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ABSTRACT 

 
 Cardiovascular disease (CVD) is the leading cause of death due to its 

prevalence in tandem with the propensity of atherosclerosis to worsen and cause 

myocardial infarction and stroke.  The greatest risk factor for CVD development is 

age.  The multifactorial etiology of atherosclerosis has made CVD difficult to model 

and consequently little is known about CVD onset and progression.  Hutchinson-

Gilford Progeria Syndrome (HGPS) is a severe human premature aging disorder 

caused by a mutation in Lamin A that leads to the accumulation of an aberrant 

Lamin A protein termed progerin.  Patients who harbour this mutation develop 

atherosclerosis and die from myocardial infarction or stroke at an average age of 13 

years old.  Autopsies reveal deterioration of vascular smooth muscle cells (VSMCs) 

in HGPS patients, underlining a strong connection between VSMC loss and 

predisposition to CVD development. The major aim of this thesis was to model 

normative vascular aging and disease using HGPS induced pluripotent stem cell 

(iPSC)-derived VSMCs and monitor the onset of defective epigenetic inheritance in 

vitro. My results indicate reprogramming of patient fibroblasts to restores a normal 

nuclear phenotype. Patient derived iPSC lines generated from fibroblasts are nearly 

indistinguishable from healthy controls in terms of pluripotency, nuclear membrane 

integrity, as well as transcriptional and epigenetic profiles.  However, differentiation 

of HGPS iPSCs to generate HGPS VSMCs recapitulates many aspects of normative 

vascular aging exemplified by increased ROS, DNA damage and transcriptomic 

aberrations. Furthermore, using a multi-omic approach including RNA-sequencing, 
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and accelerated native isolation of protein on nascent DNA, HGPS VSMCs 

demonstrate loss of histone acetylation due to defective MOF abundance that 

contributed to impaired engagement with DNA damage repair pathway.  This 

dissertation provides insights on the mechanisms that drive the epigenetic and 

transcriptomic changes in HGPS vasculature, illuminating druggable pathways that 

may also drive CVD in the general population. 
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ABBREVIATIONS 

 
aniPOND Accelerated native isolation of proteins on nascent DNA 
ATM Ataxia telangiectasia mutated  
ATR Ataxia telangiectasia and Rad3-related 
CVD Cardiovascular disease 
DDR DNA damage repair 
DEGs Differential expressed genes 
DSB Double strand breaks 
EB Embryoid Body 
EC Endothelial cell 
ECM Extracellular matrix 
ESI Electron spectroscopic imaging 
FBS Fetal Bovine Serum 
FTI Farnesyltransferase Inhibitor 
GO Gene ontology 
hESCs Human embryonic stem cells 
HR Homologous repair 
INM Inner nuclear membrane 
LADs Lamin-associated domains 
LBR Lamin B receptor 
MMPs Metalloproteinases 
NAC N-acetyl cysteine 
NHEJ Non-homologous end joining 
NPC Nuclear Pore Complex 
NuRD Nucleosome remodeling and deacetylase  
PCA Principle Component Analysis 
PLA Proximity ligation assay 
ROS Reactive oxygen species 
SA-Gal Senescence-activated -galactosidase 
SSB Single strand breaks 
VSMC Vascular smooth muscle cell 
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CHAPTER 1 – INTRODUCTION  

1.1 Vascular aging  

Cardiovascular disease (CVD) is currently the leading cause of morbidity worldwide 

(Virmani et al., 1991).  The economic cost of treating CVD patients is significant in 

both developed and developing world, and is projected to increase substantially in 

the coming years(O'Donnell and Nabel, 2008).  It has been identified that aging 

plays a central role in development of cardiovascular diseases (Kovacic et al., 2011). 

Approximately one-fifth of the world population will be aged 65 or older by 2030, 

with an exponential increase in the prevalence of CVD (Heidenreich et al., 2011). 

Addressing age-related vascular diseases is of critical importance since the annual 

cost for treating CVD is projected to increase dramatically in the near future.  To 

develop novel treatments to mitigate the effects of vascular aging and to prevent 

age-related vascular pathologies, it is essential to understand the cellular and 

functional changes that occur in the vasculature during aging. 
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Figure 1.1 Anatomy of the blood vessel wall.   

 

1.1.1 Anatomy of Human Vasculature 

The vasculature is made of a circulatory network of blood vessels that deliver blood 

cells, nutrients and oxygen to the tissues of the body, as well as remove waste and 

carbon dioxide from the tissues. These blood vessels are composed of extracellular 

matrix (ECM), vascular smooth muscle cells (VSMCs) and endothelial cells (ECs).  

These components in the blood vessels are arranged into three concentric layers, 

which are the intima, media, and adventitia (Tennant and McGeachie, 1990) (Figure 

1.1).  The adventitia is the outer layer composed of connective tissue and autonomic 

nerves. The media is the middle layer composed of VSMCs that govern 
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vasoconstriction and vasodilation, as well as elastic fibres, which propel blood 

forward through expansion and contraction (Majesky et al., 2011).  The innermost 

layer is the intima, a thin layer abutting the vessel lumen that is composed of a 

single layer of endothelial cells. 

1.1.2 Pathophysiological features of vascular aging 

Pathologic vascular aging is a complex and multifactorial process where the 

vasculature wall increases in thickness and stiffness, while it decreases in vessel 

compliance.  During vascular aging, the blood vessels undergo vascular remodeling, 

where the vascular wall thickens is due to an increase in collagen deposition and the 

migration and proliferation of VSMCs from the media to the intima (Gorenne et al., 

2006; Virmani et al., 1991). With age, the expression of growth factors that regulate 

the synthesis of elastic fibers in the ECM also declines.  The thickening of vascular 

wall in tandem with elastic fiber loss in the artery ultimately leads to altered 

vascular elasticity, increase in lumen size and vascular stiffening in both arteries 

and veins (Lee and Oh, 2010; Tsai et al., 2012).  Since arterial elasticity is a major 

determinant of blood flow from the heart, stiffened arteries leads to restricted blood 

flow to organs and tissues, which can leads to many downstream cardiovascular 

complications such as hypertension, cardiac fibrosis, and atherosclerosis.   

 

Atherosclerosis is one of the most severe consequences of vascular aging.   It occurs 

when a plaque build-up occurs inside a stiffened artery, thereby narrowing the 

lumen and restricting blood flow (Gorenne et al., 2006). Pathologically, an 

atherosclerotic plaque is formed when endothelial layer becomes dysfunctional, 
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accompanied by phenotypic changes in the lumen of aged blood vessels that causes 

augmented vascular permeability, thereby promoting the infiltration of lipids, 

cholesterol and inflammatory cells into the subendothelial space (Figure 1.2).  

Inflammatory cells can engulf lipids to form foam cells, which subsequently releases 

proinflammatory cytokines to create an inflammatory environment.  VSMCs in the 

medial layer undergo a phenotypic switch, where they hyper-proliferate in response 

to increased PDGF expression by foam cells and migrate into the intima, where they 

contribute to the progression of atherosclerotic lesions by depositing ECM and 

collagen to form the fibrous cap that engulfs the inflamed lipid core.  An 

atherosclerotic plaque becomes unstable when the VSMCs surrounding the fibrous 

cap undergo premature senescence, releasing more pro-inflammatory cytokines and 

metalloproteinases (MMPs), promoting further inflammation and ultimately leading 

to plaque rupture (Wang et al., 2007).  Ruptured plaques can induce thrombosis and 

are a major cause of myocardial infarction and strokes.  
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Figure 1.2. Schematic of atherosclerotic plaque. Plaque formation involves a series of events.  It is 

initiated when 1) the endothelial layer becomes dysfunctional and increasing vascular permeability, 

which promotes the 2) infiltration and attachment of lipid and monocytes into the subendothelial 

space.  3) Monocytes differentiate into macrophages that engulf lipids to form foam cells and release 

proinflammatory molecules.  4) VSMCs proliferate and migrate into the intima, where they produce 

collagen to form a fibrous cap that encloses the lipid core.  VSMCs then undergo senescence and 

further produce inflammatory cytokines to further augment the pre-existing inflammatory 

environment.  5) Gradual loss of VSMCs and increased matrix-degrading enzymes in the cap result in 

plaque rupture and subsequent thrombosis. 

 

1.1.3 VSMC alterations in vascular aging 

VSMCs play important roles not only in the physiological function of the blood 

vessels but also in the pathogenesis of vascular diseases. These cells are a major 
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component the medial layer of the blood vessels, and are critical for regulating 

contractile tone of arteries, maintaining blood pressure, and arterial repair (Lacolley 

et al., 2012).  VSMCs act as sensors to vasoactive substances in the blood and 

transduce them into various biochemical signals that regulates blood vessel 

mechanotransduction (Lacolley et al., 2012; Lacolley et al., 2017). VSMCs are 

sensitive to said signals as well and can undergo a phenotypic switch to either a 

proliferative or contractile phenotype. Contractile VSMCs have a spindle-shaped 

morphology, increased contractile function and reduced proliferative capacity.  

Conversely, proliferative VSMCs exhibit ‘hill and valley’ growth, enhanced growth 

rate, and increase in migration capability (Bennett, 1999).  Below summarizes 

several aspects of how aging affects VSMC behaviour during vascular aging. 

 

1.3.1.1. Premature Senescence: Cellular senescence is defined as the permanent 

arrest of cell proliferation is coupled with genomic and phenotypic changes, 

including telomere attrition to the point of dysfunction (Yin and Pickering, 2016).  

Along with altered expression of cell cycle regulators, senescent cells are 

characterized by the expression of specific markers, including p16, p21, and 

senescence-activated beta-galactosidase (SA-Gal) (Dimri et al., 1995). 

 

Cellular senescence plays an essential role in VSMC deterioration associated with 

vascular aging.  VSMCs derived from atherosclerotic plaques exhibit low levels of 

proliferation compared with cells from normal arterial media (Bennett et al., 1998). 

Moreover, VSMCs from aged vessels and atherosclerotic plaques exhibit high levels 
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of SA-Gal, p16, and p21 compared to normal VSMCs (Gorenne et al., 2006). 

Furthermore, telomere lengths in advanced plaque VSMCs are significantly shorter 

than normal VSMCs (Matthews et al., 2006), suggesting that these cells exhibit 

senescence during atherosclerosis. 

 

1.1.3.2. Abnormal Proliferation Rate: VSMCs in healthy vessel walls are in a quiescent 

non-proliferative phenotype.  However, during the early stages of vascular aging, 

VSMCs exhibit a phenotypic switch from a contractile phase to a proliferative phase.  

Hyper-proliferative VSMCs can migrate from the media to the intima of the blood 

vessel, where they deposit ECM and collagen (Lacolley et al., 2012). Several factors 

present in the atherosclerotic lesions have been shown to further induce VSMC 

proliferation, including growth factors, low-density lipoproteins, and homocysteine 

(Zettler et al., 2003).  In contrast, VSMCs in advanced atherosclerotic plaques 

undergo premature senescence and decreased proliferation rates, likely due to 

altered response to environmental factors and exposure to senescence markers p16 

and p21 (Matthews et al., 2006).     

 

1.1.3.3 Oxidative Stress: Oxidative stress is a state of imbalance between free radicals 

and antioxidants in a cell and is triggered by the sustained production of oxidant 

molecules or deleterious radicals. The role of oxidative stress has been proposed as 

a major contributor to the development of cardiovascular disease.  Aging 

vasculature has reduced antioxidative defense in tandem with increased generation 

of oxidizing reagents and reactive oxygen species (ROS) (Mahmoudi et al., 2006).  
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Although a basal level of ROS is required for cellular homeostasis and adaptation to 

stress, overproduction of these radicals can further generate a spectrum of DNA 

damage including DNA strand breaks and DNA base modifications.  Chronic 

oxidative stress can cause telomere shortening and accelerate cells to become 

senescent (Matthews et al., 2006). The source of elevated ROS during aging was 

suggested to be due to defective mitochondrial function and concomitant 

accumulation of oxidative mitochondria DNA damage (Correia-Melo and Passos, 

2015), which accelerates cellular senescence in VSMCs and contributes to overall 

vascular aging. 

 

A number of studies have demonstrated that oxidative stress contributes to the 

deterioration of VSMCs.  For example, increased ROS production has been observed 

in aged murine VSMCs compared to younger VSMCs (Moon et al., 2001).  In humans, 

elevated levels of ROS and superoxide has been detected in intima VSMCs in the 

blood vessels of geriatric subjects (Matthews et al., 2006). Furthermore, VSMCs 

from patients with coronary artery disease exhibit elevated H2O2 due to 

overexpression of NADPH oxidase 5 (Guzik et al., 2008). Overall, the role of 

oxidative stress is well documented in VSMC deterioration. 

 

1.1.3.4 DNA Damage: DNA is constantly the target of both endogenous and 

exogenous insults by agents such as ROS, UV light irradiation and chemical drugs. 

These agents cause multiple types of DNA damage including single strand DNA 

break (SSBs) and double strand DNA break (DSBs) (d'Adda di Fagagna et al., 2003). 
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DSBs are the most severe type of DNA damage, leading to significant genomic 

instability, however both SSB and DSBs trigger a DNA damage response (DDR). 

During DDR, repair proteins phosphorylate H2A histone family member X (-H2AX) 

as part of the DDR signalling cascade and together, they accumulate at the site of 

DNA damage and act to transduce and amplify downstream DDR signals (Rothkamm 

et al., 2003). DDR also activates p53, which in turn up-regulates p21 to promote a 

transient cell cycle arrest for the duration of the repair (Herbig et al., 2004).   

However, failure to amend DSBs can result in sustained activation of DDR and may 

induce cellular senescence, where sustained DDR signalling activates p53, which in 

turn up-regulates cell cycle checkpoint proteins and induces growth arrest. 

 

1.1.3.4.a The amplification of DDR signals to repair DSBs: The occurrence of DSBs can 

be recognized by a series of proteins in a sequential manner during the initiation of 

DDR (Figure 1.3). First, DNA damage sensor proteins including the XRCC5-XRCC6 

and Mre11-Rad50-Nbs1 (MRN) complexes, as well as poly-(ADP-ribose) polymerase 

1 (PARP1) bind to DSB break ends and initiate the recruitment of downstream 

factors (Bunting et al., 2010).  Subsequently, recruitment of signalling proteins and 

repair factors at the site of DNA damage enables the amplification of DDR signal.  

For example,  the DDR signal protein ataxia telangiectasia mutated (ATM) binds to 

DSBs via interaction with MRN complex, where it undergoes auto-phosphorylation 

and self-activation to phosphorylate histone H2A.X, yielding -H2AX (Rothkamm et 

al., 2003; Sancar et al., 2004). The presence of -H2AX further triggers additional 

accumulation of MRN complex via the facilitation of MDC1 protein, which recruits 
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more ATM at the site to phosphorylate more H2A.X, creating a feedback loop to 

amplify DDR signals and propagate the spread of -H2AX to form a cryptogenic focus 

(Rothkamm et al., 2003; Sancar et al., 2004). 

 

Following the amplification of the DDR signal, DSBs are repaired through two major 

pathways: non-homologous end joining (NHEJ) and homologous recombination 

(HR).  NHEJ is the predominant DSB repair pathway that is activated throughout the 

entire cell cycle, although it is favoured in the G1 phase (Chapman et al., 2012).    

NHEJ takes place when DNA damage sensors XRCC5/6 binds to DNA and serve as a 

docking site for additional protein recruitment.  One of these factors is DNA-PKc, a 

kinase that undergoes auto-phosphorylation, which favours the processing of DNA 

ends by endonuclease Artemis.   Finally, processed DNA ends are then rejoined 

through XRCC4-Ligase IV complex (Lieber, 2010). Essentially, NHEJ mediates the 

direct ligation of two random DNA break ends at proximity in a template 

independent manner and is thus error-prone, often resulting in small insertions or 

deletions of DNA (Chapman et al., 2012). 

 

In contrast, when DSBs occur in S/G2 phase of the cell cycle, DNA repair is done via 

the error-free HR pathway.  HR pathway is activated when PARP1 first binds to the 

DSB and competes with XRCC5/6 binding to DNA ends.  The MRN complex is then 

recruited to DSB in conjunction with BRCA1 to mediate DSB resection through 

endonuclease Exo1 that mediates DNA degradation, resulting in long stretches of 

single-stranded DNA (ssDNA).  The resulting ssDNA are then coated by Rad51 
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filaments to form a structure termed “nucleofilaments”.  Rad51 together with other 

HR factors then mediate nucleofilament homology search and strand invasion, a 

process where resected nucleofilament searches and invades into corresponding 

homologous template in the sister chromatid.  DNA polymerization then occurs 

using sister chromatid as template to produce an exact copy of the template where 

the DSB was generated.  Unlike NHEJ, HR is mutation free and can accurately amend 

DSBs that arise from different causes such as ionized irradiation and replication fork 

collapse. 
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Figure 1.3. Schematic for non-homologous End Joining (NHEJ) (left) and Homologous repair 

(HR) (right). DNA double-strand breaks (DSBs) are repaired via NHEJ during G1 phase.  This process 

involves 1) XRCC5/6 heterodimer detects and binds to the DSB site; 2) XRCC5/6 recruits DNA PKcs 

holoenzymes; 3) DNA PKcs undergo autophosphorylation and activates Artemis, a nuclease that is 

also recruited by XRCC5/6 to the DSB site.  Artemis processes the DNA ends by cutting the overhangs 

at the DNA sites; 4) XRCC4/DNA ligase 4 complex ligates the processed DNA ends.  In contrast, when 

DSB occurs during S and G2 phase, the HR pathway is the preferred. 1) PARP1 binds to DSB and 
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competes with XRCC5/6 binding. 2) the MRN complex is recruited to the DSB (in conjunction with 

CtIP, BRCA1 and BARD1) to mediate DSB resection; 3) DNA resectioning is catalyzed by EXO1, 

resulting in a long stretch of single-stranded DNA (ssDNA); 4-5) ssDNA is coated by RPA, which is 

replaced by Rad51 filaments via BRCA2/PALB2/BRCA1 complex. 6) RAD51 induces strand invasion 

into homologous DNA sequences, where DNA polymerization occurs using sister chromatid as a 

template to produce an exact copy of the template where DSB occurred.  

 

1.1.3.4.b. Signs of DNA damage in aged VSMCs: Many studies suggest that vascular 

aging and atherosclerotic progression are accompanied by extensive DNA damage.  

For instance, atherosclerotic plaque VSMCs exhibit increased ATM and -H2AX 

expression both in vivo and in vitro, which is indicative of extensive DNA damage 

taking place during disease progression (Mahmoudi et al., 2006).  Complementarily, 

knockout of DDR proteins such as ERCC1 induces premature vascular senescence 

and vascular stiffness due to defective VSMC function in mice (Durik et al., 2012), 

highlighting the importance of proper DDR in maintaining VSMC health. 

 

1.1.4 Current efforts in CVD-related research 

Aging is tightly linked to the onset and the progression of many CVDs including 

atherosclerosis. Therefore, a deeper understanding of the complex process of 

vascular aging enables the development of therapeutic strategies to prolong the 

lifespan of patients with CVDs.  The specific focus on VSMC aging was highlighted 

due to its apparent role in mediating the aging phenotype in the vasculature, as 

VSMC dysfunction is thought to be the major trigger of vascular stiffening. 
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Improving our knowledge of the mechanisms underlying VSMC aging is therefore 

critical to the development of new strategies to reduce disease burden in the elderly.    

