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Abstract
Aging is associated with various changes in the vascular system at different structural
and functional levels. These changes include increased arterial wall thickness, luminal
dilation and reduced compliance. As a major component of the vascular wall, vascular
smooth muscle cells (VSMCs) play an important role in exhibiting proper vascular
functions. VSMCs behaviors are significantly modified by vascular aging. In this thesis,
we study VSMC phenotypic modulation and polyploidiation in vascular aging through
three projects.

(1) Vascular aging switches VSMC phenotype from a differentiated to a dedifferentiated
phenotype, which is characteristic in atherosclerosis. As an important transcription
co-activator, myocardin regulates the expression of SM-differentitation marker genes
and acts as a critical regulator in VSMC phenotypic modulation in response to various
factors. In this thesis, we showed that GSK-3β positively regulates the expression of
SM-differentiation markers in VSMCs. We also found that GSK-3β phosphorylats and
enhances myocardin transcriptional activity through increasing the recruitment of
myocardin to the promoter of its target gene and positively regulates myocardin gene
expression. In conclusion, these results suggest that GSK-3β promotes VSMC
differentiation through the regulation of myocardin activity.

(2) VSMCs polyploidization is a biomarker of vascular aging. VSMC polyploidization
and apoptosis co-exist in the aged or hypertensive vascular wall, but whether
ii

polyploidization contributes to VSMC apoptosis remains unknown. In this thesis, we
found that nocodazole (ND), a microtubule-interfering reagent, induces VSMC
polyploidization and apoptosis in a temporal order. Inhibition of ND-induced VSMC
polyploidization abolished further apoptosis, suggesting a causal relatioinship between
VSMC polyploidization and apoptosis. Also, we identified that mTOR signaling is
involved in ND-induced VSMC polyploidization.

(3) Accumulative studies have pointed a potential role of mTOR signaling in aging. To
further establish the role of mTOR in VSMCs polyploidiation in aging, we established a
T-REx system to overexpress mTOR in VSMCs. Overexpression of mTOR activated
mTORC1 signaling and further induced VSMC polyploidization and senescence. We
also found that autophagy which is negatively regulated by mTORC1 signaling is not
involved in mTOR-induced VSMC polyploidy, although autohphagy has been
well-established in VSMC senescence. We conclude that mTORC1 signaling induces
VSMC polyploidization and senescence through different downstream effecters.
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Chapter One: General Introduction

1.1 Vascular Smooth Muscle Cells (VSMCs)

Smooth muscle cells (SMCs), which constitute non-striated muscles, are structurally
and functionally different from skeletal and cardiac muscle cells. SMCs are located in
the walls of blood vessels, and also in hollow organs like the bladder, the uterus, and the
gastrointestinal tract. Vascular SMCs (VSMCs) are important structural and functional
components of blood vessel walls.

The walls of arteries and veins are composed of endothelial cells (ECs), VSMCs, and
extracellular matrix (ECM). These are arranged in three layers from inside to outside:
intima (endothelial cell monolayer in rodents, endothelium plus SMCs in human),
media (VSMCs) and adventitia (connective tissue along with fibroblasts, adipocytes,
and nerves) (Fig. 1.1). VSMCs are the sole cell type of the medial layer of the vascular
wall that provides structural integrity and alters the luminal diameter by contracting and
relaxing dynamically in response to vasoactive stimuli. These functions of VSMCs are
responsible for regulating blood flow, maintaining vessel tone and controlling blood
pressure.

During the early embryonic stages of vasculogenesis, VSMCs are highly proliferative
and migratory, contributing to the vascular myogenesis [1]. VSMCs also produce the
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Fig 1.1 The structure of a blood vessel showing different layers. (Blausen.com staff.
“Blausen gallery 2014.” Wikiversity Journal of Medicine)
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ECM during development, providing the arterial wall with the capacity to withstand the
high pressure of circulating blood within the compartment [1]. However, in adult blood
vessels, the mature and differentiated VSMCs are quiescent, exhibit very low synthetic
activity, and express a repertoire of contractile marker proteins necessary for the
contractile function of fully differentiated VSMCs [2]. As the main constituent stromal
cells of the vascular wall, VSMCs are also the targets of age-associated arterial changes.
Depending on various changes in signaling mechanisms and gene expression patterns
present in the aged environment, differentiated VSMCs alter their functional properties
in ECM synthesis, contractility, secretion of inflammatory factors, apoptosis, and
senescence. Finally, dysregulated VSMC functions contribute to various vascular
age-related diseases, such as atherosclerosis [3], hypertension [4], and arterial aneurysm
[5].

