). We further proposed that increasing lamin B1 expression reduces progerin’s association 

with the inner nuclear membrane and thereby reduces its toxicity. In support of that proposal, 

nuclear extraction studies revealed that increased expression of lamin B1 reduces the amount of 

progerin in the nuclear membrane fraction (Kim et al., 2021). Our current studies revealed that 

increased lamin B1 expression minimizes progerin toxicity (i.e., NM ruptures and blebs) by 

normalizing the progerin and lamin B1 meshworks. We suspect that the normalization of the 

meshworks is related, at least in part, to displacement of progerin from inner nuclear membrane 

binding sites. 

Our use of doxycycline (Dox)-inducible vectors to express prelamin A and progerin was crucial; 

this approach allowed us to examine SMC clones that expressed equivalent amounts of prelamin 
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A and progerin. It is not possible to achieve comparable expression levels with transiently 

transfected SMCs or “mixed stable” SMCs—or with studies with human fibroblast cell lines. In 

our current studies, we matched progerin levels in cultured SMCs to levels in aortas of LmnaG609G/+ 

mice. Lamin A levels in aortas of Lmna+/+ mice and progerin levels in aortas of LmnaG609G/+ mice 

are 4–5-fold higher than lamin C levels and are 15–25-fold higher than levels of lamin B1 (Kim et 

al., 2018b). We produced progerin-expressing SMC clones with a progerin:lamin C ratio of ~3:1 

and a progerin:lamin B1 ratio of ~4.4:1. At those levels, we found morphological abnormalities in 

both the progerin meshwork and the lamin B1 meshwork. The use of the Dox-inducible expression 

system in SMCs held another advantage—aside from allowing us to fine-tune protein expression 

levels. Because the SMC clones were grown in Dox-free medium, we were able—by adding Dox 

to the medium—to examine the impact of progerin expression in naïve SMCs. Had we performed 

studies in SMCs that expressed progerin constitutively, we would have needed to consider long-

term effects of progerin toxicity (e.g., DNA damage, cell senescence, altered gene expression) on 

the morphology of the nuclear lamina and on the frequency of NM ruptures and nuclear blebs. 

In recent studies, Buxboim et al. (Buxboim et al., 2023) examined the nuclear lamina by cryo-

electron tomography and reported that nuclear lamin filaments in progerin-expressing fibroblasts 

were more densely packed than in wild-type fibroblasts. While the cryo-EM studies could not 

identify which nuclear lamins contributed to increased filament density, they succeeded in showing 

that the nuclear lamina in progerin-expressing cells was morphologically distinct. Their finding of 

increased filament density is consistent with our finding that progerin expression results in 

morphologically abnormal progerin and lamin B1 meshworks. 

The ability of progerin to induce morphological abnormalities in the nuclear lamin meshwork 

depended on progerin farnesylation. The expression of nonfarnesyl-progerin in SMCs resulted in 
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a morphologically normal meshwork at the nuclear rim (colocalizing with lamin B1 and 

LAP2b), although a substantial fraction of nonfarnesyl-progerin was in the nucleoplasm. 

Consistent with an absence of disease phenotypes in knock-in mice expressing nonfarnesylated 

progerin (Yang et al., 2011), nonfarnesyl-progerin expression in SMCs did not increase the 

frequency of NM ruptures and blebs. We suspect that the ability of nonfarnesyl-progerin to reach 

the nuclear rim and form a morphologically normal meshwork was dependent on direct 

interactions with other nuclear lamins. Another reason to suspect that nonfarnesyl-progerin 

interacts with other nuclear lamins was the fact that nonfarnesyl-progerin triggered abnormalities 

in the distribution of lamin B1. In wild-type SMCs, lamin B1 is located at the nuclear rim, whereas 

in nonfarnesyl-progerin–expressing SMCs some of the lamin B1 was in the nucleoplasm, likely 

trapped there by interactions with nucleoplasmic nonfarnesyl-progerin. In any case, we suspect 

that the reduced toxicity of nonfarnesyl-progerin in SMCs results from its ability to form a regular 

meshwork and its inability to trigger NM ruptures and blebs. 

When wild-type cells are incubated in medium containing a protein farnesyltransferase 

inhibitor (FTI), nonfarnesyl–prelamin A can be detected in the nucleoplasm and at the nuclear rim 

(Glynn & Glover, 2005; Toth et al., 2005). Similarly, when progerin-expressing cells are incubated 

with an FTI, nonfarnesyl-progerin can be detected in the nucleoplasm (Glynn & Glover, 2005; 

Mallampalli et al., 2005; Toth et al., 2005; Wang et al., 2012; Yang et al., 2005) and at the nuclear 

rim. Based in part on those findings, FTIs have been tested as a potential treatment for HGPS. In 

both human and mouse studies, FTIs were reported to reduce disease in mouse models of progeria 

(Capell et al., 2008; Fong, Frost, et al., 2006; Gordon et al., 2014a; Yang et al., 2006). In our studies 

with a gene-targeted HGPS mouse model, we found that adding an FTI to the drinking water 

resulted in modest short-term improvements in body weight and bony abnormalities, but the 
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progression of disease was relentless and severe (Yang et al., 2006). Given current data, we believe 

that treatment of children with FTIs is reasonable. However, in considering FTIs as a therapeutic 

strategy, one must also consider the potential impact of the FTI on lamin B1 farnesylation. In our 

studies, we found that increased expression of wild-type (farnesyl-)lamin B1 in SMCs improved 

the morphology of the progerin meshwork and reduced the frequency of NM ruptures and blebs. 

In contrast, a comparable amount of nonfarnesyl-lamin B1 had no effect on the morphology of the 

progerin meshwork, nor did it reduce the frequency of NM ruptures and blebs. Thus, inhibiting the 

farnesylation of progerin with an FTI could minimize the toxicity of progerin, but it seems possible 

that any salutary effects of the drug could be blunted by inhibition of lamin B1 farnesylation. 

In our studies, we examined, by confocal microscopy, the distribution of lamin C in prelamin 

A–expressing and progerin-expressing SMCs. The lamin C antibody that we used was specific; 

there was no binding of the antibody to Lmna–/– cells, nor was there any binding of the antibody 

to other nuclear lamins on western blots. In WT SMCs, prelamin A–expressing SMCs and 

progerin-expressing SMCs, the distribution of lamin C was predominantly punctate. Lamin C 

puncta were found immediately adjacent to lamin A, progerin, and lamin B1 fibrils within the 

nuclear lamin meshworks. Occasionally, lamin C lined one or more sides of small openings in a 

nuclear lamin meshwork, but it did not form a bona fide net-like meshwork resembling the 

meshworks formed by lamin A, progerin, or lamin B1. Also, lamin C was absent from the voids 

created by large openings in the progerin meshwork. It is possible that the absence of a bona fide 

lamin C net-like meshwork reflects low amounts of lamin C within cells (Shimi et al., 2008). 

In earlier studies (Chen et al., 2021), we found that overexpression of an inner nuclear 

membrane protein, LAP2b, eliminated NM ruptures in Lmna–/–Lmnb1–/–Lmnb2–/– fibroblasts. In 

the current studies, we found that expression of LAP2b in progerin-expressing SMCs normalized 
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the morphology of the progerin meshwork—and did so as effectively as lamin B1. Like lamin B1, 

LAP2b expression reduced the frequency of nuclear blebs and ruptures. The mechanism by which 

LAP2b normalizes the progerin meshwork is not understood, but our confocal microscopy studies 

showed that LAP2b adopts a net-like pattern resembling the lamin A and lamin B1 meshworks. 