Much of the molecular hallmarks in VSMC aging were defined through comparisons 

of young and normally aging animal models or histology studies.  In order to derive 

better drug targets for developing new therapies and improve CVD prevention, a 

complementary human model is needed to identify which of the VSMC aging 

hallmarks contribute the most to age-associated cardiovascular damage. 

 

1.2 Cardiovascular disease in HGPS patients 

The studies of progeroid disorders have shed light on the cellular and molecular 

mechanisms driving normative vascular aging and associated CVDs.  Amongst them, 

Hutchinson-Gilford Progeria Syndrome (HGPS) is the most severe progeroid 

syndrome with a prevalence rate of 1 in 4 million births worldwide (Hennekam, 

2006).  The typical clinical characteristics observed in HGPS patients are growth 

retardation, skeletal muscle atrophy, alopecia, decreased subcutaneous fat, and loss 

of hearing (Hennekam, 2006; Merideth et al., 2008).   Mortality is largely due to 

premature vascular complications causing terminal atherosclerosis in HGPS 

patients, which leads to fatal cardiovascular diseases such as heart attacks and 

strokes (Hennekam, 2006), and ultimately causing premature death at an average 

age of 14 years. 

 

HGPS is caused by a single-point mutation in the LMNA gene. After undergoing 

alternative splicing, the precursor protein prelamin A undergoes several post-
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translational modifications to yield mature lamin A (Lin and Worman, 1993; 

Worman, 2012) (Figure1.4).  In HGPS, a single-point mutation within LMNA exon 11 

(C1824T) that activates a cryptic splice site between exons 11-12, leading to an 

internal 50 amino acid deletion near the C-terminus of the prelamin A transcript 

which encompasses the ZMPSTE24 cleavage site. This results in the synthesis of 

mutant protein termed “progerin” that remains permanently farnesylated and 

carboxymethylated (Eriksson et al., 2003). Due to the continuous presence of the 

farnesyl group, progerin remains anchored in the INM leading to abnormalities in 

nuclear shape and function (Gonzalo et al., 2017).    

 

 

Figure 1.4  Prelamin A processing in normal and HGPS cells (Dorado and Andres, 2017). A) In 

control cells carrying wildtype LMNA sequence, normal splicing between exon 11 and 12 give rise to 
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prelamin A, which undergoes post-translational modifications to yield mature Lamin A protein.  B) 

Classic HGPS is caused by de novo mutation in the LMNA gene which results in aberrant splicing 

between exon 11-12 and the synthesis of progerin.  The 50 amino acid residue deletion in progerin 

encompasses the ZMPSTE24 cleavage site, preventing the removal of progerin C-terminus, which 

remains permanently farnesylated.  Abbreviations: CSIM, cysteine-serine-isoleucine-methionine; 

FACE-2, farnesylated protein-converting enzyme-2; FTase, farnesyltransferase; ICMT, 

isoprenylcysteine carboxyl methyltransferase; ZMPSTE24, zinc metallopeptidase STE24.  Reprint 

from . Current Opinion in Cell Biology vol 46, 17-25, B. Dorado and V. Andres, “A-type lamins and 

cardiovascular disease in premature aging syndromes “, 2017, with permission from Elsevier. 

 

1.2.1 Connection between HGPS and normative vascular aging 

The phenotypes and mechanisms underpinning disease progression are markedly 

similar between HGPS and normative vascular aging (Olive et al., 2010).  An 

immunohistochemistry study on the arterial phenotypes in HGPS patients who 

succumbed to myocardial infarction identified many classical features of advanced 

vascular pathology that were also observed in conventional atherosclerosis, 

including VSMC loss, adventitial thickening and fibrosis, extensive vascular 

calcification and plaque build-up (Olive et al., 2010).   

 

In addition, several normative vascular aging-associated cellular phenotypes have 

been observed in HGPS.  Similar to aged VSMCs, HGPS cells express hallmarks of 

premature senescence such as SA--gal and p21, indicative of persistent cell cycle 

arrest (Ragnauth et al., 2010).  HGPS cells also show many traits of genomic 

instability that are observed in aged vasculature from healthy aged individuals, 

including elevated oxidative stress and increased -H2AX foci (Liu et al., 2008).  
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Interestingly, progerin also accumulates in normal aging individuals. It was 

discovered that primary cells from normal geriatric patients exhibit a sporadic 

utilization of the classic HGPS cryptic splice donor site that results in progerin 

accumulation (Scaffidi and Misteli, 2006). Prelamin A and progerin are widely 

present in cells and tissues of non-HGPS aging individuals and increases with 

advancing age (McClintock et al., 2007; Olive et al., 2010), including cells within the 

coronary atherosclerotic lesions (Olive et al., 2010), implicating the progressive 

accumulation of progerin as an important contributor to age-induced vascular 

dysfunction.  Collectively, since HGPS vascular deterioration phenocopies normative 

vascular aging, understanding the molecular mechanisms underpinning 

cardiovascular alterations associated with HGPS could shed light on novel 

therapeutic approaches for the treatment of CVDs. 

 

1.3. The importance of lamins in cellular function and disease 

manifestation 

Lamin A plays diverse and important structural and regulatory roles in many 

essential cellular functions such as nuclear pore formation, chromatin organization 

and gene regulation.  Subtle differences in Lamin A processing or production can 

therefore result in critical alterations in cellular function. Laminopathies is the term 

given to a heterogeneous group of diseases caused by mutations in genes encoding 

for lamins or lamin-binding proteins.  They are most frequently caused by mutation 

in the LMNA gene with over 500 currently reported mutations (Gonzalo et al., 2017).  

Laminopathies include diseases affecting striated muscle, lipodystrophies and 
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accelerated aging disorders, of which HGPS is the best studied and the most severe 

type of laminopathy (Smith et al., 2005).  

 

To understand how the mutation in lamin A can manifest into such detrimental 

effects in HGPS cells, it is important to understand how the nuclear lamina is 

organized and its function in the nucleus.  Below summarizes the structure and the 

biological functions in lamins. 

1.3.1 The structure of nuclear lamina 

The nuclear envelope is a lipid bilayer consisting of an outer (ONM) and inner 

nuclear membrane (INM) connected through nuclear pore complexes (NPC) (Figure 

1.5).  The ONM connects with the endoplasmic reticulum and is heavily associated 

with proteins that link the nucleus to the cytoskeleton, while the INM harbours 

numerous nuclear envelope transmembrane proteins.  

 

The nuclear lamina is a filamentous protein network underlying the INM of the 

nuclear envelope (Gruenbaum and Medalia, 2015) (Figure 1.5). It is composed of 

lamins, which are type V intermediate filaments that provide nuclear structural 

support, and aid in heterochromatin organization, DNA damage repair, gene 

transcription, and mitosis (Kennedy et al., 2000; Shumaker et al., 2006; Zuela et al., 

2012).  In mammalian cells, three lamin genes termed LMNA, LMNAB1, and LMNB2 

encode for four major and three minor lamin isoforms.  The lamins are grouped into 

A-type lamins (lamin A and C as well as C10 and C2 minor isoforms) that are 

transcribed from LMNA distinctly via an alternative RNA splicing event within exon 
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10(Lin and Worman, 1993), and B-type lamins (lamin B1 and B2) that are 

transcribed from LMNB1 and LMNB2.  LMNA is mainly expressed in differentiated 

cells, whereas all cells express at least one B-type lamin (Rober et al., 1989). Since 

different tissues express different sets of lamin-associated proteins, this provides a 

potential explanation to the tissue-specific phenotypes observed in various 

laminopathies. Indeed, some of the lamin-associated proteins have been linked to 

lamin-related diseases.   
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Figure 1.5. Lamin-binding proteins and their respective functions (Gruenbaum and Medalia, 2015).  

Reprinted from Lamins: the structure and protein complexes, Vol 32, Y. Gruenbaum and O. Medalia, 

Title of article / title of chapter, 7-12., Copyright (2015), with permission from Elsevier. 

 

1.3.2. Functions of Lamins in Nucleus 

1.3.2.1. Protein interactions: The nuclear lamina has been found to interact with a 

plethora of proteins in the INM and the nucleoplasm that contribute to nuclear 
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architecture as well as to chromatin tethering and organization.  For instance, 

lamins can bind to the LEM group of proteins, which, together with lamins, anchors 

chromatin to the nuclear lamina through BAF and by directly interacting with the 

DNA (Figure 1.5).  Another group of lamin-interacting proteins is the SUN-domain 

group.  Together with KASH domain proteins, they form the LINC complexes that are 

found in all eukaryotes (Figure 1.5), where they form a bridge that mediates 

interactions between the nuclear lamina and with major cytoskeletal structures in 

the cytoplasm such as actin, tubulin and intermediate filaments to mediate nuclear 

anchorage (Link et al., 2014). 

 

1.3.2.2. Mechanical: Lamins are the predominant structural component of the 

nucleus and are essential contributors to the biophysical and mechanical properties 

of the nucleus. Interestingly, A-type and B-type lamins contribute to the integrity of 

the nuclear membrane in different manners.  B-type lamins have been shown to 

provide mainly elastic properties, allowing for significant deformation of the nuclear 

envelope, while A–type lamins confer deformation-resistant stiffness to nuclei 

(Broers et al., 2005).  Lamin ratios can impact cellular function, for example 

increased levels of lamin A to lamin B in cancer cells impair cell migration as a result 

of reduced deformability of the nucleus (Harada et al., 2014).  Moreover, cells with 

reduced lamin A levels can lead to rupture of the nucleus (De Vos et al., 2011; Hatch 

et al., 2013), suggesting that the ratio of A-type versus B-type lamins govern the 

biomechanical properties of the nucleus.  It has been discovered that the 

interactions between the lamina with the cytoskeletons via SUN domain proteins 
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and nesprins allows force transmission from the ECM through cell adhesion 

complexes and the cytoskeleton into the nucleus and contributes to mechanosignal 

transduction (Lombardi et al., 2011).  This force transmission can regulate the levels 

of lamins (specifically lamin A) produced in the nucleus, allowing for changes in the 

biophysical properties of the nucleus (Swift et al., 2013) during cell migration and 

differentiation in response to mechanical stimuli.   

 

1.3.2.3. Lamin Regulates Chromatin Organization: Early electron microscopy has 

revealed that in eukaryotic nuclei, condensed heterochromatin is mainly localized at 

the nuclear periphery, while light-staining euchromatin occupies the nuclear 

interior (Fawcett, 1966).  Further advances using the DamID technique revealed 

that approximately 40% of the human genome is organized into lamin-associated 

domains (LADs) that have lower gene density, less transcriptional activity, and 

enriched in heterochromatin marks (Guelen et al., 2008). These regions often 

replicate in late S-phase and are gene poor. These studies provided strong evidence 

to the concept that the lamins associate primarily with heterochromatic regions of 

the genome. 

 

The nuclear lamina was found to physically interact with heterochromatin and in 

doing so regulate several different biological processes.  First, lamins can directly 

interact in vitro with specific regions of the DNA, as Lamin A can artificially bind to 

gene promoter regions (Lee et al., 2009), and depending on the chromatin 

modifications in the local genome, binding of lamin A to promoter regulates gene 
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expression(Lund et al., 2013).  In addition, lamin-binding proteins in the INM were 

shown to tether heterochromatin to the nuclear lamina and mediate gene silencing.  

The lamin B receptor (LBR) binds to histone modification H3K9me3 via 

heterochromatin-binding protein 1 (HP1) (Ye and Worman, 1996) as well as to 

H4K20 via its Tudor domain (Hirano et al., 2012).  Furthermore, members of the 

LEM-protein family such as LAP2 and emerin interact with chromatin via BAF.  

Both LEM-proteins as well as LBR tethers heterochromatin to the nuclear periphery 

in a redundant manner in mammalian cells (Solovei et al., 2013).  Overall, lamins 

acts as an essential link in anchoring heterochromatin to the nuclear lamina. 

 

1.3.2.4. Nuclear lamina in DNA damage repair: Several studies have highlighted the 

role of lamin A/C in DNA damage repair. For instance, lamin A has been shown to 

stabilize DNA damage repair foci by engaging with the damaged chromosome via 

binding to DSB-induced -H2AX (Mahen et al., 2013). Lamin A/C interacts with 

components of both NHEJ and HR DNA repair pathways by regulating DNA repair 

protein balance.   Knockdown of lamin A via short hairpin RNA (shRNA) results in 

cysteine protease Cathepsin L-mediated degradation of p53 binding protein 1 

(53BP1) - an important promoter of NHEJ pathway – as well as a transcriptional 

reduction of BRCA1 and RAD51 – two essential regulators of the HR pathway 

(Gibbs-Seymour et al., 2015).  Mechanistically, lamin A/C binds to 53BP1 via its 

Tudor domain, suggesting that the nuclear lamina is involved in regulating 53BP1 

activity (Gibbs-Seymour et al., 2015).  Overall, these studies illustrate a critical role 

of lamin A/C in DNA damage response.  
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1.4. HGPS Cellular and Molecular Phenotypes 

Due to the regulatory role A-type lamins play in regulating multiple cell functions, 

progerin-mediated disruption in the production and the assembly of lamins leads to 

catastrophic defects.  Below is a summary of the molecular mechanisms by which 

progerin accumulation causes defects in HGPS cells. 

 

1.4.1 Nuclear morphological abnormalities 

One of the hallmarks of HGPS-derived cells is the nuclear morphological 

abnormalities (Figure 1.6). Primary HGPS fibroblasts exhibit nuclei that appear to 

be dysmorphic, with severe nuclear blebbing and invaginations (Eriksson et al., 

2003; Goldman et al., 2004).  These morphological defects are exacerbated when 

HGPS fibroblasts are passaged in vitro, concomitant with the accumulation of 

progerin at the nuclear lamina (Driscoll et al., 2012).  Progerin accumulation has 

been shown to exert a dosage-dependent effect on altering nuclear architecture in 

normal human fibroblasts (Chojnowski et al., 2015). In fact, the farnesyl tail of 

progerin enhances its binding to the INM protein SUN1, causing SUN1 to accumulate 

at the nuclear envelope and potentially alter nuclear structure (Chen et al., 2012; 

Chen et al., 2014). HGPS cells also exhibit increased nuclear stiffness and greater 

sensitivity to mechanical strain compared to normal cells (Dahl et al., 2006), leading 

to altered mechanotransduction functions and ultimately leads to nuclear fragility 

and senescence (Verstraeten et al., 2006).  The altered responses to force could be 

the underlying cause for tissue-specific effects of progerin, where rapid 
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deterioration in tissues that are subjected to high levels of mechanical stress, such 

as skeletal muscle, heart, and the vasculature, are more affected in HGPS patients. 

 

Figure 1.6.  Immunofluorescence staining with antibodies against Lamin A/C and H3K27me3 in 

control and HGPS cells.  Control cell nuclei at passage 9 (p9) display a distinctly clear nuclear lamina.  

HGPS cells exhibit a change in nuclear morphology by p21 and an overall loss of H3K27me3 

(Shumaker et al., 2006).  Copyright (2004) National Academy of Sciences, U.S.A. 

. 

 

1.4.2. Epigenetic Changes 

The distortion of the nuclear lamina in HGPS is accompanied with a severe loss of 

chromatin organization and compartmentalization.  Particularly, HGPS cells display 

a progressive loss of peripheral heterochromatin with increasing progerin 

accumulation (Dechat et al., 2008; Kubben et al., 2012) (Figure 1.7).  Indeed, 

multiple reports have shown that HGPS cells exhibit abnormal histone 

modifications, DNA methylation and chromatin-modifying activities. Progressive 

changes in histone methylation associated with heterochromatic regions are 
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frequently observed, including a down-regulation of the facultative heterochromatin 

marker H3K27me3 and constitutive heterochromatin marker H3K9me3 (Figure 

1.7), as well as an up-regulation of H4K20me3 (McCord et al., 2013; Scaffidi and 

Misteli, 2005; Shumaker et al., 2006). These chromatin changes in tandem with 

progerin expression are also observed in physiological aging, suggesting that 

epigenetic landscape alterations may play a role in the pathophysiology of aging 

(Scaffidi and Misteli, 2006).   

 

 

Figure 1.7 Prelamin A accumulation in HGPS cells causes loss of peripheral 

heterochromatin(Goldman et al., 2004). (A-D) HGPS fibroblasts exhibit gradual increase in prelamin 

A accumulation with increase passaging (A-C) vs lack of progerin accumulation in control fibroblast 

(D). (E) Electron microscopic images of HGPS fibroblasts at passage 26 exhibit extensive lobulations.  

(F-G) High magnification view of the nuclear envelope in a normal fibroblast shows a normal array of 

heterochromatin (dark-coloured) next to the nuclear envelope (G) while HGPS fibroblast at passage 
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26 shows a loss of peripheral heterochromatin (F). Copyright (2004) National Academy of Sciences, 

U.S.A. 

The underlying cause of abnormal histone methylations in HGPS and how they 

contribute to disease progression is a topic of ongoing research over the past 

decade. For instance, the mechanism that causes H3K9me3 loss has been correlated 

with reduced level of histone methyltransferase SUV39H1 activity in HGPS cells (Liu 

et al., 2013b). It has also been shown that a significant down-regulation of 

heterochromatin protein 1  (HP1), a histone-binding protein that binds to and is 

critical for the maintenance the abundance of H3K9me3 (Dechat et al., 2008; Scaffidi 

and Misteli, 2005), causes a significant loss of H3K9me3 in HGPS cells (Zhang et al., 

2015).  Loss of H3K27me3 in HGPS cells has been linked to decreased expression of 

methyltransferase EZH2, a part of the Polycomb Repressive Complex 2 (PRC2) that 

is responsible for establishing H3K27me3 marks (Shumaker et al., 2006).  

H3K27me3 enrichment at specific gene promoter regions was significantly 

correlated with downstream gene expression alterations in HGPS cells, suggesting a 

causal link between H3K27me3 enrichment and altered gene expression in HGPS 

cells(McCord et al., 2013). Since the nuclear lamina tethers to heterochromatin, the 

incorporation of progerin is suggested to affect the interaction and the regulation of 

various heterochromatin-associated proteins that leads to the consequential 

alteration in histone marks. 

 

In addition to histone methylation, abnormal histone acetylation levels have been 

linked to progeria.  HGPS patient cells exhibit reduced expression of components of 
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the NuRD (Nucleosome Remodeling Deacetylase complex)(Pegoraro et al., 2009).  In 

addition, SIRT6, a member of the sirtuin family that modulates acetylation of histone 

H3,  is significantly compromised in HGPS cells (Ghosh et al., 2015).  Moreover, H4 

lysine 16 hypoacetylation is observed in Zmpste24-/- mouse embryonic fibroblasts 

(MEFs that mimic HGPS by producing unprocessed prelamin A) due to deficiency in 

the histone acetyltransferase MOF, further suggesting a direct role of progerin 

accumulation in abnormal acetylation activities in HGPS cells.  There are many 

evidences pointing to a central role of acetylation/deacetylation patterns and 

related modifying proteins in HGPS cells, however the data remain controversial. 

 

1.4.3. DNA damage response and Genomic Instability 

As previously mentioned, the nuclear lamina serves as an important regulator in 

DNA damage repair.  Consequently, functional disruption of the nuclear lamina via 

progerin accumulation leads to defective DNA damage repair and increased genomic 

instability.  Abnormal activation of the NHEJ pathway was observed in smooth 

muscle cells derived from HGPS patients (Zhang et al., 2014; Zhang et al., 2011), 

suggesting that defective DNA damage response contributes to progerin-driven 

VSMC death.  Moreover, fibroblasts derived from HGPS patients display a delayed 

recruitment of NHEJ regulator 53BP1, as well as RAD51, a component in HR 

pathway, at the damaged DNA lesions upon ionized irradiation (Liu et al., 2005). 