1.2 Vascular aging and cellular senenscence

Aging has been broadly defined as a series of changes that render human beings
progressively more likely to die [6]. Currently, organismal aging is known as a complex
process characterized by impaired multiple organ functions and a decline in
regenerative capacity following tissue injury, and is regulated by multiple factors,
including genetic background and environmental stresses [7-9]. Aging increases
susceptibility not only to death but also to a number of diseases, such as arthrosclerosis,
hypertension, Alzheimer's disease, cancers, osteoporosis, and type 2 diabetes. Of all
3

age-related diseases, cardiovascular diseases remain the leading cause of morbidity and
mortality in the elderly. Thus, it is imperative to understand the mechanisms underlying
cardiovascular aging.

In the narrower sense, aging can refer to single cells within an organism (cellular
senescence) [10]. Cellular senescence was firstly described as a finite proliferative
capacity observed in normal human fibroblasts in culture [11]. The hallmark of cellular
senescence is cell cycle arrest with sustained metabolic activity [12]. Senescent cells
can be distinguished from other non-dividing cells, such as quiescent or terminally
differentiated cells by typical morphology and several senescence markers. In culture
senescent cells become large, flat, and sometimes vacuolized as a result of endoplasmic
reticulum stress [13]. In vivo, senescent cells retain their normal morphology because of
compact cell arrangement in tissue architecture [14]. Senescent cells also exhibit a
number of markers both in vitro and in vivo. As cellular senescence is based on a stable
cell cycle arrest, senescent cells exhibit the absence of proliferative markers, such as
Ki67 protein or 5-bromodeoxyuridine (BrdU) incorporation, although these markers
cannot distinguish senescent cells from non-dividing cells. The most widely used assay
for senescence is histochemical detection of β-galactosidase activity at pH 6.0, also
known as senescence-associated β-galactosidase (SA-β-gal) [15]. This activity is based
on the increased lysosomal content of senescent cells. In addition, cell cycle inhibitors,
such as p53, p21, p16, and hypophosphorylated retinoblastoma protein (pRb), are
important regulators and biomarkers in cellular senescence. Some senescence markers
4

are only expressed in specific senescence types and situations. For example,
senescence-associated heterochromatic foci (SAHF) are usually found in
oncogene-induced senescence but not during replicative senescence [16]. Senescent
cells also secrete a number of extracellular factors, including transforming growth
factor-β (TGF-β), inflammatory cytokines and chemokines, which is known as
senescence-associated secretory phenotype (SASP) [17].

Cellular senescence can be induced by various stimuli, such as DNA damage, telomere
loss, ROS, and oncogenic signaling. These triggers usually activate signaling cascades
that converge on the inactivation of the tumor suppressor pRb. Phosphoyrlatory
inactivation of pRb releases E2F that is a transcription factor that induces the expression
of genes required for cell cycle progression [18]. Active, hypophosphorylated pRb is
caused by either p53-p21 or p16 pathway, or both in response to different triggers.
Stimuli that generate a DNA damage response (DDR), including ionizing radiation,
telomere shortening, and chemotherapeutic drugs, induce senescence primarily through
the p53-p21 pathway. P53 is phosphorylatory activated by DNA damage kinases ATM,
ATR, CHK1 and CHK2. In turn, phosphorylated p53 activates the expressison of p21,
which keeps pRb in a hypophosphoyrlation status by inhibiting CDK2. p16 is also a
CDK inhibitor that prevents pRb phophorylation and inactivation. However, the
upstream regulator of p16 remains unclear. p16 exhibits a cell-type and species-specific
expression pattern. For example, epithelial cells are more prone to inducing p16 during
senescence in culture than fibroblasts are. Additionally, replicative senescence primarily
5

involves the p53-p21 pathway in mouse cells, yet both the p53-p21 and p16-pRb
pathways are involved in human cells. Oncogene-induced cellular senescence usually
engages the p16-pRb pathway which plays an important role in the generation of
SAHFs, which is a senescence marker appeared primarily in oncogene-induced
senescence.