We suspect that the net-like distribution of LAP2b functions to normalize the progerin meshwork 

and minimize NM ruptures and blebs. The nucleoplasmic domain of LAP2b has been reported to 

interact with nuclear lamins, in particular lamin B1, but it is unclear whether that property is 

responsible for LAP2b’s net-like distribution or its capacity to improve the morphology of the 

progerin network. It is interesting that the nucleoplasmic portion of emerin (an inner nuclear 

membrane protein related to LAP2b) forms filamentous structures in vitro (Samson et al., 2017), 

but thus far there have been no reports that LAP2b shares that property. 

Our studies are consistent with earlier studies showing that NM ruptures are more frequent in 

cells with a nuclear bleb (Hatch & Hetzer, 2016; Vargas et al., 2012), presumably due to a 

weakened nuclear envelope (Shah, Wolf, & Lammerding, 2017). In our studies, we found, with 

live-cell imaging studies, that ~80% of new nuclear blebs in progerin-expressing SMCs form at a 

NM rupture site, explaining the strong correlation between NM ruptures and blebs. NM ruptures 

occurred more frequently in progerin-expressing cells with an abnormal meshwork, suggesting 

that the irregularities and large openings in the meshwork weakened the nuclear lamina and were 

causally related to the emergence of NM ruptures and blebs. In Zmpste24–/– and Lmnb1–/– SMCs, 

we also observed a very strong association between NM ruptures, nuclear blebs, and irregularities 

and gaps in the nuclear lamin meshworks. Those observations provided additional support for the 

notion that a weakened, structurally abnormal meshwork contributes to NM ruptures and bleb 

formation. 
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Increasing lamin B1 expression in progerin-expressing SMCs counteracted the impact of 

progerin on the structure of the nuclear lamina and reduced the frequency of nuclear blebs and 

ruptures. We suspect that lamin B1’s capacity to mitigate progerin-induced phenotypes in SMCs 

is physiologically relevant, with high levels of lamin B1 in tissues protecting against disease and 

low levels increasing the severity of disease. In this context, we have been intrigued by a hallmark 

histopathologic finding in HGPS—loss of SMCs in the medial layer of the aorta (W. Stehbens et 

al., 2001). In wild-type mice, the lamin A:lamin B1 ratio is extremely high in the aorta (the highest 

among a comparison of 13 tissues, including bone and skin) (Kim et al., 2018b). In the setting of 

progerin expression in LmnaG609G/+ mice, where progerin protein accumulates with age while lamin 

B1 levels fall, the progerin:lamin B1 ratio in the aorta rises to very high levels; the progerin:lamin 

B1 ratio in the aorta is ~25–30, whereas it is only ~2.5 in left ventricular myocardium (Kim et al., 

2018b). We suspect that the low amounts of lamin B1 render progerin-expressing SMCs more 

susceptible to progerin toxicity, resulting in an abnormal progerin meshwork and an increased 

susceptibility to mechanical stress associated with pulsatile blood flow. In support of that proposal, 

we found an abnormal lamin A/C meshwork in aortic SMCs of LmnaG609G/G609G mice. The arterial 

pathology in mouse HGPS is restricted to medial SMCs. We have never observed loss of intimal 

endothelial cells or adventitial mesenchymal cells even though the intima and adventitia are also 

exposed to mechanical stress. We suspect that the substantially higher amounts of lamin B1 in 

intimal and adventitial cells (Kim et al., 2018b) render them less susceptible to disease. 
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Materials and Methods 

Mice. Mice with a targeted HGPS mutation (LmnaG609G) (Kim et al., 2018b; Lee et al., 2016) were 

housed in a specific pathogen–free barrier facility with a 12-h light/dark cycle. The mice were 

provided pelleted mouse chow (NIH31) and water ad libitum and nutritional food cups (Westbrook, 

ME) as required for supportive care. All animal studies were approved by UCLA’s Animal 

Research Committee. 

Cells. Immortalized mouse aortic smooth muscle cells (SMCs) (ATCC, #CRL-2797) were cultured 

in DMEM (Invitrogen) supplemented with 10% (v/v) fetal bovine serum (HyClone), 1× 

nonessential amino acids, 2 mM glutamine, 1 mM sodium pyruvate, and 0.2 mg/ml G418 at 37°C 

with 5% CO2. 

Lmnb1-deficient SMCs. Guide RNAs targeting Lmnb1-deficient SMCs (Lmnb1–/–) (lacking any 

detectable lamin B1 by western blot or immunocytochemical staining) were created by 

CRISPR/Cas9-induced homology-directed repair. A detailed description is provided in SI 

Appendix. 

Zmpste24-deficient SMC. Zmpste24-deficient SMCs were created in a similar fashion as Lmnb1-

deficient SMCS. A detailed description is provided in SI Appendix.  

Western blotting. Western blotting of cell and tissue samples was performed as previously 

described (Kim et al., 2018b) (Kim et al., 2021). A description is provided in SI Appendix. The 

antibodies and concentrations are listed in SI Appendix, Table SI. 

Quantitative real time-PCR. Quantitative real time-PCR was performed as previously described 

(Kim et al., 2021). A detailed description is provided in SI Appendix. All primers used in the 

experiments are listed in SI Appendix, Table SII. 
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Doxycycline (Dox)-inducible expression in SMCs. SMCs harboring Dox-inducible pTRIPZ 

expression vectors for human prelamin A, human progerin, non-farnesylated human progerin 

(progerin-SSIM), lamin B1, and non-farnesylated lamin B1 (lamin B1-SAIM) have been described 

previously (Kim et al., 2018b) (Kim et al., 2021). A similar approach was used to generate SMCs 

expressing Dox-inducible constructs for LAP2β. A detailed description is provided in SI Appendix.  

The primer sequences are listed in SI Appendix, Table SIII. 

Constitutive expression of nuclear localized GFP, cGAS-mCherry, and lamins in SMCs. 

SMCs expressing green fluorescent protein (GFP) with a nuclear localization signal (nls-GFP) 

have been described previously (Kim et al., 2021). The creation of SMCs expressing constitutive 

plasmids for prelamin A and progerin is described in SI Appendix. 

Measurement of nuclear membrane (NM) ruptures in live SMCs. The detection of nuclear 

membrane ruptures was performed as previously described (Kim et al., 2021). A description is 

provided in SI Appendix. 

