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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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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



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,



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



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-BGal) (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



of SA-BGal, 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).



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 H202 due to
overexpression of NADPH oxidase 5 (Guzik et al, 2008). Overall, the role of

oxidative stress is well documented in VSMC deterioration.

1.1.34 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).



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 (y-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 H2AX, yielding y-H2AX (Rothkamm et
al., 2003; Sancar et al., 2004). The presence of y-H2AX further triggers additional

accumulation of MRN complex via the facilitation of MDC1 protein, which recruits



more ATM at the site to phosphorylate more H2A.X, creating a feedback loop to
amplify DDR signals and propagate the spread of y-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 (NHE]) and homologous recombination
(HR). NHE] 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).
NHE] 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, NHE] 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 Exol 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 NHE], 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 (NHE]) (left) and Homologous repair
(HR) (right). DNA double-strand breaks (DSBs) are repaired via NHE] 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 EXO01,
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 y-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).
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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-f-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 y-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 CA10 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 LAP2p 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 y-H2AX (Mahen et al., 2013). Lamin A/C interacts with
components of both NHE] 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 NHE] 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.

A Lamin A/IC  H3K27me3 Overlay

P
Control

p21
HGPS

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 oo (HP1a), 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 NHE] 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 NHE] 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 NHE] 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