Instead, there is an aberrant accumulation of the nucleotide excision repair protein 

XPA at the sites of DNA damage. As a result, HGPS fibroblasts display an increased 

sensitivity towards DNA damage inducing agents and slow recovery rate compared 
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to control fibroblasts (Liu et al., 2005). HGPS cells also exhibit delayed recruitment 

of the MRN complex necessary for sensing DNA lesions, and an aberrant level of 

DNAPK holoenzyme components (DNAPKcs, XRCC5/6)(Liu et al., 2011), which are 

necessary for the proper recruitment of NHEJ components.   

 

The presence of progerin has been mechanistically shown to disrupt DNA damage 

repair by interfering with lamin A/C functionality.  Unprocessed prelamin A in 

ZMPSTE24 knock-out mice caused decrease in the overall level of histone 

transferase MOF, and subsequently impairs 53BP1 foci formation at DNA lesions 

(Krishnan et al., 2011).  Progerin was also shown to reduce retinoblastoma binding 

proteins 4 and 7 (RBBP4 & and RBBP7) and histone deacetylase (HDAC), all of 

which are components of NuRD complex (Pegoraro et al., 2009).  The loss of 

acetylation landscape induced by prelamin A accumulation could render a more 

condensed chromatin structure and create a physical barrier preventing DNA repair 

factors to access damaged sites.  

 

1.4.3.1 Oxidative stress: Progerin also increases DNA damage via increased level of 

ROS.  Specifically, it has been reported that HGPS fibroblasts exhibit increased levels 

of ROS that cause DNA breaks and increase subsequent sensitivity to oxidative 

stress, which impaired proliferation capacity by activating replicative 

senescence(Richards et al., 2011; Xiong et al., 2016).   Treatment of HGPS fibroblasts 

with farnesylation inhibitors prevented onset of oxidative stress, supporting the 

idea that accumulation of farnesylated prelamin A contributes to overall oxidative 
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stress. Progerin accumulation in the nuclear lamina was also shown to impair NRF2 

pathway, which contributes to elevated oxidative stress in HGPS (Kubben et al., 

2016).  Normally, NRF2 binds to antioxidant-responsive elements (ARE) motifs and 

in turn activates antioxidant genes.  Progerin has been shown to have a high affinity 

to NRF2, causing NRF2 subnuclear mislocalization and disrupting its interaction 

with ARE motifs.  Consequently, NRF2-ARE targeted genes are repressed in HGPS, 

leading to altered oxidative stress response in the cell (Kubben et al., 2016).  

Although the levels of oxidative stress have been shown to clearly resemble those 

observed in atherosclerotic plaques, there is a lack of mechanistic insight into the 

source and the effect of ROS.  In particular, how does elevated ROS induce DNA 

damage and oxidative stress remains to be examined. 

 

1.4.3.2 Epigenome changes in response to DNA damage during aging: Epigenetic 

inheritance is the process by which the epigenetic marks on the parental DNA is 

transmitted to the nucleosomes on the daughter DNA strands (Margueron and 

Reinberg, 2010). There is correlative evidence suggesting that the persistent DNA 

damage leads to defective epigenetic inheritance.  Indeed, the DNA damage response 

is accompanied by significant alterations of chromatin structure, affecting both 

intrinsic chromatin components and epigenetic marks, since change in chromatin 

state is required to allow the recruitment of DDR factors at the sites of DSBs.  For 

instance, many ATP-dependent chromatin remodelers such as CHD2 are recruited to 

damaged chromatin to change chromatin compaction and increase histone 

mobilization (Luijsterburg et al., 2016).  Polycomb Group proteins, histone 
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deacetylases and methyltransferases also accumulate at DNA damaged sites either 

to modify chromatin or as part of the post-damage signalling cascade (Liu et al., 

2005; Luijsterburg et al., 2016; Lukas et al., 2011; O'Hagan et al., 2008; Pegoraro et 

al., 2009; Rothkamm et al., 2003).  Persistent DDR activation in HGPS cells could 

alter the epigenome through a failure to remove imparted epigenetic changes 

during DSB repair, however this mechanism of defective epigenetic inheritance 

remains to be elucidated in HGPS cells. 

1.5 Therapeutic approaches for HGPS 

Given the pathological implication of farnesylated prelamin A and progerin in the 

nuclear abnormalities in HGPS cells, the prevailing treatment for HGPS patients 

currently is the administration of a farnesylation inhibitors (FTI) Lonafarnib, which 

inhibits the processing of prelamin A to progerin (Yang et al., 2006).  Treating HGPS 

fibroblasts or normal fibroblasts overexpressing progerin with Lonafarnib was able 

to improve overall nuclear morphologies (Capell et al., 2005).  In vivo studies on 

HGPS mouse models also demonstrated that Lonafarnib treatment rescues a variety 

of disease phenotypes such as growth retardation and VSMC loss (Capell et al., 2008; 

Yang et al., 2006).  These results motivated the launch of the first Lonafarnib clinical 

trials for HGPS patients (Gordon et al., 2012; Varela et al., 2008).  Administration of 

Lonafarnib for two years improved various symptoms in HGPS patients, including 

improving the incidence of stroke, headaches, and seizures (Gordon et al., 2012). 

However, FTI administration only extended survival by 1.6 years compared to 

matched patients from untreated group (Gordon et al., 2014). As a result, new 

clinical trials are currently underway to determine whether combination therapies 
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with FTI could further improve survival outcome.  An ongoing trial includes statins 

and bisphosphonates in conjunction with Lonafarnib in order to inhibit multiple 

steps in the farnesyl biosynthetic pathway. 

 

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

rescue HGPS phenotypes in both mouse HGPS cell models of progeria.  For example, 

rapamycin and sulforaphane were shown to improve progerin solubility and 

clearance via mTOR inhibition in HGPS fibroblast cultures (Cao et al., 2011; Gabriel 

et al., 2015).  However, a recent comparative study evaluated the different drug 

combinations between rapamycin, FTI and zoledronate, and pravastatin on 

mesenchymal stromal cells derived from HGPS stem cells found that while all 

treatments improved nuclear morphology, differences in rescuing DNA damage a 

cellular proliferation were observed (Blondel et al., 2014).  Some combinations even 

yielded cytotoxic effects that worsened cellular growth.  Also, the ROS scavenger N-

acetylcysteine (NAC), which reduces free radicals and is a synthetic precursor to 

antioxidant enzyme glutathione, was shown to reduce the level of unrepairable DNA 

damage caused by increased ROS (Richards et al., 2011). This suggest that oxidative 

stress is a major contributor to genomic instability in HGPS cells, and that 

combination of NAC with FTI could improve HGPS phenotypes in a synergistic 

manner.  

 

Compounds that target histone modifiers also demonstrated therapeutic potential in 

HGPS models.  For instance, remodelin, an inhibitor of N-acetyltransferase-10 
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(NAT10), rescues abnormal morphology and proliferation defects in HGPS 

fibroblasts (Larrieu et al., 2018).  Remodelin not only rebalances the nuclear Ran 

localization in HGPS cells, but also increases chromatin compaction and rescued 

abnormal gene expression (Larrieu et al., 2018).  In addition, supplementing 

Zmpste24-/- mice with sodium butyrate in their diet extended their life span 

significantly (Krishnan et al., 2011), suggesting that reversal of epigenetic marks 

such as histone methylation and acetylation could make an attractive therapeutic 

target against progeroid pathologies.   

 

Overall, the best treatment for HGPS patients remains a matter of debate.  

Understanding the full spectrum of defects in HGPS patients and the functional 

effects of each drug will shed light on uncovering effective strategies to rescue HGPS 

phenotypes while minimizing cellular toxicity.  

 

1.6 Remaining Questions in elucidating HGPS pathology 

Emerging evidence suggests that oxidative stress plays a major role in HGPS disease 

progression, however mechanistic elucidation on how progerin accumulation 

induces elevated oxidation and how oxidative stress affects HGPS VSMCs remain to 

be studied.  Additionally, loss of heterochromatin and epigenetic marks in HGPS 

cells is poorly understood.  It is suspected that sustained DSB repair could cause 

defective epigenetic regulation in HGPS cells, but this theory remains to be tested. 

Most importantly, unraveling the molecular mechanisms that link progerin 

accumulation to vascular cellular dysfunction could lead to novel therapeutic 
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approaches to improve overall cardiovascular health in HGPS patients as well as the 

aging population.  Therefore, elucidating disease mechanisms in HGPS vascular cells 

such as the VSMC is essential. 

 

1.7 Using patient specific iPSCs to study HGPS  

Studies of HGPS disease progression have historically relied on primary culture of 

HGPS donor fibroblasts, ectopic expression of progerin in human cell lines, or in vivo 

studies of HGPS rodent models. The vast majority of HGPS studies utilized HGPS 

patient-derived skin fibroblasts that are close to the limit of their replicative span 

and are therefore not ideal to examine the initiation of molecular defects in these 

cells.  Furthermore, HGPS is a segmental disorder that affects only certain cell types, 

VSMCs being the most severely affected. However, due to the small cohort of HGPS 

patients worldwide, vascular biopsies are rare and incapable of supporting larger 

scale studies.   

 

A powerful model to study HGPS vascular aging is the use of patient specific stem 

cell cells.  In 2007, Yamanaka’s group demonstrated that human fibroblasts can be 

reprogrammed into embryonic-stem-like cells, termed induced pluripotent stem 

cells (iPSCs), using a cocktail of transcription factors (Figure 1.8)(Takahashi et al., 

2007). iPSCs quickly became a widely-used tool for disease modeling due to their 

ability to recapitulate patient-specific disease phenotypes in disease relevant cell 

types in vitro.  Indeed, established patient-specific iPSC lines can theoretically be 

differentiated into any cell types in the human body, which enables the elucidation 
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of tissue specific disease mechanisms.  iPSCs can be expanded to support a wide 

range of studies, which is often problematic for primary cells. iPSC reprogramming 

has the potential to restart the epigenetic signature of the cell, allowing 

investigation of the initiation of HGPS progression. 

 

iPSCs and iPSC-derived cells has been previously reported to model different 

aspects of HGPS disease progression.  iPSCs from HGPS fibroblasts were first 

derived to show that the nucleoskeletal and epigenetic alterations were erased upon 

reprogramming (Liu et al., 2011; Xiong et al., 2016; Xiong et al., 2013; Zhang et al., 

2011).  Upon differentiation of HGPS iPSCs into SMCs, ECs, and adipocytes 

premature senescence phenotypes became evident (Liu et al., 2011; Xiong et al., 

2016; Xiong et al., 2013; Zhang et al., 2014).  iPSCs have also been used to to 

investigate the molecular underpinnings of the absence of neuronal deterioration in 

HGPS patients, revealing that the restricted expression of miR-9 in neural cells 

protected this cell lineage from progerin accumulation in HGPS  (Nissan et al., 2012).  

iPSCs have also been used to test several pharmacological agents on HGPS iPSC-

derived mesenchymal stem cells (MSCs) (Blondel et al., 2014), which highlighted the 

usefulness of iPSC-derived cells as powerful tools for comparative pharmacological 

studies.  
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Figure 1.8. Schematic of iPSC derivation from patient somatic cells and its applications 

(Rowe and Daley, 2019).  Somatic cells derived from an individual can be reprogrammed 

into iPSCs using a cocktail of transcription factors (KLF4, SOX2, OCT4, and cMyc).  

Reprogrammed iPSCs can be directly differentiated into diseased specialized cells, which can 

be utilized to create organoids or design drug screens for identifying potential therapeutic 

targets.  Recent advances in autologous iPSC-based therapy also incorporates the use of 

CRISPR-Cas9 technology to enable repair of disease-causing genetic mutations.  Adapted by 

permission from Springer Nature: Nature Reviews Genetics – Induced Pluripotent stem cells 

in disease modelling and drug discovery, R Grant et. al., 2019.  
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1.8 Significance of this Dissertation 

 
The deterioration of VSMCs and subsequent terminal atherosclerosis is the leading 

cause of death in HGPS. Current therapeutic approaches primarily targets progerin 

clearance by blocking the farnesylation step in the prelamin A post-translational 

modification pathway. However, these treatments can only extend the lifespan in 

HGPS patients by a couple of years. Understanding the molecular mechanisms 

underlying genomic defects in HGPS VSMCs could help in identifying novel drug 

targets for improving the cardiovascular health in HGPS patients. 

 

The primary goal of this dissertation was to model HGPS pathophysiology in HGPS 

VSMCs and monitor the onset of defective epigenetic inheritance in vitro. 

 

The over-arching hypothesis of my project is that reprogramming HGPS fibroblasts 

will reset the epigenetic clock, enabling the modeling of HGPS-affected VSMCs from 

disease initiation to the onset of molecular and cellular phenotypes. 

 

My sub-hypotheses are: 

1. Reprogramming HGPS fibroblasts will make bona-fide iPSCs and reset the 

epigenetic landscape of HGPS cells. 

2. ROS accumulation leads to replicative stress and senescence in HGPS–

affected VSMCs, which can be rescued by ROS scavengers. 



 38 

3. ROS-induced DNA damage leads to DNA translesion synthesis and defective 

epigenetic inheritance. 
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Chapter 2 – Methods 

2.1 Generation of iPSCs from fibroblasts via retroviral reprogramming   

HGPS and control iPSCs were reprogrammed from donor fibroblasts from the 

Progeria Research Foundation biobank and Coriell. Prior to reprogramming, HGPS 

and normal patient fibroblasts were maintained in fibroblast medium (DMEM 

supplemented with 10% FBS, Glutamax, and Gentamycin).  For reprogramming, 

retrovirus was generated using constructs pMXs-hOCT4, pMXs-hSOX2, pMXs-hKLF4, 

pMXs-hc-MYC (Addgene)(Chang et al., 2013; Hotta et al., 2009). To generate VSV-G 

pseudotyped retrovirus, Plat-GP cells were transfected with 15 mg of expression 

vector and 5 mg of pVSV-G. Two days post-transfection, retrovirus was collected and 

filtered through a 0.45 mm filter cap. Transduction of 5x105 patient fibroblasts was 

performed by the addition of polybrene to a final concentration of 4 mg/ml to a 

retroviral cocktail either containing a combination of 4 factors. After transduction, 

fibroblasts were maintained in fibroblast medium for 6 days, then trypsinized and 

replated onto fresh MEFs. Fibroblast media was then replaced with hESC media that 

was changed daily. Approximately 20 days later, colonies resembling hESCs in 

morphology were mechanically picked and replated onto fresh matrigel. These 

iPSCs were mechanically dissociated for a few passages and then adapted to 

collagenase IV passaging every 4-5 days onto fresh matrigel.  Both H9 hESCs and 

iPSCs were maintained on Matrigel in E8 medium (DMEM/F12 supplemented with 

L-ascorbic acid, sodium selenite, bFGF, TGF-β1, sodium bicarbonate, holo-
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transferrin, and gentamycin).  The majority of the reprogramming experiments 

were performed by Dr. Wing Y. Chang. 

2.2 Embryoid Body and Teratoma Assays 

To assess germ layer differentiation in vitro, EBs were generated from hESCs and 

iPSCs by treating with collagenase IV for 30min at 37oC and gently dislodged with a 

cell scraper, followed by plating in suspension in low cluster plate for 7-10 days in 

E6 media ((DMEM/F12 supplemented with L-ascorbic acid, sodium selenite, sodium 

bicarbonate, holo-transferrin, and gentamycin) with 10% FBS. Afterwards, EBs were 

plated onto 0.1% gelatin-coated plates for 5 days in E6+10% FBS medium for EB 

outgrowth induction. EB outgrowths were stained with antibodies against β-III 

tubulin, smooth muscle actin, and Gata 4 to represent all three germ layers (See 

table 2.1). For teratoma assays, 3 wells of a 6-well plate iPSC culture at 70-80% 

confluency were treated with collagenase IV for 30 min.  The cells were isolated 

with a cell scraper, pelleted, and resuspended in 50% Matrigel and injected 

intramuscularly into NOD/SCID mice.  After 8-10 weeks, tumours were removed, 

fixed in formalin, sectioned with hematoxylin and eosin staining. 

2.3 Vascular smooth muscle-like cell differentiation 

Differentiation of hESC H9 (WiCell) and iPSCs to VSMCs was essentially conducted 

as described by Xie et al. (2007) with minor modifications. Briefly, embryoid bodies 

(EBs) were generated by treating hESCs and iPSCs with collagenase IV for 5 min 

before being gently dislodged using a cell scraper.  Suspended EBs were cultured in 

low cluster plates in E6 media (DMEM/F12 supplemented with L-ascorbic acid, 
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sodium selenite, sodium bicarbonate, holo-transferrin, and gentamycin) with 10% 

FBS. After 7 days, EBs were plated onto 0.1% gelatin-coated plates for 5 days in 

E6+10% FBS medium for EB outgrowth induction. EB outgrowths were then 

trypsinized and cells were replated on Matrigel in Medium 231 with addition of 

smooth muscle growth supplement (Life Technologies) containing FBS, bFGF, EGF, 

Heparin, IGF-I and BSA, and were passaged when cell culture reached confluency. To 

differentiate VSMCs into a more contractile phenotype, cells were plated on gelatin-

coated plates and grown in VSMC differentiation medium (Medium 231, 

differentiation supplement (Life technologies) containing FGF and heparin for 7 

days. 

2.4 Immunofluorescence staining 

Cultured cells were washed gently in PBS before being fixed in formalin for 15 min 

at room temperature.  Cells were then permeabilized with 0.1% Triton X-100 mixed 

with 0.1% BSA for 20min, blocked with 3% skim milk in PBS for 1 hour, and 

incubated with primary antibodies (Table 2.1) diluted in PBS diluted with 5% goat 

serum overnight at 4oC.  On the following day, cells were washed with PBS 3 times 

for 5 minutes each before incubated with secondary antibodies (Table 2.1) in for 1 

hours at room temperature.  Samples were then washed 3 times in PBS, in which 

Hoechst 33342 was included in the final wash step.  Individual images were 

captured using Observer Z1 fluorescence microscope or Zeiss LSM510 Confocal 

Microscope.  High content imaging analyses was performed using the Thermo 

Scientific ArrayScan VTI HCS platform and Studio software. Target activation 
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algorithm and unbiased quantification analyses were incorporated for quantifying 

fluorescent signals in each image. 
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Name Company Catalogue number Dilution 

53BP1 New England Biolabs 4937S 1:1000 

8-Oxoguanine Cedarlane 4354-MC-050 1:250 

AlexaFluor Goat anti-mouse (H+L) 488 Life Technologies A11034 1:1000 

AlexaFluor Goat anti-mouse (H+L) 555 Life Technologies A21424 1:1000 

BrdU BD Biosciences 555627 1:200 

Calponin Cedarlane M3556 1:500 

DNA PKc Millipore MABC1236 1:250 

FITC-conjugated Avidin Sigma-Aldrich A2050-2ML 1:200 

GAPDH Abcam Ab8245 1:1000 

Gata4 R&D Systems MAB2606 1:250 

H3K27me3 New England Biolabs 9733S 1:1600 

H3K4me3 New England Biolabs 9727S 1:1600 

H4K16ac Sigma Aldrich 07-329 1:500 

Hoechst 33342 Life Technologies H3570 1:5000 

Lamin A/C Millipore MAB3540 1:500 

MOF Sigma Aldrich PLA0161-100UL 1:500 

Progerin Millipore 05-1231 1:500 

SM22 Abcam ab14106 1:200 

Smooth Muscle Actin Millipore CBL171 1:500 

SSEA4 Millipore MAB4304 1:500 

Tra-1-60 Millipore MAB4360 1:500 

Tra-1-81 Millipore MAB4381 1:500 

-III tubulin Cedarlane 801202 1:500 

-H2A.X Cell Signaling 9718S 1:500 

 

Table 2.1 List of antibodies information used in this dissertation. 
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2.5 -galactosidase staining 

Protocol for staining was performed as described in the kit (Abcam Ab102534).  Cell 

culture medium was removed, and cells were washed 3 times with PBS without 

calcium and magnesium (denoted as -/-).  Cells were fixed with 0.5mL of fixative 

solution provided by the kit for 15 minutes and room temperature before being 

washed 3 times in PBS -/-.  Cells were then stained in staining solution containing 

staining supplement and X-gal and incubated at 37oC for 1 hour before being 

washed with PBS -/-.  Images were taken using Leica DC200 light microscope once 

blue colour was developed in the wells.  