High-resolution confocal fluorescence microscopy. 50,000 cells were grown in a chambered 

coverslip with a #1.5H (170 µm ± 5µm) glass bottom (ibidi USA). After 48 h, cells (with or without 

doxycycline) were fixed with 4% paraformaldehyde in PBS for 10 min at room temperature and 

permeabilized with 0.3% Triton X-100 in PBS for 10 min. The cells were processed for 

immunofluorescence microscopy as described (Kim et al., 2021). The antibodies and 

concentrations are listed in SI Appendix,  Table SI. Airyscan images were acquired with a LSM980 

with Airyscan2 in super-resolution (SR) imaging mode with a scan-speed of 5 with a Plan-

Apochromat 63×/1.4 NA oil-immersion objective (Zeiss). Excitation wavelengths and filter 

settings for the respective dyes were selected with the integrated dye presets in the ZEN Blue 2.3 

software. Identical settings were used throughout the entire imaging session. Z-stacks were 
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recorded at a recommended optimal section of 0.14 µm from the bottom (close to glass bottom) to 

the top of a nucleus. Images acquired in SR imaging mode were further processed with Airyscan 

Joint Deconvolution (jDCV) available in Zen Blue software. jDCV parameters were: sample 

structure, standard; maximum iterations, 10; and quality threshold of 0.00. High-resolution 

confocal fluorescence microscopy images were processed by Zen Blue 2.3 software to generate 

cross-sectional projection and maximum intensity projection images ranging from equatorial to 

top (away from glass bottom) of a nucleus. 

Quantification of lamina meshwork gap. Z-axis images from equatorial to top of a nucleus were 

compiled and converted to 8-bit grayscale in ImageJ (NIH). Brightness and contrast were adjusted 

to enhance the visibility of the lamina meshwork. The meshwork was outlined using the “Overlay” 

tool with a paintbrush set to a width of 1 pixel. A threshold was then applied to delineate the 

meshwork, and the area of the gaps within the meshwork was quantified with the “Analyze 

Particles” function. A global scale was established with a scale bar from the original image. 

Meshwork gaps adjacent to the image borders were excluded from quantification. The 

quantification results were exported to GraphPad Prism software for graphical illustrations. 

STED microscopy. Samples were analyzed using a Leica TCS SP8 STED laser scanning confocal 

microscope equipped with a 93×/1.3 GLYC STED WHITE objective lens with a motorized 

correction collar. The sample was excited using 488nm and 561nm laser lines from a white light 

laser continuum and STED depletion occurred at 660nm for both channels. Single molecule HyD 

detectors collected the fluorescence emission within two windows at 503nm–555nm and 583nm–

643nmm, scanning at 8000Hz with 8 line average and 12 frame average. Images were taken at 

12.1nm × 12.1nm pixel size, using 141nm z-step size with the pinhole at 130.6 µm.  Images were 

deconvolved and processed by the Leica Lightning adaptive method. 
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Statistical analysis. Statistical analyses were performed with Microsoft Excel for Mac 2011 and 

GraphPad Prism software. Experimental groups were analyzed by unpaired 2-tailed Student’s t 

test, or one-way and two-way ANOVA with Tukey’s multiple comparisons test. Statistical 

significance was considered when the P value was < 0.05. Red circles in bar graphs show the 

average values of independent experiments or values for individual animals.  
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Data availability statement 

The data underlying Figs. 1, 2, 4, 5, 6, 7, and 9 are openly available in the publicly accessible 

database UCLA Dataverse at 

https://urldefense.com/v3/__https://dataverse.ucla.edu/dataset.xhtml?persistentId=doi:10.25346*