1.2.1 Role of smooth muscle cells in vascular aging

Vascular aging is associated with complex and diversified vascular structure and
function and is one of the main risk factors for the development of atherosclerosis and
hypertension [19, 20]. Age-associated remodeling of the vascular wall includes luminal
dilation, intimal and medial thickening, and reduced vessel compliance [21].

As the major cellular component of the vascular wall, vascular aging has been largely
associated with senescence of VSMCs [22, 23]. VSMC senescence is induced by either
telomere shortening (replicative senescence) or cellular stress (stress-induced premature
senescence) [24]. VSMCs that are positive for SA-β-gal activity in both human
atheromas and human carotid atherosclerotic plaques, show increased expression of p53,
p16, p21, as well as shortened telomeres, all of which are markers of cellular senescence
[22, 25]. A higher proportion of senescent VSMCs, characterized by a flattened shape,
abnormal nuclear morphology, and positive SA-β-gal staining, were observed in
primary VSMCs isolated from aged human donors compared to those from younger
6

controls [23]. However, the exact mechanisms and direct effects of VSMC senescence
in blood vessel aging and atherosclerosis remain unclear and require further
investigation.

VSMCs from many animal models, including mice, rats, and non-human primates, as
well as humans have been utilized in either in vitro or in vivo studies to investigate the
effect of aging on VSMC behaviors. Many VSMC behaviors are altered during the
aging process. In the aged vascular wall, VSMCs from the middle layer significantly
infiltrated the intima [26, 27], which requires VSMCs to undergo a phenotypic change
from the quiescent differentiated phenotype to a dedifferentiated phenotype with
increased capacities of proliferation [28, 29], migration [27, 30], and secretion [31, 32].
On the other hand, VSMC polyploidization is another critical feature of vascular aging,
which has been widely observed in hypertensive and aged vascular wall. It has been
reported that VSMC polyploidization increases exponentially over the life span of both
rats and mice and is considered a biomarker of aging [33]. This thesis focuses on the
regulation of VSMC phenotypic modulation and VSMC polyploidization during
vascular aging.

1.3 VSMC phenotypic plasticity

In mature blood vessels, differentiated VSMCs, also referred to as contractile VSMCs,
contribute to the majority of SMCs in intact arterial walls. Under physiological
7

circumstances, they are quiescent and contractile, exhibiting an extremely low
proliferation rate and synthetic activity [34, 35]. These differentiated VSMCs are
characterized by the expression of a unique repertoire of contractile proteins, ion
channels, and signaling molecules required for SMC contractile function. A number of
smooth muscle isoforms of proteins that comprise the contractile apparatus have been
identified as markers of the mature, differentiated VSMC. These markers include SM
myosin heavy chain (MHC) [36-38], SM α-actin [39, 40], h1-calponin [41, 42], SM22α
[41], and smoothelin [43].

However, mature VSMCs are not terminally differentiated, but retain remarkable
plasticity. In response to various environmental cues and extracellular signals sensed by
the cell, such as vascular injuries, contractile VSMCs dedifferentiate and transform into
synthetic VSMCs. These synthetic VSMCs demonstrate an increase in rate of
proliferation, migration, and ECM synthesis, as well as a decrease in the expression of
SM-specific contractile markers [34, 44]. The ability of mature VSMCs to switch
between contractile and synthetic phenotype is referred to as phenotypic plasticity (Fig.
1.2). The synthetic VSMCs have an epithelioid morphology and contain a high number
of organelles involved in protein synthesis, whereas these are mostly replaced by
contractile filaments in contractile VSMCs. Phenotypic plasticity of VSMCs is not only
critical for vessel remodeling in physiological conditions, such as exercise and vascular
repair [34], but it also plays a major pathophysiological role in vascular aging and
age-associated diseases, such as atherosclerosis [3].
8

Fig 1.2 VSMC phenotypic plasticity. VSMC phenotypic plasticity is dependent on the
responses to the environment cues and functional requirements. Two extremes
representing VSMC phenotypic plasticity are called "contractile" (also known as
“differentitated”) and "synthetic" (also known as “dedifferentiated”). Each phenotypic
state is characterized by expression of a unique set of structural, contractile, and
receptor proteins and isoforms that correlate with differing patterns of gene expression.
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Notably, there is evidence showing that the diversity of VSMCs may not be due to
phenotypic plasticity, but rather due to the presence of multipotent vascular stem cells
(MVSCs) in the vascular wall. It was suggested that it is MVSC activation and
differentiation, rather than VSMC dedifferentiation, that results in the proliferative and
synthetic cells in the vascular wall [45].