2.6 Alkaline Phosphatase Staining 

hESC and iPSC clones were fixed in neutral formalin buffer containing 3.8% formalin 

for 45 min and washed 3 times with PBS -/-.  Staining solution was constituted using 

naphthol AS-MX phosphate, N,N-dimethylformamide, and fast red violet LB salt 

dissolved in 0.2M Tris-HCl buffer and filtered through Whatman’s paper 

immediately before staining.  Cells were incubated in the staining solution for 30 

minutes before being washed 3 times with PBS -/- and imaged using Leica DC200 

light microscope. 

2.7 Microarray Analyses 

Total RNA was isolated from cell pellets using the Nucleospin® RNA kit (Machery-

Nagel) according to the manufacturer’s instructions.  Integrity and quantity of the 

isolated RNA was measured using the Bioanalyzer RNA 6000 nanochip (Agilent).  

300ng of total RNA was labeled and hybridized to GeneChip Human Gene 2.0 ST 
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arrays (Affymetrix) according to the manufacturer’s protocol and scanned on a 

GeneChip Scanner 3000 7G (Affymetrix).  Two replicates were performed for each 

sample.  Gene expression data from Affymetrix HuGene 2.0 microarrays were 

normalized using the RMA function of the R oligo package.  Quality analysis of the 

microarrays was performed using the R arrayQualityMetrics package.  Fold change 

and significance for transcript cluster identifiers between conditions was 

determined using the R limma package and annotated using the 

hugene20sttranscriptcluster.db (v2.14.0). 

2.8 ROS induction and measurement 

ROS levels in cultured cells were measured using the Image-iT ™ LIVE Green 

Reactive Oxygen Species Detection Kit (I36007, Life Technologies).  Briefly, cells 

were incubated with 25uM carboxy-H2 DCFDA diluted in warm HBSS (Life 

Technologies) for 30 minutes at 37oC in the dark.  HOECHST was added at 1.0uM 

final concentration to the solution 5 minutes prior to the end of the incubation 

period.  For ROS induction, control cells were treated with TBHP at a concentration 

of 100uM for 1 hour at 37oC before the addition of 25uM carboxy-H2 DCFDA. 

Treated cells were washed twice with warm HBSS before being image using an 

epifluorescence microscope or through a high-content imaging system for 

downstream analysis. 

2.9 Drug treatment 

To assess extent of rescue for nuclear defects in HGPS VSMCs, VSMCs were 

administered with 1.5uM FTI diluted in VSMC differentiation medium and cultured 
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for 72 hours before phenotype characterization.  For NAC treatment, cells were 

treated with NAC at 20uM for 72 hours before being harvested for further 

experiments. 

2.10 Comet assay 

In preparation for the comet assay, 1% low melting-point agarose (LMA) was was 

melted by being submerged in a beaker of boiling water with cap loosened, followed 

by a cooling period of 20 min in 37oC for at least 20 minutes prior to use.  Cell 

samples were typsinized and combined with warm LMA at a ratio of 1:10 10 

cells:LMA, and 120uL of the mixture was immediately pipetted onto labelled 

Gelbond film strip (Lonza, #53740). Cells were applied to the hydrophilic side of the 

film into a circle of approximately 25mm in diameter.  Films with the gel were then 

placed flat in the dark at 4oC for 10 minutes until the gel solidified.  The films were 

then immersed in pre-chilled Lysis solution and incubated at 4oC for 45 minutes.  

Following lysis, the films were immersed into freshly made Alkaline Unwinding 

solution (6g NaOH, 250uL 200mM EDTA in 1L solution with dH2O) for 45 minutes in 

the dark.  The films were then transferred to a horizontal electrophoresis apparatus 

where the films were placed equidistant from each electrode in alkaline 

electrophoresis solution (12g NaOH, 1mM EDTA pH 8 in 1L solution with dH2O), and 

electrophoresis was run at 30V for 30min at constant amperage of 300mA.  During 

electrophoresis, temperature fluctuations were minimized by placing the apparatus 

in a walk-in refrigerator.  Following electrophoresis, films were dried in a dessicated 

container overnight at room temperature.  The next day, the slides were stained by 

submerging in SYBR Green stain at 1:10000 dilution in TE buffer pH 7 for 5 minutes.  
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The films were then air dried and mounted with coverslips for visualization by 

fluorescence microscopy using the GFP channel.  Comet moments were analyzed 

using the OpenComet Plugin in ImageJ.   

2.11 Proximity Ligation Assay (PLA) 

After cell cultures reached 80% confluency, cells were washed twice in PBS and 

fixed in 3.7% paraformaldehyde for 10 minutes at room temperature.  Fixed cells 

were subsequently permeabilized in 0.1% Triton X-100 (Sigma Aldrich) for 20 

minutes and blocked with Duolink Blocking reagent (Sigma Aldrich) for 1 hour at 

room temperature.  Cells were incubated with primary antibodies diluted in Duolink 

antibody diluent (Sigma Aldrich) at 4oC overnight.  Next day, samples were washed 

3 times in PBS, followed by incubation with Duolink In Situ PLA Probe Anti-Mouse 

PLUS and Anti-Rabbit MINUS (Sigma Aldrich) for 1 hour at 37oC in a humidity 

chamber.  After incubation, cells were washed 3 times for 10min in Buffer A (Sigma 

Aldrich) and incubated with DNA ligase in diluted ligase buffer (Sigma Aldrich) for 

30min at 37oC in a humidity chamber.  Subsequently, cells were washed again 3 

times for 10 minutes each in Buffer A, and incubated with DNA polymerase diluted 

in polymerase buffer with far red fluorescence-labelled oligonucleotides (Sigma 

Aldrich) for 90min in a humidity chamber, before being washed and mounted in 

DAPI mounting medium (Duolink, Sigma Aldrich) for imaging and foci analysis. 

 

2.12 Quantitative PCR (qPCR) 
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To perform qPCR on iPSCs and VSMCs, cells were washed 3 times in PBS before 

being lysed using lysis buffer with -mercaptoethanol. mRNA was extracted using 

the NucleoSpin RNA isolation kit (Macherey-Nagel). Isolated RNA was quantified 

using Thermo Fisher Nanodrop and was converted to cDNA using SuperScript® II 

Reverse Transcriptase (Thermo Fisher Scientific). RT-qPCR was conducted using 

SYBR® Green PCR Master Mix’s protocol (Thermo Fisher Scientific) and a Roche 

LightCycler 480 Real-Time PCR system, with genomic DNA used as a dilution 

standard control. Measured transcript levels were normalized to GAPDH.  

2.13 ChIP-qPCR 

ChIP was performed as previously described with slight modifications (Walker et al., 

2010). iPSCs were grown to 80% confluency.  Afterwards, 500,000 iPSCs were 

cross-linked with 1% formaldehyde for 10 minutes at room temperature before 

being sheared using Covaris S2 Sonicator for 10 minutes (Cycle burst=200; time: 

480 minutes, temperature: 4oC; peak power 175) until DNA reaches a final size of 

300bp.  Sheared DNA were then incubated with Magnetic A beads (Millipore) with 

H3K4Me3 or H3K27Me3 antibody overnight.  After incubation, beads were collected 

and washed with low salt buffer (0.1% SDS, 1% Triton X-100, 2mmol/L EDTA, 

20mmol/L Tris-HCl pH8, 150 nmol/L NaCl).  10% of the pull-down was saved as 

input.  Pull-downs were reverse-crosslinked using Eppendorf Thermomixer at 

1,250g at 65oC for 15minutes and precipitated using phenol-chloroform.  DNA 

quantity was measured using the Bioanalyzer RNA 6000 nanochip (Agilent).  qPCR 

was performed as described above and repeated two times for each gene. 
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2.14 ChIP-sequencing (ChIP-seq) 

H3K4me3 and H3K27me3: ChIP was performed as previously described(Chang et 

al., 2006) with some modifications.  Briefly, nuclei pellets were resuspended in TC13 

tubes (Covaris) with 2mL of lysis buffer 3 (10mM Tris-HCl pH 8, 100mM NaCl, 1mM 

EDTA, 0.5mM EGTA, 0.1% Na-Deoxycholate, 0.5% Na-Laurylsarcosine) and sheared 

using a Covaris S2 sonicator (20% duty cycle, intensity 5, 200 cycles/burst) for 9 

minutes per sample.  300ug of chromatin was used for each sample.  Before addition 

of antibodies, an aliquot of each sample was reserved for input control.  Antibodies 

used were as follows: rabbit H3K4Me3 (Millipore), rabbit H3K27Me3 (Cell signaling 

Technology), and normal rabbit IgG (Cell Signaling Technology).  After reverse 

cross-linking and cleanup, approximately 20ng of each sample was prepared for 

sequencing using the ChIP-seq sample rep kit (Illumina) according to the 

manufacturer’s instructions.  Samples were sequenced on an Illumina GAIIx 

(Illumina).   

 

Alignment of ChIP-seq to the human genome (hg19) data was performed using 

bowtie 1.1.0 with the following parameters: "-l 32 --strata --best -y --chunkmbs 

3072 -n 2 -m 1".  Duplicate reads were removed using the RMDUP function of 

samtools. In the case of SRA format files from the Short Reads Archive, the NCBI 

SRA toolkit versions 2.4.3 was used to convert the files for alignment with the above 

parameters.  Known human genes were downloaded from ENSEMBL 74 to 

determine gene ENSEMBL identifiers, symbols, gene start, gene end strand and gene 

biotype. Analysis was limited to genes on standard chromosomes (1-23,X,Y). 
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DiffReps (Shen et al., 2013) was used to identify genomic regions differentially 

enriched for H3K27me3 and H3K4me3.  ChIP-seq BAM files reads were converted 

to BED files. Fragment lengths used for input into BIDCHIPS were the average of the 

fragment lengths of the treatment and control files as estimated by MaSC 

(Ramachandran et al., 2013).  The different histones were analyzed with parameters 

as recommended in the paper. H3K4me3 used the —nsd “sharp” setting and the 

“peak” mode as it has sharper more localized enrichment, while H3K27me3 used 

the —nsd “broad” setting and “block” mode as it has broader more distributed 

enrichment. The “broad” mode uses a 10kb window and step size while the “peak” 

setting uses a 1kb window and step size.  The resulting output identifies windows in 

the genome where the histone reads are significantly different between treatment 

and control, taking into account the IgG background. 

 

For PCA analyses and read pileups, known protein-coding genes, reads in the region 

-5kb/+2kb around the gene start were counted from H3K4me3 and reads over the 

full gene were counted for H3K27me3. The r prcomc function was used to determine 

the first two principal components, which were then plotted. Depths of reads for 

each data set for the regions around gene starts were determined to generate the 

pileup plots.  ChIP-seq alignment and PCA analyses were performed by Gareth 

Palidwor. 
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H4K16ac ChIP: Patient and control cells were expanded in vitro to generate passage 

7 and passage 14 cell cultures. When sufficient cell amounts were reached, cells 

were trypsinized and washed with PBS. Native Chromatin immunoprecipitation (N-

ChIP) was performed according to a published protocol. At the step of antibody 

incubation with hydroxyapatite-purified chromatin, 3μg chromatin and 3ul of rabbit 

anti-H4K16ac (Table 2.1) were used for each pull-down. Genome-wide sequencing 

on ChIP DNA was performed on an Illumina HiSeq 2000 at the McGill University and 

Génome Québec Innovation Centre (Montréal, Québec, Canada). Reads were aligned 

to the human reference genome hg38 from UCSC genome browser with BWA 

version 0.7.10 using default options. 

 

2.15 RNA-sequencing (RNA-seq) 

VSMCs from passage 7 and 14 were trypsinized and pelleted at 250g for 5min, 

before total RNA was extracted using Nucleospin RNA isolation kit (Macherey-

Nagel). RNA extraction was performed in two batches as technical replicates 

according to the manufacturer’s protocol.  RNA concentration was estimated using 

NanoDrop 2000 spectrophotometer (Thermo Fisher) and ERCC spike was added 

(Thermo Fisher) to normalize for cell number.  Quality control of RNA integrity and 

total RNA concentration was then verified using the Bioanalyzer Eukaryote Total 

RNA Pico kit (Agilent).  Validated RNA samples were sequenced on the Illumina 

NextSeq500.  Reads were then assigned to transcripts from GENCODE and 

differentially expressed genes were identified using DESeq2 v1.20.0. DESeq2 

identified fold change between HGPS and control VSMCs at both passages.  Volcano 
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plots were generated by plotting log2FoldChange against –log10(pvalue). Points in 

red have a padj <0.05.  Gene ontology enrichment analyses was generated on DAVID 

while Rrevigo was used to condense redundant GO terms and generate visualization 

maps. 

2.16 Western Blot 

Whole cell lysates were prepared by dissolving cells in Cell Lysis Buffer (50mM Tris-

HCl, 150mM NaCl, 1mM EDTA, 10% glycerol. 1% Triton X-100) and sonicated for 10 

seconds.  Cell lysates were mixed with Laemmli sample buffer containing 2-

mercaptoethanol (Life Technologies) and heated at 70°C for 10 minutes before 

loading.  Blots were blocked with 5% milk and probed for protein in question 

overnight.  The next day, blots were washed 3 times in PBST and treated with 

secondary antibody for 1 hour before being washed again and imaged using the LI-

COR Odyssey Infrared Imager.   Band density was analyzed using ImageJ. 

2.17 aniPOND coupled with Mass Spectrometry 

Accelerated native isolation of proteins on nascent DNA(aniPOND) was performed 

as previously published(Leung et al., 2013)  Approximately 1x107 proliferative 

VSMCs were labeled with 10μM 5-ethynyl-2’-deoxyuridine (EdU) for 1 hour before 

being lysed using ice-cold nuclear extra buffer containing 1.5% NP-40 detergent for 

15 minutes.  Lysed cells were scraped and transferred into a 15mL tube and spun 

down into nuclei pellets at 3000g for 10 minutes.  Supernatants were discarded and 

samples were washed in 5mL of ice-cold PBS -/- before being spun down again at 

30000g for 10 minutes. Pellets were then resuspended in click-reaction buffer 
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containing Sodium L-ascorbate, CuSO4, and biotin-azide and spun at 4oC for 1 hour.  

Pellets were then centrifuged for 10 minutes at 3000g at 4oC and washed once in 

ice-cold PBS -/- before being spun down again to remove PBS supernatant.  500uL 

of ice cold buffer B1 with protease inhibitor was resuspended with each sample and 

content was transferred into a 1.5mL Eppendorf tube. Content was then sonicated at 

10 seconds on ice using Fisher Scientific 500 sonicator. Pellets were spun down at 

4oC for 10 minutes and supernatants were removed.  Sample was resuspended with 

B1 buffer and sonicated once again as previous step.  Pelleted sample was then 

resuspended once again with B1 buffer and sonicated 12 x 10 seconds before 

centrifuged at max speed for 10 minutes at 4oC.  Supernatant was transferred to a 

new Eppendorf tube mixed with ice cold buffer B2.  Input controls were taken 

before biotinylated DNA with bound protein was captured. Proteins were captured 

using Streptavidin Agarose Resin (Thermo Scientific) for 16 hours.  After extensive 

washing, the protein-bound DNA was resolved using Laemmli buffer (Bio-Rad) with 

-mercaptoethanol (Bio-Rad) by boiling at 95°C for 15 minutes.  The samples were 

then subjected to Western blot analysis or Mass Spectrometry analysis.    

 

Following chromatin extraction, replication fork proteins were identified through 

mass spectrometry that was performed at the Ottawa Hospital Research Institute 

Proteomics Core Facility (Ottawa, Canada). Proteins were digested in-gel using 

trypsin (Promega) according to the method of Shevchenko(Shevchenko et al., 2006). 

Peptide extracts were concentrated by Vacufuge (Eppendorf). LC-MS/MS was 

performed using a Dionex Ultimate 3000 RLSC nano HPLC (Thermo Scientific) and 
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Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific) with 15 cm long 

PepMap C18 column with 75 micrometer internal diameter (Thermo Scientific). 

MASCOT software version 2.6.2 (Matrix Science, UK) was used to infer peptide and 

protein identities from the mass spectra. The observed spectra were matched 

against human sequences from SwissProt (version 2018-05) and also against an in-

house database of common contaminants. The results were exported to Scaffold 

(Proteome Software, USA) for further validation and viewing.  

 

Differentially abundant proteins were identified based on Fisher’s exact test 

(p<0.05) between control and HGPS proteins.  Protein networks were identified 

using STRING protein database, and significant protein complexes were analyzed on 

the basis of gene ontology using Metascape (Zhou et al., 2019). 

 

2.18 DsiRNA transfection for gene expression knockdown 

Transfection protocol was adopted from RNAiMAX Transfection Procedure (Life 

Technologies).  DsiRNAs for MOF were purchased from IDT.  Cells were plated until 

reaching 80% confluency before being transfected with DsiRNAs using RNAiMAX 

(Life Technologies) and its suggested dilution format.  Expression of MOF was tested 

using qPCR 3 days post transfection. 
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CHAPTER 3 – RESULTS   

3.1 Reprogramming HGPS fibroblasts produced bona-fide iPSCs, 

resetting their epigenetic landscape  

3.1.1 HGPS fibroblasts exhibit nuclear abnormalities and premature senescence in 

culture 

HGPS fibroblasts have been prevalently reported to display severe cellular and 

nuclear defects (Dechat et al., 2008; Goldman et al., 2004; Shumaker et al., 2006).  To 

assess the nuclear defects in patient cells, I first characterized nuclear defects in 

HGPS fibroblasts. Amongst the three HGPS fibroblast lines and three fibroblasts 

from unaffected individuals, a familial trio of two unaffected parents and one 

affected progeny was included, which enables the direct comparison between 

related individuals (Table 3.1).    To characterize nuclear defects, I performed 

immunofluorescence staining for Lamin A and quantified abnormal nuclear shape. 