S6*GA8STV__;Ly8!!F9wkZZsI-LA!BcuXqMkGf1l9IA-7Y8NaSmy_Y4isFXtG-

Mnbz7wYlsFKheXWga_4cSDj88Z8uM48JxocHTDgxr684In4G3ntatqu_g$. All other study data 

are included in this article and Supplementary files. 
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Figure 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The nuclear lamin meshwork is abnormal in progerin-expressing SMCs. A. Western 
blot comparing the expression of lamin A and progerin in the mouse aorta and in cultured SMCs 
expressing doxycycline (Dox)-inducible constructs for human (hu)-prelamin A and hu-progerin. 
Tubulin was measured as a loading control. B. Confocal fluorescence microscopy images of the 
prelamin A (upper) and progerin (lower) meshworks in SMCs stained with an antibody against hu-
lamin A (yellow). High-magnification images of the boxed regions are shown to the right. Scale 
bar, 2 µm. C. The percentage of cells with an abnormal nuclear lamin meshwork in SMCs 
expressing prelamin A (PreA) or progerin. The total numbers of cells examined in three 
independent experiments (circles) are shown in parentheses. Mean ± SEM. **, P < 0.01. D. STED 
microscopy images of the prelamin A (upper) and progerin (lower) meshworks in SMCs stained 
with an antibody against hu-lamin A (yellow). High-magnification images of the boxed regions 
are shown to the right. Scale bar, 1 µm. E. Representative microscopy images (left) and line 
drawings (right) of 4 ´ 4-µm regions in the prelamin A (upper) and progerin (lower) meshworks 
in SMCs. Scale bar, 2 µm. F. Violin plots comparing the distribution (tan) and average sizes (blue 
dotted lines) of the openings in the prelamin A (PreA) and progerin meshworks in four pairs of 
nuclei. ***, P < 0.001.  
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Figure 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Progerin has a dominant-negative effect on the structure of the lamin B1 meshwork. 
A. Representative confocal fluorescence microscopy images of wild-type SMCs (WT) and SMCs 
expressing hu-progerin, hu-prelamin A, and hu-progerin-SSIM. Cells were stained with antibodies 
against hu-lamin A (green) and lamin B1 (red). Scale bar, 2.5 µm. High-magnification images of 
the boxed regions are shown to the right. Scale bar, 2 µm. B. Box and whisker plots comparing the 
average sizes (solid black line) and ranges of the openings in the meshworks of WT SMCs, and 
SMCs expressing hu-prelamin A (hu-PreA), hu-progerin (hu-Prog), and hu-Prog-SSIM. The cells 
were stained with antibodies against hu-lamin A and mouse lamin B1. Mean ± SEM. *, P < 0.05 
(n = 45 nuclei/group). C. STED microscopy images of SMCs expressing prelamin A (left) or 
progerin (right) stained with antibodies against hu-lamin A (green) and lamin B1 (red). Scale bar, 
5 µm. High-magnification images of the boxed regions are shown at the bottom. Scale bar, 1.0 µm. 
D. Bar graphs showing the sizes of the openings in the lamin A (black) and lamin B1 (red) 
meshworks in SMCs expressing hu-prelamin A (top) and the progerin (black) and lamin B1 (red) 
meshworks in SMCs expressing hu-progerin (bottom). A break in the Y-axis was used to optimize 
viewing of the sizes of lower-frequency openings in the meshwork.
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Figure 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Lamin C in progerin-SMCs is present along the borders of openings in the progerin 
meshwork. A. Orthogonal views of a nucleus from a wild-type SMC (WT SMC) stained with 
antibodies against lamin C (green) and lamin B1 (magenta). Lamin C is located at the nuclear rim 
and in the nucleoplasm. Scale bar, 5 µm. A high-magnification image of the boxed region is shown 
to the right. Scale bar, 2 µm. B. Representative confocal fluorescence microscopy images of nuclei 
from WT-SMCs and SMCs expressing hu-prelamin A (PreA-SMC) and hu-progerin (Prog-SMC). 
Cells were stained with antibodies against lamin C (green), hu-lamin A (red), and lamin B1 
(magenta). Scale bar, 5 µm. High-magnifications images of the boxed areas are shown to the right. 
Scale bar, 2 µm.  
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Figure 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Nuclear membrane (NM) ruptures and nuclear blebs are associated with an 
abnormal progerin meshwork. A. Representative confocal fluorescence microscopy images of 
non-induced (–Dox) and induced (+Dox) progerin-SMCs stained with antibodies against hu-lamin 
A (green) and lamin B1 (red). Scale bar, 5 µm. Boxed regions are shown at higher magnification 
to the right. Scale bar, 2 µm. The arrow points to a nuclear bleb. B. Percentage of progerin-SMCs 
with a nuclear bleb that have an abnormal progerin meshwork. The total numbers of cells examined 
in 3 different experiments (circles) are shown in parentheses. Mean ± SEM. ***, P < 0.001. C. 
Representative confocal fluorescence microscopy images of non-induced (–Dox) and induced 
(+Dox) progerin-SMCs expressing nls-GFP (green) and stained with an antibody against lamin B1 
(red). Scale bar, 5 µm. Boxed regions are shown at higher magnification to the right. Scale bar, 2 
µm. A cell with a NM rupture was identified by nls-GFP in the cytoplasm (yellow arrow). D. 
Percentage of progerin-SMCs with a NM rupture (NMR) and an abnormal progerin meshwork. 
The total numbers of cells examined in 3 independent experiments (circles) are shown in 
parentheses. Mean ± SEM. ***, P < 0.001. E. Percentage of progerin-SMCs with a NMR that had 
a nuclear bleb. The total numbers of cells examined in 3 independent experiments (circles) are 
shown in parentheses. Mean ± SEM. ***, P < 0.001. F. Percentage of progerin-SMCs with a 
nuclear bleb that had a NMR. The total numbers of cells examined in 3 independent experiments 
(circles) are shown in parentheses. Mean ± SEM. ****, P < 0.0001. 
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Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. An abnormal progerin meshwork in nuclear blebs is associated with low lamin B1 
levels. A. Representative confocal fluorescence microscopy images of progerin-SMCs stained 
with antibodies against hu-lamin A (green), lamin B1 (red), and LAP2b (magenta). DNA was 
stained with Dapi (blue). Scale bar, 5 µm. Single microscopy sections were collected through the 
middle of the nuclear bleb. The boxed areas are shown at higher magnification in panel C. B. 
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Percentage of nuclear blebs in progerin-SMCs with normal levels of lamin B1 or low levels of 
lamin B1. The total numbers of cells examined in three experiments (circles) are shown in 
parentheses. Mean ± SEM. ns, not significant. C. High-resolution microscopy images of the 
progerin and lamin B1 meshworks in the nuclear blebs boxed in panel A. Scale bar, 1 µm. D. 
Percentage of nuclear blebs with an abnormal progerin meshwork in blebs with lamin B1 and blebs 
without lamin B1. The total numbers of cells examined in three independent experiments (circles) 
are shown in parentheses. Mean ± SEM. ****, P < 0.001. 
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Figure 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Nuclear blebs form at sites of nuclear membrane ruptures. A. Kinetics of nuclear 
bleb formation (black squares) and NM ruptures (red circles) after adding Dox to induce progerin 
synthesis. B. Frequency of NM ruptures in progerin-SMCs with a nuclear bleb and without a 
nuclear bleb. The total numbers of cells examined are shown in parentheses. Mean ± SD. ****, P 
< 0.0001. C. Still images from a live-cell recording (Supplemental video 1) of progerin-SMCs 
expressing nls-GFP (green) and cGAS-mCherry (red). A NM rupture at 2 min (identified by the 
appearance of GFP in the cytoplasm) was followed by the formation of a nuclear bleb labeled with 
cGAS-mCherry (arrow). Scale bar, 10 µm. The time mark (relative to the first image) is shown in 
the upper right. D. Bar graph showing the frequency of a nuclear bleb forming at a NM rupture 
(NMR) site. The total numbers of cells examined from three experiments (circles) are shown above 
each bar. Mean ± SEM. **, P < 0.01. E. Still images from a time-lapse video (Supplemental video 
2) of progerin-SMCs showing the formation of nuclear bleb on an existing bleb after a NM rupture. 
Scale bar, 10 µm. The arrow points to two small nuclear blebs that formed on a larger nuclear bleb. 
F. Confocal fluorescence microscopy image of aortic SMCs from a 10-week–old LmnaG609G/G609G 
mouse stained with an antibody against lamin A/C (yellow). DNA was stained with Dapi (blue). 
Scale bar, 5 µm. The arrows point to nuclear blebs. 
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Figure 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. NM ruptures and nuclear blebs are associated with an abnormal nuclear lamin 
meshwork in Lmnb1–/– and Zmpste24–/– SMCs. A. Bar graph showing the percentage of cells 
with a NM rupture in wild-type (WT), Zmpste24–/–, and Lmnb1–/– SMCs. The total numbers of 
cells examined in 3 independent experiments (circles) are shown in parentheses. Mean ± SEM. *, 
P < 0.05 ***; P < 0.001. B. Bar graph showing the frequency of NM ruptures in Zmpste24–/– and 
Lmnb1–/– SMCs with and without a nuclear bleb. The total numbers of cells examined in 3 
independent experiments (circles) are shown in parentheses. Mean ± SEM. **, P < 0.01; ***, P < 
0.001 C. Representative high-resolution microscopy images of cells stained with antibodies against 
lamin A (green) and lamin B1 (red) in WT, Zmpste24–/–, and Lmnb1–/– SMCs. Scale bar, 5 µm. 
Boxed areas are shown at higher magnification on the right. D. Bar graph showing the frequency 
of an abnormal lamin A meshwork in Zmpste24–/– and Lmnb1–/– SMCs with and without a nuclear 
bleb. The numbers of cells scored in 3 independent experiments (circles) are shown in parentheses. 
Mean ± SEM. ***, P < 0.001. 
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Figure 8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Lamin B1 and LAP2b expression normalized the meshwork in progerin-SMCs and 
reduced the frequency of NM ruptures and nuclear blebs. A. Representative high-resolution 
microscopy images of WT SMCs, and SMCs expressing progerin, progerin + lamin B1, progerin 
+ LAP2b, or progerin + nonfarnesyl-lamin B1 (nf-lamin B1); cells were stained with antibodies 
against lamin A/C (green) and lamin B1 (red). High-magnification images of the boxed regions 
are shown on the right (white). Scale bar, 5 µm. B. Percentage of cells with an abnormal nuclear 
lamin meshwork in WT-SMCs, progerin-SMCs, and progerin-SMCs expressing lamin B1, LAP2b, 
or nf-lamin B1. The numbers of cells examined in 3 independent experiments (circles) are shown 
in parentheses. Mean ± SEM. *, P < 0.05. One-way ANOVA showing comparisons to progerin-
SMCs. C. Percentage of cells with a nuclear bleb (blue) or NM rupture (grey) in WT-SMCs, 
progerin-SMCs, and progerin-SMCs expressing lamin B1, LAP2b, or nf-lamin B1. The numbers 
of cells examined in 3 independent experiments (circles) are shown in parentheses. Mean ± SEM. 
*, P < 0.05. Two-way ANOVA showing comparisons to progerin-SMCs. ns, not significant. 
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Materials and Methods 

Lmnb1-deficient SMCs. Guide RNAs targeting Lmnb1-deficient SMCs (Lmnb1–/–) (lacking any 

detectable lamin B1 by western blot or immunocytochemical staining) were created by 