1.3.1 Myocardin: a critical regulator of SM differentiation

Regulation of SMC differentiation was unknown until the discovery of the
cardiac/SMC-selective SRF cofactor, myocardin (Myocd) by Wang et al. in 2001 [46].
This is a major advance in our understanding of the transcriptional mechanisms that
regulate the expression of SM-specific genes.

Myocardin is expressed exclusively and abundantly in the heart and SMC-containing
tissues. It is critical in driving the expression of cardiac- and SM-specific genes during
embryonic and postnatal development. Mouse embryos homozygous for a myocardin
loss-of-function mutation die by E10.5 and show no evidence of VSMC differentiation
[46]. A neural crest-restricted knockout of myocardin led to a loss of contractile
phenotype of VSMCs in the large arteries of mice [47]. In cultured VSMCs,
overexpression of myocardin induces a subset of SMC marker genes, including SM
α-actin, and SM22 [48, 49], while either overexpression of myocardin dominant
negative (DN) mutant or siRNA knockdown of myocardin represses the activity of the
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SM22 promoter in rat SMCs [48, 50, 51]. In the adult arterial wall, injury-induced
neointima formation was associated with suppression of the transcription of myocardin
and myocardin target genes [52]. In contrast, overexpression of myocardin in embryonic
stem (ES) cells [48], fibroblasts [46, 51, 53] or endothelial cells [54] drives the
expression of SM contractile proteins and induces a SM-like phenotype.

1.3.1.1 Transcriptional targets of myocardin

Myocardin belongs to the family of myocardin-related transcription factors (MRTFs),
including myocardin, MRTF-A/MKL1/MAL, and MRTF-B/MKL2. It is a family of
related transcriptional co-activators that are associated with the MADS (MCM1,
Agamous, Deficiens, SRF) box transcription factor and serum response factor (SRF) to
synergistically activate gene transcription. SRF binds to an A/T-rich sequence that has
been designated as the CArG box, which was identified in transcriptional regulatory
elements regulating gene expression involved in cell growth, proliferation, cytoskeletal
organization, cell migration, and muscle cell differentiation [55]. Although myocardin
lacks sequence-specific DNA binding activity, it dimerizes and physically forms a stable
complex with dimerized SRF, resulting in the activation of SRF target genes in muscle
cells [46] (Fig. 1.3). MRTF-A and MRTF-B also interact with SRF and stimulate
transcription through the CArG box, but these factors are not muscle-restricted and are
likely to modulate SRF activity in response to growth factor signaling [56]. Over 150
genes with a multitude of cellular functions contain one or more CArG boxes [55].
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Myocardin target genes:
(1) Actin and actin-regulatory proteins
α-MHC, myosin light chain (MLC)-2V, SM α-actin, SM-MHC, calponin, SM22,
SM-myosin light chain kinase (SM-MLCK)
(2) Cardiac hormone
atrial natriuretic factor (ANF)
(3) SM-restricted ion channel
large conductance calcium-activated potassium (MaxiK) channel subunit β
(4) Focal adhesion component
lipoma preferred partner
(5) SRF co-activator
cysteine-rich protein 2
(6) cell cycle inhibitor
p21
(7) microRNA
miR143/145, miR-1
Fig 1.3 Myocardin-SRF-CArG box complex drives the expression of SM
differentiation markers. Myocardin-bound SRF binds to the CArG boxes of the
smooth muscle genes. The myocardin/SRF complex dimerizes through the LZ-domain
of myocardin. The TAD-domain of myocardin is released resulting in active myocardin,
which leads to transcription of the smooth muscle genes. Published myocardin target
genes are listed and classified based on their cellular functions. Myocd, myocardin;
TAD, transactivation domain; LZ, leucine zipper; SM, smooth muscle.
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Notably, the expression of myocardin reprograms the SRF activity from
proliferation-oriented to SM differentiation-oriented transcription [57]. The target genes
of myocardin include: (1) actin and actin-regulatory proteins, including α-MHC, myosin
light chain (MLC)-2V, SM α-actin, SM-MHC, calponin, SM22, SM-myosin light chain
kinase (SM-MLCK) [46, 48-51]; (2) cardiac hormone, atrial natriuretic factor (ANF)
[46]; (3) SM-restricted ion channel, large conductance calcium-activated potassium
(MaxiK) channel subunit β [58]; (4) focal adhesion component, lipoma preferred
partner [59]; (5) SRF co-activator, cysteine-rich protein 2 [60]; and (6) cell cycle
inhibitor, p21 [61].