Significantly more HGPS fibroblasts displayed abnormal nuclear morphology 

compared to control (Figure 3.1A &C). Significantly more HGPS fibroblasts also 

stained for the DDR marker γH2A.X (Figure 3.2A & C), suggesting that HGPS 

fibroblasts exhibit increased DNA damage and repair, consistent with other reports 

on HGPS fibroblasts (Goldman et al., 2004; Liu et al., 2008).   
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Patient Cell Line iPSC Clones 

HGPS HGADFN167 1J, 1Q 

HGADFN003 1B, 1C 

AG01972 1B, 1D 

Control HGMDFN090 1B, 1C 

HGFDFN168 1D2, 1P 

BJ 1C, 1D 

 

Table 3.1. List of HGPS patients and control fibroblast lines, and their derived iPSC clones.  Two 

clones were used from each individual in this study.  Patient HGFDFN168 and HGMDFN090 are the 

unaffected parents of HGPS patient HGADFN167. Reprinted from John Wiley and Sons – Aging Cell – 

Reprogramming progeria fibroblasts re-establishes a normal epigenetic landscape, Z. Chen, 

W.L.Stanford et. al., 2017. 
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Figure 3.1 HGPS fibroblasts exhibit severe nuclear defects. (A) Immunofluorescence (IF) analysis 

of Lamin A/C reveals abnormal nuclear morphology in HGPS fibroblasts.  HGPS fibroblasts also have 

increased γH2A.X compared to control. (B) IF imaging demonstrates reduced H3K27me3 marks and 

expression of Progerin in HGPS fibroblast nuclei compared to control. (C) Quantification of 

fibroblasts demonstrating increased abnormal nuclear morphology, accumulation of DNA damage, 

and expression of Progerin in HGPS fibroblasts compared to control fibroblasts. Results were 

assessed by immunofluorescence microscopy and Image J software.  (D) High-content imaging and 
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fluorescence quantification on a natural log scale showing a loss of H3K27me3 in HGPS fibroblast 

nuclei compared to control fibroblasts. (E) An increased number of HGPS fibroblasts are positive for 

SA-β-gal compared to control fibroblasts, as assessed by flow cytometry. * indicates p<0.05, ** 

indicates p<0.005 where statistical significances were observed.  A minimum of 3 biological 

replicates was performed for each experiment. 

 

It has been demonstrated that progerin accumulation in HGPS fibroblasts is 

associated with loss of repressive histone marks such as H3K27me3 (Shumaker et 

al., 2006)). Through high-content-imaging analysis, I detected that 78% of HGPS 

fibroblasts expressed nuclear progerin as opposed to control fibroblasts that 

contained almost no detectable progerin levels (Figure 3.1B & C). 

Immunofluorescence staining coupled with high content imaging also revealed a 

significant decrease in H3K27me3 fluorescence intensity in HGPS fibroblast nuclei 

compared to control (Figure 3.1B & D), consistent with a loss of heterochromatin.  

HGPS fibroblasts also exhibit premature senescence and express senescence-

associated β-galactosidase (SA-β-gal)(Goldman et al., 2004).  I observed via flow 

cytometry that less than 10% of control fibroblasts expressed SA-β-gal, while more 

than 50% HGPS fibroblasts were SA-β-gal positive (Figure 3.1E).  Collectively, these 

results demonstrated that prior to reprogramming, HGPS patient fibroblasts exhibit 

hallmark nuclear defects, heterochromatin loss and premature senescence. 

 

3.1.2 Reprogrammed HGPS iPSCs express hallmark pluripotent markers 

To study HGPS progression from disease onset, fibroblasts from patients and 

unaffected controls were reprogrammed into iPSCs.  Using retroviral 
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reprogramming, we derived and characterized six iPSC clones, with two clones from 

each individual (Table 3.1).   Upon reprogramming, both control and HGPS iPSCs 

were morphologically indistinguishable from human embryonic stem cells (hESCs).  

All iPSC clones expressed typical pluripotent markers TRA-1-60, TRA-1-81, SSEA-4, 

as well as alkaline phosphatase (ALP) at similar levels to hESCs (Figure 3.2A).  The 

G608G mutation within HGPS iPSC lines was verified using Sanger sequencing to 

confirm that the C to T mutation is retained in all HGPS clones (Figure 3.2B).  All 

iPSC clones also exhibited normal karyotypes following reprogramming (Figure 

3.2C).  To determine cell potency, I differentiated iPSCs through embryoid body (EB) 

formation and detected cells representative from each of the three germ layers, 

exemplified by the expression of markers of ectoderm (III-tubulin), mesoderm 

(smooth muscle actin, SMA) and endoderm (-fetoprotein, AFP) (Figure 3.2D).  In 

vivo assays further demonstrated that these iPSCs can form teratomas that are 

comprised of tissues representative of the three germ layers (Figure 3.2D).   

Together, these data suggest that iPSC clones were successfully derived from both 

control and HGPS patients. 
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Figure 3.2 iPSCs derived from HGPS patients and control individuals’ fibroblasts are 

pluripotent.  (A) iPSC clones derived from both control and HGPS fibroblasts were morphologically 

indistinguishable from each other.  These iPSCs expressed Tra1-81, Tra-1-60, SSEA4, as well as 

alkaline phosphatase (ALP). (B) Sanger sequencing confirmed G606G mutation retained in the iPSC 

clones derived from HGPS fibroblasts.  (C) Karyotyping of both control and HGPS iPSCs revealed no 

gross chromosomal abnormalities following reprogramming. (D) Top row: in vitro differentiation 

assay via EB formation confirmed that iPSCs can differentiate into cells from the three germ layers, 



 61 

including ectoderm (III-Tubulin), mesoderm (Smooth Muscle Actin, SMA), and endoderm (-

fetoprotein, AFP).  Bottom row: in vivo differentiation by teratoma formation confirmed that HGPS 

iPSCs can differentiate into tissues from all three germ layers.  Representative H&E stained 

micrographs are shown. (E) RT-PCR analysis using primers for the full Lamin A transcript and the 

truncated progerin product in both fibroblasts and iPSCs.  The mRNA product of the progerin is 

expressed in HGPS fibroblasts but not in their iPSC clones.  (F) Lamin A/C are expressed in HGPS 

fibroblasts but not in undifferentiated HGPS iPSC and hESC (H9) colonies.  Blue represents DAPI 

stain. Reprinted from John Wiley and Sons – Aging Cell – Reprogramming progeria fibroblasts re-

establishes a normal epigenetic landscape, Z. Chen, W.L.Stanford et. al., 2017. 

 

It has been reported that Lamin A is not expressed by undifferentiated human 

pluripotent stem cells (Constantinescu et al., 2006; Rober et al., 1989). Thus, I next 

examined Lamin A expression at both mRNA and protein levels.  RT-PCR analyses 

using primers that detect both full-length LMNA transcript and truncated progerin 

transcript confirmed that progerin transcripts were only present in HGPS iPSCs 

while both HGPS and control cultures express LMNA (Figure 3.2E).  Immunostaining 

revealed that at the protein level, Lamin A/C is expressed in fibroblasts but absent 

in pluripotent cells. I found that only differentiated cells at the edge of iPSC colonies 

expressed detectable levels of Lamin A/C, while the central undifferentiated region 

of the colonies did not express Lamin A/C (Figure 3.2F).  This demonstrates that 

LMNA and progerin expression were downregulated in HGPS iPSCs upon 

reprogramming. 
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3.1.3 Reprogramming restored a normal transcriptional profile in HGPS iPSCs 

HGPS cells exhibits changes in global gene expression due to progerin accumulation 

(Dechat et al., 2008; McCord et al., 2013). To examine whether reprogramming re-

establishes a wild-type transcriptional landscape, I performed microarray analyses 

to examine global mRNA expression in all HGPS and control fibroblast lines and 

their iPSC clones.  To determine how progerin affected transcription in diseased and 

wild-type fibroblast, differential gene expression analysis was conducted between 

control and HGPS fibroblasts.  I found that global gene expression profiles are 

grossly different between the two groups, as indicated by Pearson correlation 

analysis (Figure 3.3A).  Upon reprogramming, global gene expression profiles 

between HGPS and control iPSCs with their fibroblast counterparts are starkly 

different (Figure 3.3A), where 12341 genes were differentially expressed.  However, 

control and HGPS iPSC gene expression profiles are very similar to each other, as 

well as to hESCs (Figure 3.3A). Only 5 differentially expressed genes (DEGs) 

between HGPS iPSCs and hESCs and 28 DEGs between control iPSCs versus hESCs 

were identified, suggesting that the transcriptomic profile is extremely similar 

between iPSCs and hESCs. 

 

Furthermore, unsupervised hierarchical clustering of reprogrammed iPSCs with 

their parental fibroblast samples separated the fibroblasts from the iPSCs as 

expected (Figure 3.3B), while control and HGPS iPSCs did not separate definitively.  

iPSCs from the parents (168, 090) and the affected progeny (167) did not segregate 

by hierarchical clustering analysis nor principle component analysis (PCA) (Figure 
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3.4A & B), demonstrating that reprogramming erases major transcriptional 

differences between related and unrelated controls and HGPS patients.  These 

results suggest that despite the nuclear defects associated with progerin 

accumulation, HGPS fibroblasts can be reprogrammed into iPSCs with 

transcriptomes that are highly similar to control iPSCs and hESCs. 
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Figure 3.3. Transcriptomic landscape in HGPS iPSCs has been reset following reprogramming.  

(A) Microarray correlation profiles of HGPS iPSCs and control iPSCs compared to their parental 

fibroblasts and hESCs (H9). (B) Hierarchical cluster analyses of all transcriptome profiles 

demonstrate that HGPS iPSCs cluster closely control iPSCs and hESCs but are markedly different than 
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parental fibroblasts from either normal or HGPS patients. The names of the cell lines are color-coded 

to indicate the genotype: hESC lines, black; HGPS lines, red; and unaffected control lines, blue.  

Bioinformatic analysis including correlation plots and unsupervised clustering were performed by 

Gareth Palidwor.   Reprinted from John Wiley and Sons – Aging Cell – Reprogramming progeria 

fibroblasts re-establishes a normal epigenetic landscape, Z. Chen, W.L.Stanford et. al., 2017. 

 

 

Figure 3.4  PCA of iPSC microarray profiles of familial trio.  HGFDN168: father, HGMDFN090: 

mother, HGDFN167: son, HGPS: unrelated HGPS patient).  All PCA graphs were generated by Gareth 

Palidwor. Reprinted from John Wiley and Sons – Aging Cell – Reprogramming progeria fibroblasts re-

establishes a normal epigenetic landscape, Z. Chen, W.L.Stanford et. al., 2017. 

 

3.1.4 Chromatin distribution and histone marks are rescued in HGPS iPSCs upon 

reprogramming 

Defining characteristics of HGPS fibroblasts are the loss of both peripheral 

heterochromatin and the active histone mark H3K4me3 and repressive mark 

H3K27me3 (Liu et al., 2013b; Shah et al., 2013; Shumaker et al., 2006).  I next 

investigated whether reprogramming rescued histone mark distribution by 

examining H3K4me3 and H3K27me3 levels using quantitative high-content 
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immunofluorescence imaging of our fibroblast and iPSC lines. The fluorescence 

intensity level of both marks was decreased in parental HGPS fibroblasts compared 

to controls (Figure 3.5A & B).  However, the abundance of both marks was restored 

in HGPS iPSCs (Figure 3.5A & B), and the levels of both marks were much higher in 

HGPS iPSCs compared to their parental fibroblasts (p<0.0001). Heterochromatin 

distributions in HGPS fibroblasts and iPSCs were also inspected using electron 

spectroscopic imaging (ESI). It was observed that HGPS iPSCs exhibit uniform 

chromatin density with modestly increased density near the periphery, in contrast 

to the irregular distribution observed in HGPS fibroblasts (Figure 3.6).  This 

suggests that the abnormal chromatin density characteristic of HGPS fibroblasts was 

restored after reprogramming. 
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Figure 3.5 Active and repressive histone marks are rescued in HGPS iPSCs following 

reprogramming. (A) High content imaging of histone marks H3K4me3 and H3K27me3 in HGPS and 

control fibroblasts, as well as their iPSC derivatives.  Arrows indicate nuclei with diminished 
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H3K4me3 and H3K27me3 fluorescence signal. (B) Intensity of H3K4me3 and H3K27me3 expression 

in fibroblasts (red bars) and corresponding iPSCs (green and blue bars) from normal and HGPS 

patients was quantified using high content imaging values compared on a natural log scale.  

Distribution analyses using one-way ANOVA reveal that reprogramming significant restored 

H3K4me3 and H3K27me3 marks in both control and HGPS iPSCs (p<0.0001).  A minimum of 2 

replicates were performed for each line. Reprinted from John Wiley and Sons – Aging Cell – 

Reprogramming progeria fibroblasts re-establishes a normal epigenetic landscape, Z. Chen, 

W.L.Stanford et. al., 2017. 

 

 

 

Figure 3.6.  ESI images of the distribution of chromatin in fibroblasts and iPSCs.  Chromatin of 

HGPS cells is remodeled to a normal pluripotent state by reprogramming. The images show 175 eV 

energy loss images (phosphorus enriched) where chromatin and nucleoli show enhanced contrast 

(white on a black background). Graph: The distribution of chromatin was quantified and plotted 
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relative to the nuclear periphery.  The x-axis shows the periphery (left-most part of graph) moving 

towards the center (right-most part of the graph).  The proportion of chromatin relative to total is 

plotted. The initial peak in the plot reflects the peripheral heterochromatin with higher values 

reflecting greater densities of heterochromatin associated with the nuclear lamina. White arrows 

indicate convolutions, green arrows holes and yellow arrows indicate condensed chromatin.  ESI 

experiments and images were performed by Michael Hendzel’s lab. Reprinted from John Wiley and 

Sons – Aging Cell – Reprogramming progeria fibroblasts re-establishes a normal epigenetic 

landscape, Z. Chen, W.L.Stanford et. al., 2017. 

 

Since HGPS fibroblasts have altered epigenetic landscape, I next examined whether 

iPSC reprogramming rescued epigenetic landscape.  Chromatin 

immunoprecipitation-sequencing (ChIP-seq) was performed on two HGPS iPSC 

clones and two unaffected iPSC clones to examine changes in genome-wide 

H3K4me3 and H3K27me3 as a result of reprogramming.  PCA was performed on 

ChIP-seq iPSC data in relation with publicly available hESCs (BG01, WIBR1, HUES48, 

and HUES64), and normal iPSCs (A1, C1, A6, 4, 18c, and 15b) H3K4me3 and 

H3K27me3 datasets.  When examining the similarity within -5kb and +2kb of the 

transcription start site (TSS) region in all known-coding genes, the reprogrammed 

HGPS iPSC lines clustered well with most of the publicly available hESC and iPSC 

data (Figure 3.7A).  The heterogeneity between control and HGPS iPSCs is less than 

the inherent heterogeneity amongst other groups of normal pluripotent cells 

(Figure 3.8A&B).  Using enrichment profiling on the average reads of all RefSeq 

genes, I compared all the iPSCs with hESC H9 and iPSC A7 datasets and found that 

the H3K4me3 and H3K27me3 enrichment profiles were highly similar between all 
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the datasets (Figure 3.7B), demonstrating that reprogramming efficiently resets the 

H3K4me3 and H3K27me3 marks associated with promoter proximal regions in 

HGPS iPSCs. 

 

 

 

Figure 3.7 ChIP-seq analyses of HGPS iPSCs reveal that H3K4me3 and H3K27me3 profiles 

were restored upon reprogramming (A) PCA analyses comparing H3K4me3 and H3K27me3 ChIP-

seq profiles of two HGPS (green) and two control iPSC lines (yellow), which were then compared to 

publicly available hESC (red) and normal iPSC (blue) lines.  All HGPS and control iPSC lines generated 

grouped together with minimal variance.  (B) The composite of average promoter proximal (‐5kb to 

+2kb of the TSS) reads of H3K4me3 and H3K27me3 for all RefSeq genes were compiled between the 

control and HGPS iPSC lines and compared to that of publicly available profiles of control hESC and 

iPSC cell lines. (C) A 50kb sliding window across the genome to scan the ChIP-seq data to 

differentiate genomic regions with differential enrichment between Progeria and control iPSCs 

identified 106 non-promoter proximal differentially methylated regions associated with RefSeq 

genes across the whole genome.  (D) ChIP-qPCR of differentially enriched target genes was 
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performed in all iPSC lines.  Error bars represent SEM using student t-test.  * indicates P<0.05, ** 

indicates P< 0.005, *** indicates P<0.001, **** indicates P<0.0001.  A minimum of 2 biological 

replicates was performed for each experiment. PCA analyses and composite graphs were generated 

by Gareth Palidwor.  Reprinted from John Wiley and Sons – Aging Cell – Reprogramming progeria 

fibroblasts re-establishes a normal epigenetic landscape, Z. Chen, W.L.Stanford et. al., 2017. 

 

Furthermore, I examined whether regions with differential H3K4me3/H3K27me3 

enrichment also impacted differential transcription in iPSCs. To identify genomic 

regions with differential enrichment between HGPS and control iPSCs, ChIP-seq 

datasets were further analyzed beyond the promoter regions using a 50kb sliding 

window.  This strategy yielded 106 non-promoter proximal regions associated with 

RefSeq genes that are differentially enriched for H3K4me3, and 38 regions for 

H3K27me3.  I then performed ChIP-qPCR to validate the top 10 differentially 

methylated regions for each histone mark in control and HGPS iPSCs. 8 of 10 

H3K4me3 and 7 of 10 H3K27me3 marks were validated as differentially enriched 

between control and HGPS iPSCs (Figure 3.7C&D).  No correlation was found 

between H3K4me3 and H3K27me3-enriched genes and differential gene expression 

between control and HGPS iPSCs as confirmed by RT-qPCR (Figure 3.9B).  This 

suggests that the altered epigenetic marks outside promoter regions did not affect 

gene expression.  Therefore, our ChIP-seq and transcriptional microarray analyses 

together support the notion that epigenetic landscape of HGPS fibroblasts has been 

reverted to a normal pluripotent state comparable to that in control iPSCs after 

reprogramming. 
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Figure 3.8.  Unsupervised clustering of ChIP-seq profiles of HGPS iPSCs with publicly available 

datasets.  Hierarchical clustering of HGPS iPSCs, control iPSCs, and publicly available iPSC and hESC 

cell lines for both H3K4me3 (A) and H3K27me3 (B) ChIP-seq profiles. The heterogeneity between 

control and HGPS iPSCs is less than the inherent heterogeneity amongst other groups of normal 

pluripotent cells.  Reprinted from John Wiley and Sons – Aging Cell – Reprogramming progeria 

fibroblasts re-establishes a normal epigenetic landscape, Z. Chen, W.L.Stanford et. al., 2017. 
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Figure 3.9. Altered epigenetic marks observed between normal and HGPS iPSCs do not impact 

transcriptional regulation of pluripotent cells. (A) Genome tracks of ChIP-seq data for H3K4me3 

and H3K27me3 of two representative differentially enriched genes in normal and HGPS iPSCs.  

RefSeq gene tracks are shown below the profiles. (B) qPCR of differentially enriched genes between 

Control and HGPS iPSCs demonstrating that all differentially enriched genes were not differentially 

expressed between control and HGPS iPSCs.  All statistical analyses were done using the two-tailed t-

test.  A minimum of 2 biological replicates was performed for qPCR analyses. Reprinted from John 

Wiley and Sons – Aging Cell – Reprogramming progeria fibroblasts re-establishes a normal epigenetic 

landscape, Z. Chen, W.L.Stanford et. al., 2017. 