CRISPR/Cas9-induced homology-directed repair. Guide RNAs targeting Lmnb1 5¢ upstream 

sequences (5¢-GCTGGAACCACTCCACGTGT-3¢ and 5¢-GGCGAGAGGCGGGCAGGAGG-3¢) 

and Lmnb1 3¢ untranslated region (5¢-TAGTCACCATGTACGCACTC-3¢ and 5¢-

ATCTTACAACGTGTATGGAT-3¢) were subcloned into the CRISPR/Cas9 vector pX458-GFP 

(Addgene). To facilitate the selection of genetically modified SMCs, blasticidin and zeocin-

resistant knock-in cassettes flanked by LoxP sequences and incorporating homology arms (1,702 

bp and 1,519 bp for the blasticidin-resistant cassette; 1,724 bp and 1,747 bp for the zeocin-resistant 

cassette) were constructed. This strategy made it possible to isolate clones that had undergone 

successful integration of the cassettes. A Nucleofector II apparatus (Lonza) and the Cell line T 

Nucleofector kit (Lonza) were used to electroporate 3 µg of each vector and insert cassette into 2 

× 106 SMCs. After 48 h, SMCs were treated by blasticidin and zeocin. Following a 14-day selection 

period, genomic DNA was extracted from SMC clones with the DNeasy kit (Qiagen) and subjected 

to PCR analysis with Lmnb1-specific primers (5¢ upstream: 5¢-

GCTACCCAGGGAATCTCAGGC-3¢; 3¢ UTR: 5¢-TGGCAGCTCCAGAGGAAGAATG-3¢). The 

PCR products (6,510 bp for blasticidin-resistant and 4,836 bp for zeocin-resistant integrated alleles) 

were sequenced with Lmnb1 sequencing primers (5¢ upstream: 5¢-

AGGTCCGCTCGATCCTCACC-3¢ and 5¢-CGCATCAGCAGGTAAAGGGAC-3¢; 3¢ UTR: 5¢-

CCAATCAACAGCTCTGTAGAACCTC-3¢ and 5¢-CAGACCACCCATCTAGGGAGAG-3¢). 

Sequencing confirmed the targeted integration of each cassette into each allele. Subsequently, a 

clone was expanded in a 6-well plate and treated with an adenovirus expressing Cre recombinase 
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under the CMV promoter to excise the integrated cassettes. Confirmation of the sequences post-

Cre treatment was achieved through the previously mentioned PCR sequencing analyses. 

Zmpste24-deficient SMC. Zmpster24-deficient SMCs were created in a similar fashion as Lmnb1-

deficient SMCS. Guide RNAs targeting exon 6 of Zmpste24 (5¢-

GGTAAGGCTACCTGGAGGTG-3¢) and (5¢-ACAACATACACCTTAGTCAA-3¢) were 

subcloned into pX458-GFP CRISPR/Cas9 vector linearized with BbsI. PCR primers outflanking 

the gRNA cut sites (5¢-ATTGCCTGTGTCTGCCCTTCTGCT-3¢ and 5¢-

GAACACTGGTTTTGTTTTGCAGCC-3¢) were used to amplify the gene fragment from the 

genomic DNA. Sequencing primer (5¢-TCCACCAGCATGAACAAGGGTGTGT-3¢) was used to 

verify the sequence deletion between the two guide RNA cut sites. Clonal cell lines were further 

tested by qPCR and western blot to confirm the absence and inactivity of ZMPSTE24. 

Western blotting. SMCs were prepared by collecting cells with TrypLE (ThermoFisher), washing 

briefly in cold PBS and centrifuged at 500 × g for 5 min. Cell pellets were lysed in urea lysis buffer 

[8M urea, 100mM NaCl, 10mM Tris, 1mM EDTA, 1× phosphatase inhibitor (Bimake), 0.1mM 

PMSF, 0.1% Triton-X 100, 1× protease inhibitor (Roche) dissolved in water] by vortexing for 10 

sec followed by centrifugation for 10 min at 18,000 ´ g. The supernatant was transferred to a clean 

Eppendorf tube, mixed with LDS sample buffer (Invitrogen), and heated at 70°C for 10 min. Urea-

soluble protein extracts were size-fractionated on 4–12% gradient polyacrylamide Bis-Tris gels 

(Invitrogen) and transferred to nitrocellulose membranes. The membranes were blocked with 

Odyssey Blocking solution (LI-COR Bioscience, Lincoln, NE) for 1 h at RT and incubated with 

primary antibodies at 4°C overnight. After washing the membranes with PBS containing 0.2% 

Tween-20 (3 times for 10 min each), they were incubated with infrared dye (IR)–labeled secondary 

antibodies at RT for 1 h. Membranes were washed with 0.2% PBS-T (3 times for 10 min each). 
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The IR signals were quantified with an Odyssey infrared scanner (LI-COR Biosciences). The 

antibodies and concentrations are listed in SI Appendix, Table SI. 

Quantitative real time-PCR. Total RNA was extracted with the RNeasy kit (Qiagen) and treated 

with DNase I (Ambion) according to the manufacturer’s recommendation. RNA was reverse-

transcribed with random primers using SuperScript III cDNA Synthesis Kit (Invitrogen). cDNA 

samples were diluted in nuclease-free water and stored at –80°C. RT-PCR reactions were 

performed on a QuantStudio5 system (ThermoFisher Scientific) with SYBR Green PCR Master 

Mix (Bioland). Transcript levels were calculated by the comparative cycle threshold method and 

normalized to cyclophilin A expression. All primers used in the experiments are listed in SI 

Appendix, Table SII. 

Doxycycline (Dox)-inducible expression in SMCs. SMCs harboring Dox-inducible pTRIPZ 

expression vectors for human prelamin A, human progerin, non-farnesylated human progerin 

(progerin-SSIM), lamin B1, and non-farnesylated lamin B1 (lamin B1-SAIM) have been described 

previously (Kim et al., 2018b) (Kim et al., 2021). The same approach was used to generate SMCs 

expressing Dox-inducible constructs for LAP2β (SI Appendix, Table SIII). The expression plasmid 

was constructed by InFusion cloning (Takara Bio, Japan) of cDNAs into pTRIPZ. The mouse 

Tmpo cDNA was amplified from mouse cDNA with forward primer 5′- 

GTCAGATCGCACCGGATGCCGGAGTTCCTAGAGG-3′ and reverse primer 5′- 

CATGGTGGCGGGATCGTTGGATATTTTAGTATCTT-3′. All plasmids were verified by DNA 

sequencing. Packaging of lentivirus and transduction of cells were performed by UCLA’s Vector 

Core. Transduced cells were selected with 3 µg/ml puromycin for two weeks; individual clones 

were isolated by limiting dilution in 96-well plates. Clones were screened by western blotting and 

immunofluorescence staining. A minimum of 2 clones were isolated for each cell line. 
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Constitutive expression of nuclear localized GFP, cGAS-mCherry, and lamins in SMCs. 