In addition, two conserved microRNA (miRNA) genes, miR-143/145 and miR1, are
direct transcriptional targets of myocardin to modulate the myocardin-dependent SM
contractile phenotype. Both gain-of-function and loss-of-function experiments have
shown that miR-143/145 positively regulates the contractile phenotype of arterial SMCs
and enhances the myocardin-dependent expression of SM contractile proteins [62-66].
In contrast, miR-1 plays an inhibitory role in myocardin-dependent SM gene
transcription. Studies from our lab showed that inhibition of miR-1 enhances
myocardin-induced cell contractility [67] and partially rescues myocardin inhibition of
SMC proliferation [68].
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1.3.1.2 Regulation of myocardin activity

The transcriptional activity of myocardin can be regulated at multiple levels, including
levels of gene transcription, translation, post-translational modification,
myocardin-SRF-CArG interaction and recruitment of chromatin remodeling factors.
This thesis focuses on the regulation of myocardin activity on the levels of gene
transcription and post-translational modification of myocardin (Table 1.1).

1.3.1.2.1 Gene transcriptional regulation of myocardin

Several transcription factors have been identified that regulate myocardin promoter
activity and its mRNA expression. The first transcription factor described is the cardiac
muscle-restricted transcription factor, NK2 Homeobox 5 (Nkx2.5), which binds to a
proximal binding site to myocardin promoter [69]. The effect of Nkx2.5 can be either
positive or negative on myocardin promoter activity through direct interactions with
other factors, such as cell division cycle 7 (Cdc7) [70] or Mothers against
decapentaplegic homolog 3 (Smad3) [71], respectively. Additionally, forkhead box O 3a
(Foxo3a) [72] and Krüppel-like factor 4/5 (Klf4/5) [73] bind to regions of myocardin
promoter, repressing myocardin promoter activity and inhibiting myocardin gene
expression. Moreover, p53, which is an important cell cycle regulator, downregulates
myocardin mRNA levels by repressing myocardin promoter activity in embryonic
fibroblasts [74]. Notably, there is only one study examining myocardin promoter
activity in an animal model. It has been reported that myocardin gene expression can be
14

Levels

Myocardin
gene
transcription
mRNA

Myocardin
translation

Posttranslational
modification
Protein

Mechanisms
Effects
Signaling pathway: Angiotension II (Ang
II) [75], calcium influx through L-type
voltage-gated Ca2+ channels (VGCC) [76],
and p16 and retinoblastoma (RB) [77]
Transcription factors: Myocyte Enhancer
Factor-2 (MEF2), Forkhead box O (FOXO),
and TEF-1 and abaA Domain (Tead)
transcription factors [78]
External factors: Oxidized phospholipids
[79], oxidized LDL [80]
miR-145 [62]
miRNA
regulation
miR-1[67]
extracellular
signal-regulated kinase
1/2(Erk 1/2) [81]
Phosphorylation: protein kinase Cα
(PKCα) [82],
Glycogen synthase
kinase-3β (GSK-3β)
[83]
Sumoylation: PIAS1 [84]
E3 ligase C terminus
of Hsc70-interacting
protein (CHIP) [85]
Ubiquitination:
ubiquitin protein ligase
E3 component
N-Recognin 5 (UBR5)
[86]
Acetylation: histone acetylase p300 [87]

Table 1.1 Regulation of Myocardin activity.
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activated by a distal enhancer, MyE (myocardin enhancer), during mouse
embryogenesis and adulthood [78]. The combined actions of Myocyte Enhancer
Factor-2 (Mef2) and Foxo activate myocardin enhancer in the heart and vascular
system.Also, TEF-1 and abaA Domain (Tead) transcription factors are specifically
required for enhancer activation in neural-crest-derived SMCs and dorsal aorta [78].