 

Chapter 3.2 – HGPS iPSCs differentiated into VSMCs to model HGPS 

disease progression 

3.2.1 HGPS and control VSMCs exhibit similar differentiation capacity into VSMCs 

To model HGPS disease progression in VSMCs, I applied a direct differentiation 

strategy (Xie et al., 2007) to generate cultures of HGPS VSMCs from iPSCs (Figure 

3.10A).  To assess the efficiency of VSMC differentiation, we quantified the 

expression of VSMC-specific markers (Calponin, Smooth Muscle Actin (SMA), and 

SM22) at both early (passage 7, P7) and late (P14) passages of HGPS and control 

VSMCs.  The percentages of cells positive for VSMC markers were comparable across 

multiple genotypes and passages with human carotid artery VSMCs (CAVSMCs) 

(Figure 3.10B).  Furthermore, physiological contraction in response to the 

cholinergic agonist carbachol was observed across both control and HGPS VSMCs.  
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Thus, these results indicate that both control and HGPS VSMCs readily differentiate 

into VSMCs at similar efficiency. 

 

 

Figure 3.10. HGPS iPSC-derived VSMCs exhibit typical smooth muscle cell markers upon 

differentiation. (A) A schematic of the directed differentiation approach adopted to generate VSMCs 

from iPSCs through EB formation. (B) Differentiated VSMCs express typical VSMC markers such as 

Calponin, Smooth Muscle Actin (SMA), and Smooth Muscle 22 alpha (SM22alpha).  Statistical 

analyses using ANOVA revealed no significance in terms of VSMC marker expression between the 

three groups of VSMCs. Reprinted from John Wiley and Sons – Aging Cell – Reprogramming progeria 

fibroblasts re-establishes a normal epigenetic landscape, Z. Chen, W.L.Stanford et. al., 2017. 

 

3.2.2 HGPS VSMCs exhibit hallmarks of premature aging 

Since HGPS fibroblasts typically exhibit nuclear defects including abnormal nuclear 

morphology (Goldman et al., 2004; Shumaker et al., 2006) which were rescued in 

iPSCs following reprogramming, I sought to assess these phenotypes in HGPS VSMCs 

when LMNA is re-expressed following differentiation.  Using immunostaining 



 75 

against Lamin A/C complimented with an unbiased Image J algorithm, I found that 

significantly more HGPS VSMCs display abnormal nuclear shape than control at both 

early and late passages (29% versus 3%, and 41% versus 6%, respectively) (Figure 

3.11A). Concomitant with nuclear morphology defects, progerin+ VSMCs increased 

in proportion with passaging (Figure 3.11B). HGPS cells also accumulate elevated 

endogenous DNA damage, in particular double strand breaks (DSBs) with passage in 

culture (Goldman et al., 2004; Liu et al., 2005; Liu et al., 2006), which are typically 

indicated by the presence of cryptogenic foci marked by H2A.X as part of the DDR 

signaling cascade.  Using immunostaining, I found that HGPS VSMCs exhibit much 

higher levels of γH2A.X foci compared to control as previously reported in HGPS 

fibroblasts (Goldman et al., 2004; Taimen et al., 2009) (Figure 3.11C).   

 

I next aimed to assess the extent of vascular aging in HGPS VSMCs.  Excessive 

production of ROS is common in atherosclerotic plaques in normative aged 

vasculature and is a major cause of vascular inflammation, arterial remodeling and 

premature senescence (He and Zuo, 2015; Tavakoli and Asmis, 2012).   Consistent 

with normative vascular aging, HGPS VSMCs exhibit a significant increase in ROS 

between early and late passages (22% versus 48%), in contrast to control VSMCs 

that remain less than 10% ROS-positive cells at corresponding passages (Figure 

3.11D). Similarly, when I assessed the level of premature senescence by examining 

the percentage of cells staining for SA-βgal, I found that while the percentage of 

control VSMCs that expressed SA-βgal remained approximately 10% consistently 

through passaging, the percentage of SA-βgal+ HGPS VSMCs increased from 20% to 
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40% between early and late passages (Figure 3.11E).  These results demonstrate 

that HGPS patient-derived VSMCs exhibit hallmark traits of accelerated vascular 

aging. 

 

Figure 3.11. HGPS iPSC-derived VSMCs exhibit hallmark HGPS genomic defects (A) 

Representative confocal images of Lamin A/C staining demonstrate a 6-fold increase in defective 

nuclear morphology in HGPS VSMCs than control VSMCs. (B-E) Representative images of HGPS 

VSMCs exhibiting hallmark Progeria defects, including expressing the mutant protein progerin (B) 

and a markedly higher level of DNA damage H2A.X foci (C) and ROS (D). (E) HGPS VSMCs exhibit 

higher level of senescence marker SA-Gal compared to control (E).  Error bars represent SEM using 

student t-test.  * indicates P<0.05, ** indicates P< 0.005, *** indicates P<0.001.  A minimum of 3 

biological replicates was performed for each experiment.  Reprinted from John Wiley and Sons – 
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Aging Cell – Reprogramming progeria fibroblasts re-establishes a normal epigenetic landscape, Z. 

Chen, W.L.Stanford et. al., 2017. 

 

To specifically examine whether HGPS vascular disease initiation can be modeled 

via VSMC differentiation in vitro, I measured the level of progerin accumulation in 

HGPS iPSCs as they differentiated into VSMCs from across several passages.  RT-

qPCR analysis revealed that in HGPS VSMC cultures, progerin mRNA transcripts 

increased significantly compared to undifferentiated iPSCs at the EB stage of 

differentiation and in passage 1 VSMC cultures (Figure 3.12A).  Expectedly, progerin 

mRNA expression was negligible in hESCs and control iPSC-derived VSMC cultures.  

Using immunofluorescence staining with confocal imaging analyses, I identified that 

approximately 2% of HGPS EB cells contained detectable levels of progerin, while 

10% of HGPS cells at passage 1 VSMC cultures had detectable levels of progerin 

(Figure 3.12B).  More than 20% of HGPS VSMCs exhibited detectable levels of 

progerin by passage 4, while differentiated iPSC control cultures showed no 

progerin expression.  Western Blot analysis also failed to detect progerin in 

undifferentiated iPSCs as well as control VSMCs, while progerin was detected by 

passage 1 of HGPS VSMC cultures (Figure 3.12C).  Together, these results indicate 

that progerin expression begins to accumulate early in VSMC specification and 

increases in differentiated HGPS VSMCs. 
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Figure 3.12. Differentiated HGPS VSMCs expressed progerin. (A) Progerin transcript levels 

assessed by qPCR showed progerin mRNA was not detected in control iPSCs and hESCs but is 

observed in HGPS EBs and early passage VSMCs.  (B) Confocal analysis of progerin-positive cells in 

EB cultures, with increasing numbers in HGPS, but not control, VSMC cultures.  (C) Western blot 

analysis of parental fibroblasts, undifferentiated (iPSC), EB outgrowth and increasing passages (P) of 

VSMC cultures. Progerin protein was not detected in HGPS iPSC cultures nor control cells but was 

detected in HGPS fibroblasts and VSMCs. Reprinted from John Wiley and Sons – Aging Cell – 

Reprogramming progeria fibroblasts re-establishes a normal epigenetic landscape, Z. Chen, 

W.L.Stanford et. al., 2017. 

 

Using  H2A.X immunostaining to detect DSBs at each passage during VSMC 

differentiation, I found that there is an initial elevation in H2A.X foci in both control 

and HGPS VSMCs in their EB outgrowth stage and at passage 1 (Figure 3.13), which 
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may indicate a link between DDR signaling and initiation of differentiation 

(Sherman et al., 2011).  HGPS VSMCs showed a significant increase in H2A.X foci at 

passage 4 that remained high.  In contrast, control VSMCs demonstrated a low 

H2A.X foci count from passage 2 (Figure 3.13).  Overall, our differentiation data 

suggested that HGPS iPSCs differentiate into VSMCs that exhibit progressive HGPS 

phenotypes and can be used to monitor the progression of molecular and cellular 

phenotypes. 

 

 

Figure 3.13. HGPS VSMCs exhibit passage-dependent increase in DNA damage when aged in 

vitro. Confocal imaging and analysis of H2A.X foci in VSMC differentiation cultures (EBs and various 

passages (P) of VSMCs), showing that H2A.X foci are comparable between control and HGPS cultures 

until passage 4 of VSMC cultures.  Statistical significances were calculated using student’s t-test.  * 

indicates P<0.05, ** indicates P< 0.005. A minimum of 2 biological replicates was performed for each 

experiment.  Reprinted from John Wiley and Sons – Aging Cell – Reprogramming progeria fibroblasts 

re-establishes a normal epigenetic landscape, Z. Chen, W.L.Stanford et. al., 2017. 
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Chapter 3.3 – HGPS VSMCs exhibit increased DNA damage due to 

elevated oxidative stress  

3.3.1 HGPS VSMCs exhibit altered transcriptomic activation of cardiovascular 

remodeling and oxidative stress response 

The presence of progerin in the nuclear lamina of HGPS fibroblasts has been 

reported to be correlated with transcriptomic changes, and that HGPS fibroblasts 

exhibit similar transcriptomic profiles to that in aged fibroblasts (Aliper et al., 2015; 

Fleischer et al., 2018). We sought to investigate whether HGPS VSMCs exhibit an age 

(passage)-dependent transcriptional profile via RNA-sequencing (RNA-seq) in two 

control and two HGPS VSMCs across early and late passages and whether 

transcriptomic changes reveal any programs pertaining to hallmark HGPS 

phenotypes.  PCA on both control and HGPS VSMC lines revealed an expected 

segregation between male and female VSMC cultures (Figure 3.14A), as well as a 

separation between control and HGPS lines (Figure 3.14B).  Differential expression 

analysis revealed a total of 1671 DEGs (padj<0.05) between early passage control 

and HGPS VSMCs, of which 1087 genes were upregulated and 585 genes were 

downregulated (Figure 3.14C&D).  Similarly, 1801 DEGs were identified between 

control and HGPS VSMCs at late passage, of which 930 genes were downregulated, 

and 871 genes were upregulated in HGPS VSMCs (Figure 3.14C&D). Given the rapid 

progression of age-related pathologies in HGPS VSMCs, I examined alterations in 

passage dependent gene expression in both control and HGPS VSMCs.  I found that 

1406 DEGs were identified between early and late passages in HGPS VSMCs (Figure 

3.15B).  In contrast, only 108 DEGs were found between early and late passage in 
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control VSMCs (Figure 3.15A), suggesting that HGPS VSMCs exhibit strong passage-

dependent transcriptomic aberrancies. 

 

 

Figure 3.14 HGPS VSMCs exhibit transcriptomic dysregulation. (A) PCA of RNA-seq profiles of 

two control and two HGPS VSMC lines at both early and late passages. The combination of PC1 and 

PC2 demonstrated expected separation between all RNA-seq profiles based on sex. CE (red): Controls 

Early passage, CL (green): Controls Late passage, PE (blue): Progeria Early passage, PL (purple): 

Progeria Late passage. (B) PCA of all RNA-seq profiles demonstrating that combination of PC1 and 

PC3 show expected separation between control and HGPS VSMC RNA-seq profiles. (C) Number of 

total DEGs identified between control and HGPS VSMCs by RNA-seq analysis (FDR<0.05). (D) 

Volcano plot of RNA-seq data of control compared to HGPS VSMCs at early (left) and late (right) 

passages. DEGs are represented as red dots.  PCA analysis and Volcano plots were generated by 

Christopher Porter. 
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Figure 3.15 HGPS VSMCs exhibit passage-dependent transcriptomic aberrancies.  (A) Volcano 

plot of RNA-seq data of control VSMCs at early (P7) versus late (P14) passages. (B) Volcano plot of 

RNA-seq data of HGPS VSMCs t early (P7) versus late (P14) passages. DEGs are represented as red 

dots.  Volcano plots were generated by Christopher Porter. 

 

 

To investigate which transcriptomic program(s) are altered in HGPS VSMCs, gene 

ontology (GO) analysis was performed on DEGs between control and HGPS VSMCs. 

At early passage, DEGs between control and HGPS VSMCs revealed a significant 

dysregulation of genes associated with “vasculogenesis” and “extracellular matrix 

organization” (Figure 3.16A).  The list of DEGs was further divided between ‘up’ and 

‘down’ regulated genes to which GO analysis was performed.  A distinct enrichment 

of upregulated genes involved in vasculature development (Figure 3.17A) was 

observed, indicative of an activation of vascular remodeling program in early 

passage HGPS VSMCs.   In contrast, downregulated genes predominantly enriched 

for response to “reactive oxygen species” and “cellular response to DNA damage” 

(Figure 3.17B), which suggests a dysregulation in DDR due to increased oxidative 
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stress.  Interestingly, at late passage, GO terms that were predominantly enriched 

among downregulated genes were associated with “smooth muscle differentiation”, 

“smooth muscle proliferation”, and “regulation of stem cell differentiation” (Figure 

3.17C), indicative of an arrest of the vascular remodeling and proliferation pathway 

at this passage, correlating with premature senescence observed in aged VSMC 

cultures (Costopoulos et al., 2008; Matthews et al., 2006; Sedelnikova et al., 2004; 

Wallis et al., 2004).  GO terms associated with oxidative stress were enriched in both 

up and downregulated genes, suggesting an overall dysregulated oxidative stress 

response in late passage HGPS VSMCs (Figure 3.17D).  Together, these results 

indicate that HGPS VSMCs exhibit perturbed vascular remodeling and redox 

response, which potentially contributes to elevated oxidative stress. 

 

 

 

Figure 3.16 HGPS VSMCs exhibit altered transcriptional programs in vascular remodeling and 

oxidative stress. REViGO scatterplots of enriched GO Cluster representatives from RNA-seq datasets 

comparing control to HGPS VSMCs at both early (Passage 7) (A) and late (Passage 14) passages (B). 
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The terms were plotted in a two-dimensional space following redundancy reduction of all GO terms. 

Bubble colour indicates log10 p-value. Bubble size indicates the relative frequency of the GO terms in 

the underlying reference EBI GOA database, where Bubbles of more general terms are larger. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.17 HGPS VSMCs exhibit passage-specific transcriptomic alterations. Enriched GO terms 

for genes upregulated and down regulated from RNA-seq datasets comparing control to HGPS VSMCs 

at early passages that are upregulated (A) and downregulated (B), as well as GO cluster 

representatives from late passages that are upregulated (C) and downregulated (D).   

 

3.3.2 HGPS VSMCs exhibit elevated endogenous DNA damage due to oxidative stress 

HGPS fibroblasts typically display an elevated DNA damage response as evidenced 

by the increased accumulation of γH2A.X in the nuclei (Constantinescu et al., 2010; 

Liu et al., 2013a; Liu et al., 2006).  To examine the amount of endogenous DNA 

breaks in HGPS VSMCs, I performed the alkaline comet assay and observed that 

A B 

C D 
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HGPS VSMCs exhibit significantly higher Olive Tail moment compared to control 

cells at high passage (15.28 vs. 9.18) (Figure 3.18A).  This indicates that HGPS 

VSMCs not only have elevated DNA damage, but DNA damage is not sufficiently 

repaired for the level of basal DNA damage to reach steady-state.  Since HGPS VSMCs 

exhibit elevated ROS and dysregulated oxidative stress response, we next examined 

whether high ROS is inducing the DSBs via direct oxidation of DNA nucleotides.  

Guanines are highly susceptible to oxidation, resulting in formation of 8-oxo-7,8-

dihydro-2-deoxyguanine (8-OxoG) DNA adducts that create lesions in the DNA and 

ultimately stalled replication forks (Mahmoudi et al., 2006). Using FITC-conjugated 

avidin which binds to 8-OxoG with high specificity (Struthers et al., 1998), we 

detected a significantly higher level of 8-OGG in HGPS VSMCs compared to control 

VSMCs (Figure 3.18B), underscoring the extent of DNA lesions present in HGPS 

VSMCs due to oxidative stress. 

 

Figure 3.18. HGPS VSMCs exhibit elevated DSBs caused by increased oxidation. (A) HGPS 

VSMCs exhibit higher level of double stranded breaks via analysis using Comet Assay. (B) HGPS 
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VSMCs contain higher level of 8-Oxoguanine (8-OxoG) compared to control at late passage.  Statistical 

significances were calculated using student’s t-test.  Error bars represent SEM. * indicates P<0.05. A 

minimum of 3 biological replicates was performed for each experiment at both early and late 

passages.  

 

3.3.3 HGPS VSMCs show increased replicative stress and an altered double-strand 

break repair response 

Since HGPS VSMCs exhibit replicative arrest and premature senescence, I next 

investigated whether DNA damage directly causes replicative stress. I performed 

accelerated native isolation of proteins on nascent DNA (aniPOND)(Leung et al., 

2013) that allows the pull-down and analysis of purified replication fork proteins. 

Using this method, I probed for γH2A.X via western blot in both control and HGPS 

VSMCs and found that compared to control VSMCs, HGPS VSMCs exhibited much 

higher γH2A.X on nascent DNA at late passage (Figure 3.19A).  This finding was 

further confirmed quantitatively using in situ Proximity Ligation Assay (PLA), 

demonstrating that HGPS VSMC nuclei contain much higher levels of BrdU-H2A.X 

complexes than control VSMCs at later passage (Figure 3.19B), suggesting that 

elevated DNA damage causes replicative stress in HGPS VSMCs. 
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Figure 3.19. HGPS VSMCs exhibit replicative stress.  (A) HGPS VSMCs have more H2A.X 

accumulation on replicating DNA demonstrated by aniPOND. (B) HGPS VSMCs have more co-

localization between BrdU and H2A.X in the nucleus via PLA.  Statistical significances were 

calculated using the student’s t-test.  Error bars represent SEM. * indicates P<0.05, ** indicates P< 

0.005. A minimum of 3 biological replicates was performed for each experiment. 

 

 

3.3.4 Elevated DNA damage can be rescued by FTI and N-acetyl cysteine 

administration 

The prevailing therapeutic strategy for Progeria patients is treatment with 

Lonarfarnib, an FTI that blocks the farnesylation of prelamin A and progerin to 

prevent progerin from integrating into the nuclear lamina(Columbaro et al., 2005; 

Varela et al., 2008). To investigate whether progerin accumulation contributes to 

elevated endogenous DNA damage, we treated HGPS VSMCs with Lonafarnib and 
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examined the extent of rescue in HGPS nuclear morphology and DNA damage 

response.  Consistent with previous studies (Capell et al., 2008; Yang et al., 2006), 

HGPS VSMCs exhibited improved nuclear morphology concomitant with a 

significant decrease of progerin-positive nuclei from 28% to 7% in HGPS VSMC 

cultures (Figure 3.20A&B).  Similarly, we observed a significant drop in H2A.X foci 

from 40 to 12 foci per nucleus in HGPS VSMCs following FTI administration relative 

to control VSMCs (Figure 3.20C), indicating that DNA damage response activation is 

at least partially caused by progerin accumulation in HGPS VSMCs. 

 

To assess whether oxidative stress also contributes to DNA damage and replicative 

stress, we rescued ROS production by treating HGPS VSMCs with the ROS scavenger 

N-acetyl Cysteine (NAC).  Following NAC treatment, not only did ROS-positive HGPS 

VSMCs decrease from 40% to 13% (Figure 3.20D), H2A.X foci also dropped from 41 

to 24 per nucleus in HGPS VSMCs (Figure 3.20E), suggesting that elevated ROS, in 

tandem with progerin accumulation, causes extensive DNA damage in HGPS VSMCs. 
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Figure 3.20. Treatment with FTI and NAC decreased endogenous DNA damage in HGPS VSMCs.  