SMCs expressing green fluorescent protein (GFP) with a nuclear localization signal (nls-GFP) 

have been described previously (Kim et al., 2021). Constitutive expression of prelamin A and 

progerin in SMCs was performed by transducing SMCs with pCLNR (#17735; Addgene) 

expression plasmids. The prelamin A and progerin cDNAs were subcloned into HindIII and NotI 

sites of pCLNR by InFusion cloning. Human prelamin A was amplified with forward primer 5¢-

GCTAGCGAATTATGGAGACCCCGTCCCAGC-3¢ and reverse primer 5¢-

GATCCTTGCGGCCTTACATGATGCTGCAGT-3¢; human progerin was amplified with forward 

primer 5¢-GCTAGCGAATTATGGAGACCCCGTCCCAGC-3¢ and reverse primer 5¢-

CAGATCCTTGCGGCCTTACATGATGCTGCA-3¢. cGAS-mCherry-Puro-pCDH (#132771; 

Addgene) was purchased from Addgene. All plasmids were verified by DNA sequencing. 

Packaging of lentivirus, retrovirus, and SMC transduction were performed by UCLA’s Vector Core. 

Transduced cells were selected with 3 µg/ml blasticidin or puromycin for two weeks; individual 

clones were isolated by limiting dilution. A minimum of 2 clones were isolated for each cell line. 

Measurement of nuclear membrane (NM) ruptures in live SMCs. SMCs stably expressing GFP 

in the nucleus were seeded into 2-well chamber slides with glass coverslip bottoms (ThermoFisher 

Scientific) and cultured in complete culture media. Mitomycin C (1 µg/ml) was added to the 

medium to trigger cell-cycle arrest. The inhibition of cell proliferation facilitated NM rupture 

quantification by eliminating mitotic cells. Doxycycline was added to induce nuclear lamin 

expression and incubated for 24 h before examination by microscopy. The cell culture chamber 

slide was mounted into a CO2- and temperature-controlled stage on a Zeiss LSM800 confocal laser 

scanning microscope controlled by Zen Blue 2.3 software (all from Zeiss). The cells were 

visualized for 48 h at 37°C and 5% CO2 with a Plan-Apochromat 20´/0.8 NA objective. Images 
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from randomly selected fields of view were captured every 1–2 min. The numbers of cells with a 

NM rupture, defined by the appearance of GFP in the cytoplasm, was divided by the total number 

of cells in a field. 
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Supplemental Figure 1. 

 

Supplemental Figure 1. Nonfarnesyl-progerin is expressed in the nucleoplasm and at the 
nuclear periphery. A. Western blot showing the doxycycline (Dox)-inducible expression of 
nonfarnesylated hu-progerin (hu-progerin-SSIM) in cultured SMCs. Tubulin was measured as a 
loading control. (The gel was cropped from a gel shown in Figure 1A.) B. Representative images 
of single microscopy sections through the middle of SMC nuclei stained with antibodies against 
hu-lamin A (green) and lamin B1 (red). Scale bar, 5 µm. Note hu-progerin-SSIM staining in the 
nucleoplasm (white arrowheads). The dotted lines mark the locations of the fluorescence intensity 
profiles reported in panel C. C. The relative fluorescence intensity profiles for antibodies against 
hu-lamin A (blue) and lamin B1 (red) in SMCs expressing hu-progerin (left) and hu-progerin-
SSIM (right). D. Orthogonal views of a progerin-SSIM nucleus stained with antibodies against hu-
lamin A (green) and LAP2b (red). Scale bar, 5 µm. Boxed regions are shown at higher 
magnification to the right. Scale bar, 2 µm.  
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Supplemental Figure 2. 

 
 

Supplemental Figure 2. The antibody used to detect lamin C is specific. A. Western blot 
demonstrating the specificity of the anti-lamin C antibody. Extracts from non-transduced wild-
type SMCs (WT SMC), and SMCs expressing hu-prelamin A (hu-PreA) or hu-progerin were 
fractionated by SDS-PAGE and membranes blotted with antibodies against anti-lamin A/C (red) 
and anti-lamin C (green). The individual and merged images are shown. b-actin was measured as 
a loading control. B. Immunofluorescence study showing the absence of lamin C antibody binding 
in Lmna–/– SMCs. Wild-type (WT) and Lmna–/– SMCs were stained with antibodies against lamin 
C (green) and lamin B1 (red). DNA was stained with Dapi (blue). Scale bar, 20 µm. 
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Supplemental Figure 3. 

 
 

Supplemental Figure 3. Detection of nuclear blebs in LmnaG609G/G609G aortic SMCs. A. Picture 
showing the orientation of the tissue sections collected from mouse aortas to examine SMC nuclei 
by immunohistochemistry. B. Confocal fluorescence microscopy images of aortic SMCs from a 
10-week–old LmnaG609G/G609G mouse stained with antibodies against lamin A/C (yellow). DNA was 
stained with Dapi (blue). Scale bar, 5 µm. Arrows point to nuclear membrane blebs in two different 
SMCs. The boxed regions are shown at higher magnification to the right. Scale bar, 2.5 µm. 
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Supplemental Figure 4. 

 
 

Supplemental Figure 4. Characterization of Zmpste24–/– and Lmnb1–/– SMCs. A. Bar graph 
comparing the expression of Zmpste24, Lmnb1, and Lmna in wild-type (green), Zmpste24–/– (blue), 
and Lmnb1–/– (grey) SMCs by quantitative RT-PCR. Gene expression was normalized to Ppia. 
Mean ± SEM (n = 3 experiments). One-way ANOVA showing comparisons made to wild-type 
SMCs. ***, P < 0.001; ns, not significant. B. Western blot comparing the expression of lamin A, 
lamin C, lamin B1, and prelamin A in wild-type (WT), Zmpste24–/–, and Lmnb1–/– SMCs. Prelamin 
A was detected with an anti-prelamin A antibody (clone 3C8). b-actin was measured as an internal 
control. The individual channels and merged image are shown. C. Bar graph showing the fraction 
of cells with a NM bleb identified by immunocytochemistry in WT, Zmpste24–/–, and Lmnb1–/– 

SMCs. The numbers of cells examined are shown in parentheses from three independent 
experiments (circles). Mean ± SEM. One-way ANOVA showing comparisons made to WT SMCs. 
*, P < 0.05; ***, P < 0.001. 
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Supplemental Figure 5. 

 
Supplemental Figure 5. Inducible expression of lamin B1, nonfarnesyl-lamin B1, and HA-
tagged LAP2b in progerin-SMCs. A. Western blot comparing the expression of lamin A, 
progerin, lamin C, and lamin B1 in wild-type SMCs (WT-SMC), progerin-SMCs, and progerin-
SMCs expressing Dox-inducible constructs for lamin B1 and nonfarnesyl-lamin B1 (Lmnb1-
SAIM). Tubulin was measured as an internal control. B. Western blot comparing the expression of 
lamin A, progerin, lamin C, lamin B1, and LAP2b in WT-SMCs, and progerin-SMCs expressing 
a Dox-inducible construct for HA-tagged LAP2b (HA-LAP2b). Actin was measured as an internal 
control. Note the slower migration of HA-LAP2b as compared to endogenous LAP2b. C–D. 
Confocal fluorescence microscopy images of WT-SMCs (C) and progerin-SMCs (D) stained with 
antibodies against lamin A/C (green), lamin B1 (blue), and LAP2b (red). DNA was stained with 
Dapi (white). Scale bar, 5 µm. High magnification images of the boxed regions are shown below. 
Scale bar, 2 µm.  
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Table S1. Antibodies used for western blotting and immunocytochemistry. 