Besides transcription factors, myocardin mRNA levels can also be positively regulated
by SRF [88], angiotensin II (Ang II) [75], calcium influx through L-type voltage-gated
Ca2+ channels (VGCC) [76], p16, and retinoblastoma (RB) [77].

1.3.1.2.2 Post-translational modification of myocardin

The transcriptional activity of myocardin can also be regulated by post-translational
modifications, such as sumoylation, ubiquitination, acetylation, and phosphorylation.
Myocardin undergoes sumoylation of a lysine residue at position 445 and increases its
transactivation for smooth muscle-specific genes over cardiac muscle-specific genes in
fibroblasts, while the K445R mutant significantly attenuates myocardin transcriptional
activity [84]. Additionally, myocardin protein can undergo ubiquitination
mediated-degradation, resulting in either decreased or increased transcriptional
activities. It has been reported that E3 ligase C terminus of Hsc70-interacting
protein (CHIP) represses myocardin-induced smooth muscle cell differentiation via
ubiquitin-mediated proteasomal degradation [85]. In contrast, ubiquitin protein ligase
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E3 component N-Recognin 5 (UBR5), an ubiquitin E3 ligase, stabilizes myocardin
protein expression and enhances the expression of myocardin-induced SMC-restricted
genes [86]. Our lab also discovered that inhibition of myocardin degradation attenuates
myocardin activity through abolishing myocardin-dependent recruitment of RNA
polymerase II [89]. Moreover, it is well-known that myocardin can recruit chromatin
remodeling factors such as chromatin-modifying histone acetylase p300 to acetylate
lysine residues in histone and enhance myocardin-target gene transcription [87].
Recently, it was reported that myocardin can also be acetylated by p300 at the
amino-terminus, which is required for its transcriptional activity by increasing the
association of myocardin and SRF [90], suggesting a direct post-translational
modification of myocardin by p300. Finally, myocardin can be phosphorylated by
various intracellular or extracellular signaling pathways. For example, extracellular
signal-regulated kinase 1/2 (Erk1/2) phosphorylates myocardin at four sites (Ser812,
Ser859, Ser866, and Thr893) in its transactivation domain (TAD) and increases its
transcriptional activity [81]. On the other hand, phosphorylation of myocardin at
different sites is also reported to decrease its transcriptional activity. Protein kinase Cα
(PKCα) inhibited myocardin-induced cardiomyocyte hypertrophy through induction of
excessive phosphorylation of myocardin at both serine and threonine residues, resulting
in the degradation of myocardin and transcriptional suppression of hypertrophic genes
[82]. Glycogen synthase kinase-3β (GSK-3β) was also reported to negatively regulate
myocardin activity by phosphorylation at several serine residues in cardiomyocytes [83].
Inhibition of GSK-3β augmented myocardin-induced cardiac gene expression and
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hypertrophy of cultured cardiomyocytes [83]. Given that subsequent effects of
myocardin modification are complex, dynamic, and context-dependent, the way in
which GSK-3β phosphorylation regulates myocardin activity in VSMCs is a part of the
main focus of this thesis, which will be introduced in the following section, while
related investigations will be documented in Chapter Three.