(A-C) FTI treatment improved nuclear defects in HGPS VSMCs including (A) rescuing abnormal 

nuclear morphology via Lamin A/C staining, (B) decreased Progerin accumulation, and (C) 

decreased DNA damage marker γH2A.X foci. Calculated values represent mean  SEM (n=4, 2x for 

each cell line per test group at each passage). (D-E) NAC treatment decreased cellular ROS levels (D) 

as well as γH2A.X foci (E) in HGPS VSMCs. Calculated values represent mean  SEM (n=6, 2x for 3 cell 

lines per test group at each passage). 

 

Chapter 3.4 – HGPS VSMCs exhibit altered Histone 4 Lysine 16 

abundance due to abnormal engagement with DDR 

3.4.1 Persistent DNA damage in HGPS VSMCs is due to engagement in NHEJ repair 

on replicating DNA 

As HGPS VSMCs exhibit replicative stress, demonstrated by the accumulation of 
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γH2A.X foci at replication sites, I sought to investigate mechanisms underlying this 

phenomenon by identifying differential protein dynamics involved in replication 

fork progression in HGPS VSMCs through the utilization of aniPOND coupled with 

mass spectrometry.  Using STRING analysis, protein-protein interaction networks of 

the replication-fork proteome were defined based on the list of differentially 

enriched proteins between control and HGPS VSMCs (p<0.05, Fisher’s exact test) 

from both early and late passages (Figure 3.21A).  I observed an emergence of 

protein clusters associated with the NHEJ DDR pathway in HGPS VSMC replication 

forks at both early and late passage (Figure 3.21A), which include proteins such as 

XRCC5, XRCC6, DNA PKC, PARP1, and 53BP1 in HGPS VSMCs in contrast to control 

(Table 3.2). In addition, GO analysis revealed an enrichment of terms associated 

with DNA damage (Figure 3.21B), indicative of elevated DDR occurring on 

replicating DNA in HGPS VSMCs that could drive replicative stress.   

 



 91 

 

Figure 3.21. HGPS VSMCs exhibit abnormal engagement with NHEJ repair on replicating 

DNA. (A) STRING interactome analysis of differentially abundant proteins from aniPOND mass 

spectrometry analysis from early (passage 7) (left) and late passage (passage 14) (right). The 

confidence level was set to 0.5 (medium). The thickness of the blue lines connecting various proteins 

represents the level of confidence with which functional partners can be predicted. (B) Metascape-

generated heat map of GO enriched terms of differentially enriched proteins from aniPOND mass 

spectrometry analysis from both passage 7 (left) and passage 14 (right). Colours indicate p-values of 

the GO terms.  
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Table 3.2 Spectra count of proteins involved in NHEJ repair based on aniPOND mass spectrometry 

analysis using scaffold comparing 2 control and 2 HGPS VSMCs at both early (P7) and late passage 

(P14).    

 

DSBs can be repaired by either the error-prone NHEJ pathway or the error-free HR 

pathway (Misteli and Scaffidi, 2005).  To investigate whether NHEJ is persistently 

activated in HGPS VSMCs, we performed immunostaining for DNA-Pkc and 53BP1, 

since the phosphorylation of H2A.X by DNA-Pkc is required for NHEJ DDR activation  

(Urushihara et al., 2012), and 53BP1 is a checkpoint protein recruited at sites of 

DNA damage to promote NHEJ repair (Callen et al., 2013).  High content imaging 

showed a significant increase in both DNA-PKc and 53BP1 in HGPS VSMCs (Figure 

3.22A).  Moreover, PLA analysis revealed a significant increase in 53BP1 on newly 

replicating DNA in HGPS VSMCs (Figure 3.22B), confirming that that HGPS cells 

engage the NHEJ machinery to repair breaks arising during DNA replication, 

promoting genomic instability. 
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Based upon the enrichment of 53BP1, DNA-PKcs, Ku70 and Ku80 with newly 

replicated DNA in HGPS VSMCs, we wanted to determine whether 53BP1 is 

associated with DSBs that arise during S-phase.  Normally, these breaks are repaired 

by HR repair and the cell utilizes histone methylation, histone acetylation, and 

histone ubiquitylation to control the binding of 53BP1 to DNA near DSB sites 

(Harrigan et al., 2011; Lukas et al., 2011).  BRCA1, a key protein in HR repair, and 

53BP1 compete for association with DSBs. In the absence of exogenous damage, two 

types of DSBs are commonly seen in cells.  In G1, a small number of abnormally large 

foci are formed and resolved in S-phase.  These breaks are reportedly associated 

with under-replicated DNA arising at fragile sites in the genome (Harrigan et al., 

2011; Lukas et al., 2011). The second type of DSB observed occurs during S-phase. 

S-phase cells frequently have multiple foci throughout the cell that reflect the 

presence of DSBs generated during DNA replication.  Normally, these DSBs are 

negative for 53BP1 but positive for BRCA1 (Wang et al., 2002). When 

logarithmically growing HGPS VSMCs were immunostained against 53BP1 and 

BRCA1, it was observed that these cells commonly had large G1 foci enriched in 

53BP1, similar to the control VSMCs.  However, there was a striking accumulation of 

53BP1 in the numerous foci that arise during S-phase (Figure 3.22C), suggesting 

that HGPS VSMCs abnormally engage the error-prone NHEJ machinery during DSB 

repair.   

 

To further test whether HGPS VSMCs engage more with NHEJ machinery, VSMCs 

were exposed to ionizing radiation (IR) to examine the assembly of 53BP1 and 



 94 

BRCA1 into the foci that arise around DSBs.  NHEJ machinery assembles 

comparatively fast to repair DSBs within the first hour post IR.  In contrast, HR 

requires a longer time to assemble the machinery and takes maximally 3-6 hours 

post damage.  When we examined the ratio between 53BP1 and BRCA1 at early and 

later time points, we found that expectedly, control VSMCs showed a decrease in 

53BP1/BRCA1 ratio per individual DSB focus over time (Figure 3.22D).   However, 

HGPS VSMCs showed more DSBs with high 53BP1 over time (Figure 3.22D).  This 

finding was consistent with increased NHEJ engagement I previously observed and 

also demonstrated a decrease in HR pathway engagement in HGPS VSMCs. 
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Figure 3.22 HGPS VSMCs exhibit increased engagement with NHEJ machinery during S-phase. 

(A) Representative confocal images showing immunofluorescence staining of DNA PKC and 53BP1 in 

control and HGPS VSMCs. (B) (left) Representative images of PLA staining between BrdU and 53BP1 

in control and HGPS VSMCs (left). Red dots represent positive ligation between BrdU and 53BP1. 

(right) Bar graphs representing average count by ImageJ of PLA foci between control and HGPS 

VSMCs at early and late passages. Values represent mean +/-SEM (n=2, 2 lines per passage per test 

group). (C) Representative confocal image of VSMC nucleus stained with 53BP1 during S-phase.  Cells 

were identified as S-phased based on 53BP1 foci size.  (D) Ratio of 53BP1/BRCA1 in control versus 
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HGPS VSMCs following ionization.  The ionization experiments and analyses were performed by 

Darin McDonald and Michael Hendzel. 

 

3.4.2 HGPS VSMCs exhibit global Histone 4 Lysine 16 acetylation (H4K16ac) loss due 

to defective acetyltransferase MOF abundance 

NHEJ protein 53BP1 binds to nucleosomes at DNA DSBs by engaging with a 

constitutive histone modification (mono or trimethylated K20 of histone H4) and a 

DNA damage-induced modification, ubiquitylation of lysine 13 or 15 on histone H2A 

(Hsiao and Mizzen, 2013).  Histone acetylation of lysine residues at or near these 

modification sites are inhibitory to 53BP1 loading.  The best-characterized 

inhibitory acetylation is that of histone H4 K16, which interferes with the binding of 

the 53BP1 Tudor domain to methylated H4K20.  This acetylation is deposited by the 

histone acetyltransferase MOF.  MOF and its corresponding H4K16 acetylation have 

previously been reported to be reduced in the ZMPSTE24 mouse model of HGPS 

(Krishnan et al., 2011).  Recently, lamin A/C has been shown to be a target of 

acetylation by MOF, and that MOF depletion leads to catastrophic genomic defects 

including weakened nuclear lamina stability (Karoutas et al., 2019).  Therefore, I 

hypothesized that altered MOF activity would compromise the H4K16 acetylation 

level in HGPS VSMCs. 

 

To investigate whether H4K16ac levels are indeed lowered in HGPS VSMCs relative 

to control cell lines, I performed immunostaining and observed a significant 

reduction in H4K16ac in HGPS VSMCs compared to control (Figure 3.23A).  I also 

examined whether there is a correlation between progerin accumulation and 
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H4K16ac level by plotting progerin expression versus H4K16 acetylation.  

Strikingly, high acetylation was almost exclusively observed in low progerin 

expressing cells whereas elevated progerin expression correlates with decreased 

acetylation (Figure 3.23B), demonstrating that loss of H4K16 acetylation in HGPS 

VSMCs is associated with progerin accumulation.   

 

 

3.23 HGPS VSMCs exhibit H4K16ac loss in progerin+ cells. (A) Left: Representative images of 

immunofluorescence staining targeting progerin and H4K16ac in control and HGPS VSMCs.  Right: 

Quantitative analysis of H4K16ac fluorescence intensity between control and HGPS VSMCs across 

both early (Passage 7) and late (Passage 14) passages.  (B) Correlation plot from high content-

imaging analysis between Progerin (x-axis) and H4K16ac (y-axis) in HGPS VSMCs.  Statistical 

significances were calculated using student’s t-test.  Error bars represent SEM. * indicates P<0.05. A 

minimum of 3 biological replicates was performed for each experiment. Correlation plot and analysis 

were done by Michael Hendzel’s lb. 

 

To interrogate whether decreased H4K16 acetylation mediated increased NHEJ 

activity in HGPS VSMCs, MOF was transiently knocked down in control VSMCs using 

dicer-substrate siRNA, and NHEJ levels were measured via 53BP1 expression.  I 

observed that a 60% knockdown of MOF (Figure 3.24A) led to a decrease in global 

H4K16ac level by 2-fold (Figure 3.24B) and significantly increased 53BP1 foci in 
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control VSMCs (Figure 3.24C), suggesting that reduced H4K16 acetylation would 

facilitate 53BP1 binding. This is consistent with the aberrant 53BP1 binding to DNA 

damage sites in replicating chromatin observed in HGPS VSMCs associated with loss 

of H4K16ac. 

 

 

Figure 3.24 Depletion in MOF led to increased 53BP1 accumulation in normal VSMCs. (A) 

Relative MOF mRNA expression in two control VSMCs (BJ1C and 0901C) compared to scrambled 

control following MOF partial knockdown using DsiRNA knockdown strategy. Values represent 

average expression  SD (n=2, 2 times per line). (B) High-content imaging fluorescence 

quantification showing a decrease in H4K16ac in control VSMCs compared to scrambled control 

following MOF DsiRNA knockdown. Values represent average fluorescence intensity  SD (n=2, 2 

times per line). (C) High-content imaging fluorescence quantification demonstrating an increase in 

53BP1 expression following MOF knockdown. Values represent average fluorescence intensity  SD 

(n=2, 2 times per line). 

 

To examine whether global loss of H4K16ac is due to loss of MOF, I analyzed the 

expression of MOF via high content imaging and found a modest reduction in MOF 

expression in HGPS cells compared to control at late passage (Figure 3.25A).  To 

determine if MOF was sufficiently recruited at replication forks to impart H4K16 

acetylation in HGPS VSMCs, I performed PLA against MOF and BrdU in HGPS VSMCs. 

A striking loss of MOF on nascent DNA in HGPS VSMCs was observed compared to 
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control VSMCs (Figure 3.25C).  I next determined whether progerin accumulation in 

the nuclear lamina affected MOF activity, since the nuclear lamina is known to 

regulate epigenetic landscape by interacting with histone modifiers such as 

acetyltransferases (Taipale et al., 2005).  Indeed, HGPS VSMCs exhibited loss of 

interaction between lamin A and MOF (Figure 3.25E), indicating that progerin 

accumulation impairs the interaction between the nuclear lamina and MOF, and 

ultimately leads to the decreased MOF activity on nascent DNA in HGPS VSMCs.  

Interestingly, when we examined whether acetylation level can be rescued by 

treating HGPS VSMCs with histone deacetylase inhibitor trichostatin A (TSA), I 

observed an increase in H4K16ac level in HGPS VSMCs (Figure 3.25B), 

demonstrating that hypoacetylation in HGPS VSMCs could be reversed via 

deacetylase inhibition. Overall, I demonstrated a correlative link between defective 

nuclear lamina with loss of acetylation via decreased MOF recruitment. 

 



 100 

3.24. Decreased histone acetyltransferase MOF is correlated with reduced H4K16ac. (A) (Left) 

Representative confocal images of immunofluorescence staining for progerin (red) and MOF (green) 

proteins in control and HGPS VSMCs. (Right) Bar graphs representing average fluorescence intensity 

of MOF in both control and HGPS VSMCs at early and late passages. (B) Correlation plot from high 

content immunofluorescence imaging analysis between Progerin and H4K16ac expression in HGPS 

VSMC line 1671Q (orange) following TSA treatment (Blue). Each dot represents expression from a 

single cell. (C) Left: Representative images of PLA staining between BrdU and MOF in control and 

HGPS VSMCs. Each red dot represents positive ligation between BrdU and MOF. Right: Bar graphs 

representing average count of red dots by ImageJ showing colocalization of MOF and BrdU between 

control and HPGS VSMCs at early and late passages. (D) Left: Representative images of PLA staining 

between BrdU and H4K16ac in control and HGPS VSMCs.  Each red dot represents positive ligation 

between BrdU and H4K16ac.  Right: Bar graphs representing average signal count using ImageJ 

demonstrating colocalization between H4K16ac and BrdU in control versus HGPS VSMCs at both 

early and late passages.  (E) Left: Representative images of PLA staining between Lamin A/C and 

MOF in control and HGPS VSMCs. Red dots represent positive ligation between Lamin A/C and MOF. 

Right: Bar graphs representing average count of red dots counted by ImageJ analysis showing 

colocalization of Lamin A/C and MOF in both control and HGPS VSMCs at early and late passages. 

Statistical significances were calculated using student’s t-test.  Error bars represent SEM. * indicates 

P<0.05. A minimum of 3 biological replicates was performed for each experiment. TSA treatment and 

analysis were performed by Michael Hendzel. 
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CHAPTER 4 – DISCUSSION 

Aging is as a major risk factor for the development of cardiovascular disease and is 

associated with the onset of clinical diseases such as atherosclerosis, hypertension 

and heart failure as a consequence of alterations in the molecular profile of blood 

vessels.  Therefore, the cellular and molecular mechanisms underlying age-related 

changes in the vasculature represent promising targets for new and improved 

treatments. 

 

HGPS is an accelerated aging disease caused by a spontaneous point mutation in the 

LMNA gene. LMNA mutation leads to the accumulation of progerin, the mutant 

version of the Lamin A protein in the INM, which ultimately induces downstream 

abnormalities in nuclear structure and cellular function. Since HGPS associated 

cardiovascular damage mimics aspects of normative vascular aging, understanding 

the molecular mechanisms through which progerin damages the cardiovascular 

system provides novel insights into therapeutic targets of age-dependent vascular 

damage affecting normative CVDs.   

 

Reprogramming HGPS fibroblasts produced bona-fide iPSCs and reset 

the epigenetic landscape 

VSMC dysfunction is a key contributor to the pathophysiology of atherosclerosis in 

both HGPS and vascular aging.  To enable analysis of disease initiation and 

progression, disease modeling using reprogrammed patient iPSCs requires the 
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erasure of any pathological features of the patient cells. It is evident from previous 

reports that the nuclear lamina is essential for normal heterochromatin 

organization and that progerin accumulation interferes with nuclear architecture 

and chromatin spatial distribution (Scaffidi and Misteli, 2005; Shumaker et al., 

2006). Indeed, I observed nuclear architectural abnormalities and irregular 

chromatin distribution within HGPS fibroblasts. To elucidate the mechanism driving 

VSMC deterioration in HGPS, I validated a library of HGPS patient fibroblast-derived 

iPSCs and differentiated them into VSMCs to study HGPS vascular pathology. 

Overall, HGPS fibroblast-derived iPSCs reverted back to a normal pluripotent state 

despite the compromised genomic state of the donor HGPS fibroblasts.   Upon 

reprogramming and the downregulation of Lamin A and progerin, HGPS iPSCs 

exhibit no gross nuclear morphological defects as observed in their parental 

fibroblasts. iPSCs exhibited a smooth nuclear perimeter similar to control iPSCs and 

hESCs, implicating that nuclear architectural defects were rescued upon silencing of 

progerin via reprogramming. 

 

The nuclear lamina serves as an anchorage site for heterochromatin and thus a 

repressive environment for gene expression (Favale et al., 2007; Lammerding et al., 

2004; Puckelwartz et al., 2011).  Accumulation of progerin disrupts lamin network 

integrity and consequently causes transcriptional dysregulation in HGPS cells.  I 

found that the gene expression profiles of reprogrammed HGPS statistically 

resemble control iPSCs and hESCs had no differentially expressed genes identified 
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between the two groups, despite the aberrant transcriptomic profiles found in 

donor fibroblasts. 

 

The use of iPSCs to model age-related diseases including HGPS have been heavily 

adopted by previous studies.  To date, my data is the first study using a systematic 

approach to demonstrate that despite initial compromised genomic state in donor 

fibroblasts, the morphological nuclear defects and transcriptomic as well as the 

epigenetic landscape were ameliorated following reprogramming. Despite the 

apparent efficacy of reprogramming to abolish the HGPS phenotype, certain 

improvements would further validate the complete reprogramming and 

rejuvenation of aged HGPS fibroblast to a healthy ESC state. Firstly, emerging 

studies suggested that iPSCs may harbour more genetic and epigenetic 

abnormalities than hESCs and their original somatic cells following reprogramming, 

potentially retaining residual methylation signatures from their tissue of origin 

(Pera, 2011). For instance, iPSCs derived from mouse neural progenitors contained 

methylomic signatures at loci essential for hematopoietic differentiation, resulting 

in a decreased potential to differentiate into hematopoietic cell lineages (Kim et al., 

2010). HGPS fibroblasts exhibit a profound loss in histone-covalent modifications 

and compromised epigenetic landscape (Goldman et al., 2004; Shumaker et al., 

2006).  We observed a loss of both H3K4me3 and H3K27me3 histone marks in 

HGPS fibroblasts, which were restored to normal levels in the derived iPSCs. 

Genome-wide enrichment profiles of both marks showed little variance between 

HGPS and control iPSCs, further confirming that the epigenome in our iPSC clones 
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were restored. Interestingly, differentially methylated regions in HGPS iPSCs were 

predominantly clustered outside gene promoters, which could affect distal enhancer 

activities and impact downstream gene expression. These regions could represent 

epigenetic memory retention from the parental fibroblasts and may impact any 

differentiated cell phenotypes. Future experiments incorporating more sensitive 

technologies such as RNA-seq combined with ATAC-seq could shed light on 

differences in regional enhancers and its impact on differential gene expression in 

iPSCs. 