 

Antibody Description Species Source Catalog # Use Dilution 

b-actin Goat Santa Cruz 
Biotech SC1616 WB, IF 1:3000 

b-actin Mouse Santa Cruz 
Biotech SC47778 WB 1:3000 

cGAS Rabbit Cell Signal 31659S IF 1:1000 
Human lamin A Mouse Millipore MAB3211 WB, IF 1:1500 

Human lamin A/C Rabbit Abcam Ab108595 WB, IF 1:1000 
Human lamin A/C-

Alexa 488 conjugated Rabbit Abcam Ab185014 IF 1:1000 

Human lamin A/C-
Alexa 594 conjugated Rabbit Abcam Ab215324 IF 1:1000 

Lamin B1 Goat Santa Cruz 
Biotech SC6217 WB, IF 1:1500 

Lamin C Rabbit Pro Sci 71-055 WB, IF 1:1000 
LAP2b Mouse BD Pharmingen 611000 IF 1:2000 

Prelamin A Rat In-house clone 3C8 WB 1:1000 
Tubulin Rat Novus Bio NB600-506 WB 1:3000 

Anti-rabbit IR800 Donkey LI-COR 926-32213 WB 1:10000 
Anti-goat IR800 Donkey LI-COR 926-32214 WB 1:10000 
Anti-rat IR800 Donkey ThermoFisher SA5-10032 WB 1:5000 

Anti-mouse IR800 Donkey ThermoFisher SA5-10172 WB 1:5000 
Anti-rabbit IR680 Donkey LI-COR 926-32221 WB 1:5000 

Anti-rat IR680 Goat LI-COR 925-68076 WB 1:5000 
Anti-goat IR680 Donkey LI-COR 926-68074 WB 1:5000 

Anti-mouse IR680 Donkey ThermoFisher SA5-10170 WB 1:5000 
Anti-mouse Alexa 488 Donkey Invitrogen A21202 IF 1:2000 
Anti-rabbit Alexa 488 Donkey Invitrogen A21206 IF 1:2000 
Anti-goat Alexa 488 Donkey Invitrogen A11055 IF 1:2000 
Anti-goat Alexa 555 Donkey Invitrogen A21432 IF 1:2000 

Anti-rabbit Alexa 555 Donkey Invitrogen  A31572 IF 1:200 
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Anti-rabbit Alexa 568 Donkey Invitrogen A10042 IF 1:2000 
Anti-mouse Alexa 568 Donkey Invitrogen A10037 IF 1:2000 
Anti-mouse Alexa 647 Donkey Invitrogen A31571 IF 1:2000 
Anti-rabbit Alexa 647 Donkey Invitrogen A31573 IF 1:2000 
Anti-goat Alexa 647 Donkey Invitrogen A21447 IF 1:2000 

Anti-mouse Alexa 647 
Plus Donkey Invitrogen A32787 IF 1:2000 

Anti-rabbit Alexa 647 
Plus 

Donkey Invitrogen A32795 IF 1:2000 

Anti-rat Alexa 650 Donkey ThermoFisher SA5-10029 IF 1:200 
Anti-rabbit Alexa 680 Donkey Invitrogen A21109 IF 1:1000 

 

 

Table S2. Quantitative RT-PCR primers. 

 

Gene or 
transcript 

Forward (5¢–3¢)  Reverse (5¢–3¢) 

Ppia TGAGCACTGGAGAGAAAGGA CCATTATGGCGTGTAAAGTCA 

Lmna CCTATCGAAAGCTGCTGGAG CCTGAGACTGGGATGAGTGG 

Lmnb1 CAACTGACCTCATCTGGAAGAAC TGAAGACTGTGCTTCTCTGAGC 

Zmpste24 CCTCTGTTTGACAAATTCACACC AACGCTTAGATCCTTCAACAACA 
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Table S3. Description of cell lines. 

 

Cell line Modification Source Validation 
method 

Mycopl
asma 

contam
ination 

hu-prelamin A-SMC human (hu)-prelamin A-
pTRIPZ In-house Western blotting No 

hu-progerin-SMC hu-progerin-pTRIPZ In-house Western blotting No 
hu-progerin-SMC-

SSIM 
hu-progerin-SSIM-

pTRIPZ In-house Western blotting No 

Lmna–/–-SMC CRISPR/Cas9 deletion of 
Lmna In-house 

Western blotting 
and qPCR No 

hu-prelamin A-SMC + 
nls-GFP 

hu-prelamin A-pTRIPZ +  
nls-GFP-pCLNR In-house Microscopy No 

hu-progerin-SMC + 
nls-GFP 

hu-progerin-pTRIPZ + 
nls-GFP-pCLNR In-house Microscopy No 

hu-progerin-SMC + 
nls-GFP + cGAS-

mCherry 

hu-progerin-pTRIPZ + 
nls-GFP-pCLNR + cGAS-

mCherry-pCDH In-house 
Microscopy No 

Zmpste24–/–-SMC CRISPR/Cas9 deletion of 
Zmpste24 In-house 

Western blotting 
and qPCR No 

Lmnb1–/–-SMC CRISPR/Cas9 deletion of 
Lmnb1 In-house 

Western blotting 
and qPCR No 

Zmpste24–/–-SMC + 
nls-GFP 

Zmpste24–/– + nls-GFP-
pCLNR In-house Microscopy No 

Lmnb1–/–-SMC + nls-
GFP 

Lmnb1–/– + nls-GFP-
pCLNR In-house Microscopy No 

Lamin B1-SMC hu-progerin-pCLNR + 
Lmnb1-pTRIPZ In-house Western blotting No 

Lamin B1-SMC-SIAM hu-progerin-pCLNR + 
Lmnb1-SAIM-pTRIPZ In-house Western blotting No 

HA-LAP2b-SMC hu-progerin-pCLNR + 
HA-Tmpo-pTRIPZ In-house Western blotting No 
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Chapter 5: 

Conclusion 
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The goal of this study was to investigate the underlying mechanisms of vascular smooth muscle 

cell loss in HGPS by studying an HGPS mouse model and an in vitro doxycycline-inducible cell 

system. I discovered several properties of progerin and aortic wall conditions that contribute to 

SMC loss in large arteries as outlined in Chapter 2, 3, and 4. These findings are organized into a 

diagram which depicts our current view on the mechanisms contributing to vascular SMC loss in 

HGPS (Figure 5.1).  

 

Figure 5.1. Our current view on the mechanisms contributing to vascular smooth muscle 
cell loss in HGPS.  

 In Chapter 2, I identified a unique lamin expression profile in the aorta compared to other 

tissues. Various tissues were harvested from wild-type mice, and quantitative western blotting was 

performed with lamin A/C, lamin B1, and tubulin antibodies. Upon quantifying the lamin A to 

lamin B1 ratio, the aorta had an ~10-fold higher ratio compared to the kidney. In the setting of 

HGPS, this results in high progerin and low lamin B1 expression in the aorta. In Chapter 3, we 
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compared young and old progeria mice and showed that progerin accumulated with age, whereas 

lamin B1 protein levels fell with age. This ultimately resulted in very high levels of progerin but 

low levels of lamin B1.  