  

HGPS cells display severe telomere shortening, which are elongated in iPSCs 

following reprogramming (Liu et al., 2011).  However, in recent reports comparing 

iPSC to hESCs, variability in telomere length and telomerase expression was 

observed in iPSCs in comparison to hESCs in a passage-dependent manner (Vaziri et 

al., 2010; Wang et al., 2012).  It would be important to identify telomere length in 

HGPS iPSCs to examine whether telomere length has been restored via 

reprogramming.   Finally, mitochondrial function and metabolism were found to be 

different between aged somatic cells versus ESCs, including variable oxidative stress 

in somatic cells and a greater reliance on anaerobic glycolysis in ESCs (Prigione et 

al., 2010).  Therefore, additional experiments should determine whether the 

reprogramming process resets the metabolic and oxidative stress signature in HGPS 

iPSCs. 
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HGPS iPSCs can differentiate into VSMCs that exhibit hallmark vascular 

aging phenotypes 

To study vascular complications in HGPS patients, I differentiated HGPS iPSCs into 

VSMCs. I observed that HGPS iPSCs differentiate into VSMCs at a similar efficiency as 

control iPSCs. Following differentiation, HGPS VSMCs exhibited progerin 

accumulation at mRNA and protein level, increased abnormal nuclear morphology, 

increased DNA damage response, elevated ROS, and premature senescence, which 

are all phenotypes observed in normative vascular aging.  During differentiation, 

both control and HGPS VSMCs exhibited an initial spike in H2A.X expression, which 

could be indicative of an increase in DNA aberrations during iPSC differentiation, 

since DDR pathways have been shown to regulate differentiation processes from 

undifferentiated hESCs and iPSCs into various lineages including neural progenitors 

and B lymphocytes (Bredemeyer et al., 2008; Mujoo et al., 2017). However, HGPS 

VSMCs exhibit an initial decline in DNA damage similarly to control VSMCs, followed 

by an increase in H2A.X despite comparable progerin levels in HGPS VSMCs across 

all passages. It is possible that progerin associated DNA damage and DDR required 

some time accumulate to observable levels in older HGPS VSMCs.  Nonetheless, the 

progressive increase in DNA damage and DDR I observed is corroborated by 

elevated DNA damage in atherosclerotic plaques from both HGPS and normal aged 

individuals, demonstrating HGPS iPSCs can be differentiated into disease-relevant 

cell types to analyze disease progression. 
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The differentiation of iPSCs into vascular lineages is a multistep process that 

involves mesoderm formation, further differentiation into vascular progenitors 

followed finally by maturation.  Early differentiation of human PSCs in VSMCs is 

controlled by major signaling pathways including the temporal activation of BMP, 

TGF-/Activin/Nodal, WNT and FGF, giving rise to cardiovascular lineage 

progenitors which can then be specifically differentiated into VSMCs (Yang et al., 

2008). An important aspect of deriving VSMCs from pluripotent stem cells is 

through EB formation followed by monolayer formation in the presence of varying 

cocktails of factors throughout differentiation (Xie et al., 2007). This method was 

adopted to derive HGPS VSMCs since EB formation partially mimics early embryonic 

development, where expression of essential regulatory factors occur in a similar 

sequence to embryogenesis (Nishikawa et al., 2007).  Following EB formation, EB 

outgrowths were grown in media containing FBS and growth factors such as FGF 

and IGF-1 to enrich for the proliferation and maturation of VSMCs. I observed that 

VSMCs differentiated using this method expressed high levels of smooth muscle cell 

markers at a comparable level to the control, demonstrating the efficacy of this 

method to derive VSMCs.  On the other hand, one of the limitations using EB 

differentiation system is that the cell lineage heterogeneity within EBs and between 

EBs is common due to the inability for EBs to reproduce axial specification or 

patterning during differentiation (Sinha et al., 2006). Thus, the EB outgrowth can 

vary considerably, which may impact biological HGPS progression or the final VSMC 

phenotype.  In addition, VSMCs vary greatly in terms of their origin and terminal 

phenotype.  VSMCs are heterogenic in origin and can undergo phenotypic changes in 
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response to environmental signals (Majesky and Mummery, 2012).  Identifying 

specific markers to define the varying terminal VSMC phenotypes post-

differentiation would ensure that VSMCs of the same type are compared.    A serum-

free and chemical defined method could be an alternative approach to resolve the 

complexity of VSMC differentiation specificity to obtain a more reproducible 

population of VSMCs for disease modeling.   

 

Transcription aberrancies in HGPS VSMCs capture typical 

atherosclerotic progression 

In early stages of vascular aging, VSMCs undergo phenotypic switch from a 

quiescent to proliferative state due to the dysfunction of cell cycle checkpoint 

proteins and overexpression or activation of growth factors that induce uninhibited 

cell division (Bennett, 1999; Capell et al., 2007; Costopoulos et al., 2008).  Diseased 

VSMCs during vascular aging also respond abnormally to mechanical stress, which 

induces altered gene expression and changes in the biophysical properties of the 

nucleus (Swift et al., 2013). Similarly, I observed that, following differentiation, 

HGPS VSMCs exhibited passage-dependent transcriptomic aberrancies upon the 

expression of progerin.  At early passages, HGPS VSMCs exhibited downregulated in 

transcriptomic programs such as cell cycle regulation and response to mechanical 

stimulus, consistent with the molecular changes observed in early vascular aging.  

Downregulated cell cycle regulation genes such as THOC5 and NR4A1 have been 

previously implicated in suppressing mitogen-induced smooth muscle 

dedifferentiation and proliferation (Hinze et al., 2013; Yuan et al., 2018), illustrating 
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the hyperproliferative identity HGPS VSMCs adopt at early stage of disease 

progression.  HGPS VSMCs also exhibit alterations in mechanical stimulus response 

genes, including SUN1, which was previously reported to have dysregulated binding 

with the nuclear lamina in progeroid studies (Chen et al., 2012; Chen et al., 2014).  

SUN1 is a component of the LINC complex within the nuclear membrane and is 

essential for nuclear mechanotransduction (Capell and Collins, 2006; Wilson and 

Foisner, 2010). The downregulation of SUN1 in HGPS VSMCs may drive abnormal 

nuclear morphology as well as increase sensitivity to mechanical stress. HGPS 

VSMCs exhibited an activation of vasculature morphogenesis and collagen metabolic 

processes genes, capturing the transcriptomic changes driving vascular remodeling 

and the calcification that takes place during early atherosclerosis.   

 

In contrast, late passage HGPS VSMCs exhibited a downregulation of smooth muscle 

proliferation, concomitant with an upregulation of the immune response and an 

overall dysregulation of oxidative stress response genes. These changes phenocopied 

late stage vascular aging and atherosclerosis where VSMCs undergo senescence and 

exhibit increased proinflammatory cytokine release in tandem with increased 

oxidative insults.  It is commonly known that atherosclerosis is a chronic 

inflammatory disorder where pro- and anti-inflammatory immune responses are 

generated around the vascular lesion sites (Costopoulos et al., 2008; Gorenne et al., 

2006; Wang et al., 2007).  Consistent with this observation, HGPS VSMCs exhibit an 

upregulation  in immune response genes such as IL6, TRPM4, and CAMK4, which 

were previously reported to play a role in atherosclerotic progression (Galkina and 
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Ley, 2009; Lacolley et al., 2012).  It is also interesting to note that HGPS VSMCs 

showed a downregulation in the regulation of autophagy, including decreased 

expression of TSC1 and ATG7, supporting previous findings that demonstrated HGPS 

fibroblasts and other laminopathies exhibit alterations in mTOR signaling and 

increased autophagy (Cenni et al., 2011; Talaei et al., 2013).  Overall, the differential 

gene signatures observed at early and late passages in HGPS VSMCs compared to 

controls revealed a pathological progression of VSMC deterioration that 

phenocopied vascular changes in atherosclerosis on a transcriptomic level, which 

further validates HGPS VSMCs as a valuable resource for modeling normative aging.  

 

Oxidative stress induces DNA damage in HGPS VSMCs  

Altered ROS metabolism has been a common byproduct in both normative vascular 

aging and progeroid laminopathies, where accumulation of farnesylated prelamin A 

induces excessive ROS and reduced levels of antioxidant enzymes (Richards et al., 

2011; Viteri et al., 2010). My RNA-seq analyses revealed that HGPS VSMCs exhibit 

significant perturbations in the transcriptomic programs involved in oxidative 

stress response at both early and late passage.  At early passage, HGPS VSMCs 

exhibit a down-regulation in ROS response programs, suggesting a misregulation of 

ROS maintenance.  At later passage, GO terms for response to oxidative stress were 

observed to be both up and downregulated as compared to control, indicating an 

overall imbalance of the redox response that contributes to the overall increase in 

ROS and cellular inflammation. Recent studies on the direct link between defective 

nuclear lamina with elevated ROS revealed that progerin has a stronger affinity for 
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redox regulators such as NRF2 than lamins, thereby entrapping NRF2 at the nuclear 

membrane and impairing its ability to maintain redox homeostasis(Kubben et al., 

2016). Our RNA-seq data indicated an upregulation in NRF2 expression in HGPS 

VSMCs compared to control at late passage.  This could be a result of NRF2 

mislocalization at the nuclear periphery, which would induce increased NRF2 

expression in a feed-forward loop.  Nonetheless, the entrapment of redox regulatory 

proteins in tandem with dysregulation in oxidative stress transcriptional programs 

could contribute to the rapid deterioration in HGPS VSMCs. This finding highlights 

the importance of lamins in regulating gene expression and protein localization and 

reveals the oxidative stress pathway as an attractive target for developing 

therapeutic strategies to treat HGPS VSMCs and normative aged vasculature.      

 

Increased DNA damage is common in both HGPS VSMCs as well as atherosclerotic 

plaques from normal individuals. Since it is well established that cells with defective 

nuclear lamina exhibit elevated DNA damage, a majority of previous HGPS studies 

targeted progerin accumulation by administering HGPS patients with FTI, which 

was shown to moderately improve cardiovascular health (Gordon et al., 2012).  The 

major deleterious effect of elevated ROS is persistent DNA damage leading to 

cellular dysfunction and diseases. I investigated whether persistently increased 

oxidation activity in HGPS VSMCs is directly altering DNA and thereby creating DNA 

breaks. I found that HGPS VSMCs exhibit elevated cellular ROS that induced direct 

DNA damage by oxidizing nucleotides to create DNA lesions.  Furthermore, treating 

HGPS VSMCs with the ROS scavenger NAC significantly decreased DNA damage, 
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highlighting the influence of ROS imbalance on DNA damage in vascular aging. To 

my knowledge, this is the first report of ROS directly inducing DNA lesions in the 

context of vascular aging. We hypothesize administering both FTI and molecular 

reagents targeting oxidative stress pathways could synergistically improve the 

outcomes of both HGPS and CVDs.  

 

HGPS VSMCs exhibit abnormal engagement with NHEJ 

The misregulation of DSB repair has been previously implicated in HGPS. Progeroid 

fibroblasts accumulate basal levels of DNA damage as shown by the elevated 

presence of γH2AX foci and persistent activation of DDR checkpoint kinases (Liu et 

al., 2005; Liu et al., 2006).  Recent studies have shed light on abnormal downstream 

DDR signalling events that could cause persistent DNA damage in HGPS cells. Liu et 

al. reported that HGPS patient-derived fibroblasts exhibit reduced expression of 

DNAPK holoenzyme, consisting of DNA PKcs/XRCC5/XRCC6 (Liu et al., 2011).  

Similarly, a recent study by Zhang et al. revealed that HGPS iPSC-derived smooth 

muscle cells exhibited an abnormal activation of NHEJ as a result of progerin 

accumulation suppressing PARP1 expression (Zhang et al., 2014).  Here, I 

determined that HGPS VSMCs exhibited an overall loss of DNA PKcs at the protein 

level. Interestingly, HGPS VSMCs exhibit an abundance of protein clusters involved 

in NHEJ repair on newly replicated DNA.  These proteins were not upregulated at a 

transcriptomic level, suggesting that they are likely mislocalized rather than 

misregulated. We also observed that HGPS VSMCs showed higher 53BP1 to BRCA1 

foci ratio post-IR treatment, suggesting that HGPS VSMCs engage with NHEJ 
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machinery more than HR and thereby contributing to the increased level of 

unrepaired DNA damage in HGPS cells.  I also found an increased abundance of 

minichromosome maintenance proteins (MCMs) in HGPS VSMCs at later passage. 

MCMs constitute the core of replicative DNA helicase and are required for 

processive DNA replication.  More importantly, the presence of MCMs at replications 

forks has been implicated to have a role in protecting against DNA damage during 

replicative stress (Drissi et al., 2018; Ibarra et al., 2008).  It is suspected that the 

elevated MCM level in HGPS VSMCs could be a response mechanism in the presence 

of persistent DNA damage.  Future experiments using lamin-ChIP could reveal 

whether defective nuclear lamina interaction with NHEJ proteins would contribute 

to the elevated NHEJ repair activity in HGPS. 

 

Dysregulated DDR activity drives defective epigenetic landscape in 

HGPS VSMCs 

Strong correlative evidence suggested that persistent DNA damage leads to 

defective epigenetic inheritance as DDR involves the remodeling of chromatin 

compaction at damaged sites (Margueron and Reinberg, 2010). The enrichment for 

chromatin remodelers such as SMARCA4 and SMARCA5 as well as components of 

the NuRD complex on newly replicated DNA in HGPS VSMCs suggest an increase in 

chromatin decondensation in the presence of NHEJ machinery recruitment, thereby 

demonstrating a causal link between DNA damage and epigenetic drift in HGPS cells. 

Interestingly, the NuRD complex was reported to be reduced in both HGPS cells and 

cells from aged individuals (Pegoraro et al., 2009).  The enrichment of NuRD 
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complex components on replicating DNA may be a response to elevated endogenous 

DNA damage in HGPS cells.  Further experiments utilizing FTI treatment could 

resolve whether progerin directly impacts their expression or localization on 

nascent DNA. 

 

The impairment of DDR may be a consequence of an altered epigenetic landscape.  

The histone deacetylase MOF is required to promote HR repair in S-phase by 

acetylating H4K16, which interferes with the binding of 53BP1 to the DNA, in part 

through the disruption of a salt bridge between H4K16 and Glu1551 in the 53BP1 

Tudor domain (Gupta et al., 2014).  Concomitantly, H4K16 acetylation increases 

BRCA1 recruitment to DNA damage foci and activates downstream recruitment of 

HR repair machinery (Escribano-Diaz et al., 2013). Our immunofluorescence 

analyses reveal a loss of H4K16ac levels with decreased MOF expression in HGPS 

VSMCs, indicating that the decreased acetylation levels in tandem with abnormal 

accumulation of 53BP1 at DSB sites exacerbated the build-up of DNA damage. 

Furthermore, the global hypoacetylated state could have altered the transcriptomic 

landscape as reflected by RNA-seq. H4K16ac ChIP-seq would help identify 

differentially enriched genes to help resolve whether altered acetylation landscape 

and histone modifications contributes to the profound transcriptomic differences 

observed in HGPS VSMCs.   

 

The role of histone acetylation and their regulation on gene expression have been 

studied in the context of atherosclerosis.  In rat VSMCs in vitro, histone deacetylase 
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(HDAC) activity inhibits the expression of inflammatory genes and delay 

atherosclerotic progression (Choi et al., 2005).  It is interesting to note that H4K16ac 

is required to promote VSMC differentiation by facilitating the binding of serum 

response factor (SRF) to CarG binding site in VSMC differentiation marker genes, 

which is crucial to inhibit VSMC phenotypic switch to a more proliferative state in 

response to vascular injury (Cao et al., 2005). However, the cause of deacetylation in 

atherosclerosis remains elusive. I identified MOF as a binding partner of nuclear 

lamina in VSMCs and demonstrated that progerin decreased lamin-MOF binding. 

Mattioli et al. similarly reported that prelamin A has a much lower affinity to HDAC2 

compared to mature lamin A, a defect which can be reverted by HDAC inhibitors 

with statin (Mattioli et al., 2018). These observations build upon previous 

observations to show that the nuclear lamina maintains vascular health via 

acetylation-mediated regulation.  Furthermore, HGPS cells showed defective 

modulation of HDAC2 substrates, including H3K9ac and H4K16ac during oxidative 

stress response, underpinning the importance of redox homeostasis in governing 

vascular epigenetic maintenance.  Targeting the modulation of interaction between 

lamin A/C with acetyltransferases/deacetylases suggest a potential therapeutic 

approach in CVDs, which warrants further investigation. 
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CHAPTER 5 – CONCLUSION & FUTURE DIRECTIONS 

The work presented in this dissertation describes an in vitro model system that uses 

a panel of disease relevant iPSCs with restored epigenetic landscape to generate 

VSMCs that recapitulated the essential phenotypes of HGPS vascular pathology. 

Furthermore, this thesis established a paradigm for the role of nuclear lamina in 

driving loss of global acetylation via defective NHEJ in the context of vascular aging, 

which will directly aid the identification of novel therapeutic approaches in HGPS as 

well as CVDs.  

 

 It is worth investigating whether defective acetylation landscape is VSMC-specific 

or is a systemic phenomenon.  For instance, the presence of progerin in other cell 

types such as endothelial cells suggest that progerin accumulation in these cells may 

play a role in the development of cardiovascular defects in conjunction with 

defective VSMCs (Gimbrone and Garcia-Cardena, 2016).  Yet very little is known 

regarding the molecular mechanism driving endothelial dysfunction in HGPS 

patients. Developing a HGPS iPSC-derived EC model could uncover any common 

underlying aberrancies between VSMCs and ECs. In addition, despite exhibiting 

systematic premature aging, HGPS patients does not display any cognitive 

impairments, which was attributed to mir-9 negatively regulating lamin A and 

progerin expression in neural cells (Jung et al., 2012; Nissan et al., 2012).  Examining 

whether mir-9 rescues the defective epigenetic landscape in HGPS neural cells could 

pave a road to new therapeutic approaches using miRNA to rescue genomic 

instability in HGPS as well as CVDs. 
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Moreover, it remains unclear whether disease pathophysiology observed in VSMC 

monolayer system can be faithfully recapitulated in in vivo mouse models.  

Numerous progeria mouse models have been developed over the past 15 years.  

Although none of these models fully recapitulates HGPS symptoms, they provide an 

invaluable tool for identifying molecular and cellular mechanisms underlying 

progeria.  LmnaG609G knock-in mice develop numerous classic HGPS phenotypes, 

including extreme VSMC loss in the aortic arch (Osorio et al., 2011). Isolating 

primary VSMCs from these mice to measure NHEJ protein level and acetylation loss 

would help validate this disease mechanism in an in vivo context. 

 

Since HGPS is a monogenic disease caused by a single point mutation in the LMNA 

gene, CRISPR/Cas9-targeted therapies hold considerable promises. Recently, 

Santiago-Fernandez et.al reported that using CRISPR/Cas9 system to render 

progerin non-functional can dramatically improve the physiological health and life 

span of progeroid mice (Santiago-Fernandez et al., 2019). Our lab is currently using 

CRISPR/Cas9 technology to ameliorate the point mutation in HGPS iPSC lines. We 

aim to differentiate these cells into VSMCs to investigate whether HGPS phenotypes 

can be rescued.  Ideally, by using this strategy to correct the point mutation in 

VSMCs at varying points during VSMC specification, we aim to elucidate the 

correlation between progerin accumulation and the onset of each disease 

phenotype.   
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Experimentally, additional tests could uncover further mechanistic insights into 

epigenetic defects in HGPS VSMCs. For example, MOF depletion assay could be 

improved using multiple siRNA targets to avoid off-target effects.  In addition, 

experiments including Lamin A/C ChIP-seq would reveal whether MOF association 

with nuclear lamina is affected by progerin accumulation in HGPS VSMCs.  Finally, a 

drug screen using chemical compounds targeting epigenetic targets (using 

prelamin-A accumulation and localization as readout) would further deduce 

whether restoring epigenetic landscape in HGPS VSMCs can restore HGPS-related 

cellular phenotypes. 
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