 Our quantitative western blotting studies of mouse tissues revealed why the aorta was most 

severely affected in progeria mice; it exhibited the highest progerin to lamin B1 ratio among all 

the tissues we tested. This finding led us to the next question: "Why are vascular smooth muscle 

cells affected but not endothelial cells or adventitial cells?" Consequently, we became curious 

about potential differences across the various layers of the aorta. To explore this, we performed   

immunohistochemical staining of aorta sections using an antibody against lamin B1. Notably, the 

staining intensity of lamin B1 varied significantly across different layers of the aorta. The 

endothelial and adventitia layers exhibited much brighter lamin B1 staining compared to the 

medial layer. This expression pattern suggested that lamin B1 may play distinct roles in these 

vascular regions. The elevated levels of lamin B1 in the endothelial layer, which lines the interior 

surface of blood vessels, could be related to its role in maintaining nuclear structure and regulating 

gene expression in endothelial cells, which are critical for vascular function and integrity. Similarly, 

the strong lamin B1 staining in the adventitia, the outermost layer of the aorta composed mainly 

of connective tissue, might reflect its involvement in structural support and cellular organization. 

In contrast, the medial layer, predominantly composed of smooth muscle cells, showed relatively 

lower lamin B1 expression, indicating possible differences in nuclear architecture or cellular 

requirements for this protein in the contractile functions of these cells. These findings open new 

avenues for exploring the specific functions of lamin B1 in vascular biology and its implications 

in vascular diseases. 
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 We were particularly interested in understanding the impact of high progerin and low lamin 

B1 expression profiles on the nuclear lamina of smooth muscle cells. Our investigation revealed 

that approximately 25% of SMCs expressing progerin developed an abnormal nuclear meshwork 

characterized by clusters of large gaps. This structural aberration contrasts sharply with the more 

regular meshwork observed in SMCs expressing prelamin A, where gap openings within the 

meshwork were consistently sized around 0.1µm2. These observations led us to hypothesize that 

the structural defects induced by progerin in the nuclear lamina meshwork may have deleterious 

effects on cellular health. Furthermore, we found that the presence of progerin not only disrupts 

the meshwork but also alters the organization of other key nuclear lamins, such as lamin B1, and 

nuclear envelope proteins, including LAP2β. The disruption of these proteins suggests that 

progerin exerts a dominant-negative effect, compromising the integrity and function of the nuclear 

lamina and nuclear envelope. This finding is significant as it highlights the extensive impact of 

progerin on nuclear architecture, potentially contributing to cellular dysfunction and disease 

pathology.  

To further investigate the downstream effects of an abnormal nuclear meshwork on cellular 

health, we conducted a detailed examination of various phenotypes and properties of progerin, as 

documented in Chapters 3 and 4. Our research uncovered that the expression of progerin 

significantly increased nuclear stiffness. This increase in stiffness was quantitatively measured 

using techniques such as Atomic Force Microscopy (AFM) and the “coverslip assay,” both of 

which confirmed the substantial rigidity imparted by progerin. Conversely, lamin B1 exhibited an 

opposite effect; its presence rendered the nucleus more pliable and softer, indicating a fundamental 

difference in how these proteins influence nuclear mechanics. Moreover, the expression of 

progerin was correlated with a notable increase in NM ruptures. These ruptures likely result from 
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decreased nuclear integrity and occurred with greater frequency in progerin-expressing cells. The 

consequence of these nuclear membrane ruptures was profound, leading to significant DNA 

damage and ultimately resulting in cell death. This finding was further corroborated in vivo. In 

LmnaG609G mice with a Nuc-Tomato reporter, we observed that NM ruptures occurred specifically 

in vascular SMCs and not in endothelial cells. This in vivo evidence strengthens our understanding 

of the detrimental effects of progerin on nuclear integrity, particularly within the vascular SMCs. 

The aorta is subjected to various mechanical forces, including wall shear stress, blood 

pressure, and matrix-driven stress, which means that vascular SMCs are constantly under 

mechanical stress. To investigate the effects of this stress, we used a custom-built cell stretching 

device. Our findings revealed that SMCs expressing progerin were significantly more susceptible 

to mechanical stress, leading to a higher incidence of NM ruptures, DNA damage, and cell death. 

In contrast, SMCs expressing prelamin A did not exhibit increased susceptibility to mechanical 

stress, regardless whether stretching was applied or not. To further validate our hypothesis, we 

utilized KASH2-EGFP, a construct capable of disrupting the LINC complex, thereby eliminating 

the transmission of extracellular forces to the nucleus. Both in vitro and in vivo models confirmed 

that this intervention effectively rescued nuclear membrane ruptures and reduced cell death in 

progerin-expressing cells. This finding supports our hypothesis that mechanical stress exacerbates 

the detrimental effects of progerin on nuclear integrity and highlights the potential of targeting the 

LINC complex to mitigate these effects. 

Lastly, there is an intriguing puzzle in the field of lamin research: the absence of vascular 

disease in Zmpste24–/– mice. Both farnesyl–prelamin A and progerin terminate with a 

farnesylcysteine methyl ester group and exhibit similar toxicities, as verified in cell culture studies. 

Zmpste24 KO mice develop phenotypes akin to those observed in progeria mice, including brittle 
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bones, growth failure, and shortened lifespan. Despite these similarities, a notable distinction 

remains: the absence of HGPS vascular disease in Zmpste24–/– mice. We proposed that studying 

both Zmpste24–/– and LmnaG609G progeria mice could uncover unique properties of progerin and 

the 50-amino acid deleted segment that contribute to vascular disease. At the early age of five 

weeks, both progerin and farnesylated prelamin A are expressed at similar levels in the aortas of 

these mice. However, as previously mentioned, progerin accumulates with age. Moreover, not only 

does progerin accumulate, but it also causes the accumulation of other A-type lamins, such as 

lamin A and lamin C. However, the level of farnesylated prelamin A, lamin A, and lamin C did not 

change with age in Zmpste24–/– mouse aortas.  

We hypothesize that the lack of vascular disease in Zmpste24–/– mice is due to the non-

accumulation of farnesylated prelamin A, preventing it from reaching a threshold level necessary 

to induce vascular pathology. The mechanisms underlying progerin's unique ability to accumulate 

remain unclear. We suspect that the absence of phosphorylation sites within the missing 50 amino 

acid sequence of progerin or the involvement of protein kinase Akt/PKB may be responsible. 

Further research is needed to elucidate these mechanisms and fully understand the distinct effects 

of progerin on the accumulation of A-type lamins. 

In conclusion, we identified several unique properties of progerin and its effects on the 

aorta that elucidate the mechanisms contributing to vascular smooth muscle cell loss in 

Hutchinson-Gilford progeria syndrome. Our studies highlighted potential therapeutic targets for 

further investigation. Notably, we discovered the crucial role and properties of lamin B1, which 

could rescue the abnormal meshwork, nuclear membrane ruptures, DNA damage, abnormal 

nuclear morphology, nuclear stiffness, and cell death induced by progerin. Moving forward, our 

research will focus on a newly created transgenic mouse model that expresses lamin B1 
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specifically in smooth muscle cells. This model will enable us to explore the therapeutic potential 

of lamin B1 in greater detail and develop new strategies to mitigate the vascular complications 

associated with Hutchinson-Gilford progeria syndrome. 

 