1.3.2 GSK-3β and cardiovascular differentiation

Glycogen synthase kinase-3 (GSK3) is a serine/threonine kinase first identified as a
negative regulator of glycogen synthase, the rate-limiting enzyme in glycogen synthesis
[91].There are two very similar isoforms of mammalian GSK3, GSK-3α and GSK-3β,
which contain a central protein kinase catalytic domain with 98% identity and different
N- and C-terminal sequences (Fig 1.4) [92, 93] . Although both isoforms share some
overlapping functions, the phenotypes of global deletion of both isoforms are different.
GSK-3α-deficient mice are viable and survive for years with enhanced glucose and
insulin sensitivity [94], but completely ablation of GSK-3β is embryonic lethal that
cannot be rescued by GSK-3α [95], suggesting that both isoforms also exhibit
isoform-specific functions. GSK-3β, the smaller isoform with a mass of 47 kDa, is
expressed in a variety of tissues and cells with critical roles in the regulation of cell
proliferation, differentiation, and many other cellular responses [96-98]. GSK-3β is
constitutively active in unstimulated, resting cells, and is inactivated during cellular
responses [99, 100].
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Fig 1.4. Schematic structures of GSK-3α and GSK-3β proteins. Red arows indicate
the sites of tyrosine phosphorylation required for maximal catalytic activity. Green
arows point to sites of inhibitory phosphorylation. The glycine-rich N-terminal domain
unique to GSK-3α and the conserved kinase domain shared by both isoforms are
highlighted.
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1.3.2.1 GSK-3β phosphorylation activity
In resting cells, GSK-3β has a specific preference for target proteins that are initially
phosphorylated by other kinases at a ‘priming’ residue. GSK-3β sequentially
phosphorylates serine or threonine residues four residues N-terminal to the
pre-phosphorylated Ser/Thr. So substrates of GSK-3β often contains several consensus
pre-phosphorylated Ser/Thr-X-X-X-Ser/Thr-P motifs, where the first Ser or Thr is the
target residue, X is any amino acid where the number can be more or less than four, and
the last Ser-P/Thr-P is the site of priming phosphorylation. The priming phosphorylation
facilitates substrate phosphorylation by GKS-3 by allowing the substrate to bind the
primed-substrate binding domain and placing the target Ser/Thr residues adjacent to the
kinase domain of GSK-3 [101-103]. The substrate-recognition by GSK-3 via priming
phosphorylation is a crucial mechanism for regulating the action of GSK-3 in
unstimulated, resting cells. Although GSK-3 is constitutively active in resting cells, it
requires another signaling pathway to activate and pre-phosphorylate its substrates,
which is a subtle mechanism for limiting the action of GSK-3 in resting cells. GSK-3
also phosphorylates non-primed substrates with a significantly decrease in the efficiency
of substrate phosphorylation [101, 104].

In resting cells, GSK-3β is also involved in the β-catenin destruction complex in the
Wnt signaling pathway [105]. β-catenin is a primed substrate of GSK-3β, which is
priming phosphorylated by casein kinase 1. In resting cells, GSK-3β phosphorylates
β-catenin and targets it for ubiquitylation and proteasomal degradation. Wnt proteins are
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growth factors that interact with receptor Frizzled, which results in disruption of the
β-catenin destruction complex and prevents GSK-3β from phosphoyrlating β-catenin.
Then, unphosphorylated β-catenin accumulates in the cytoplama and translocates into
the nucleus, where it regulates gene expression as a transcriptional activator with the
T-cell factor (TCF)/lymphoid enhancer factor (LEF) family of architectural transcription
factors [106, 107].

1.3.2.2 Regulation of GSK-3β activity
In stimulated cells, GSK-3β can be phosphoyrlated by various stimuli at Ser9 residue,
which inhibits GSK-3β activity. Phosphorylation of Ser9 in GSK-3β creates a
pseudosubstrate in the N-termial tail of GSK-3β, which folds and occupies the
primed-substrate binding pocket, thus diminishing both primed- and
non-primed-substrates phosphorylation by GSK-3β [108]. Numerous signaling
pathways mediate the inhibitory phosphorylation of GSK-3β, including insulin
signaling through a phosphoinositide 3-kinase-induced activation of Akt [109], MAP
kinase signaling pathways activated by growth factors, such as EGF, which stimulates
the mitogen-activated protein kinase associated protein 1(MAPKAP-K1) [110], mTOR
signaling via activation of p70 ribosomal S6 kinase (p70S6K) [111], and signaling
pathways involving activation of protein kinas A (PKA) [112] or protein kinase C (PKC)
[113]. GSK-3β constitutively auto-phosphorylates at Tyr216 in resting cells, which
could involve in a conformational change to exposure the substrate-binding site of
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GSK-3β and require for its maximal activity [114, 115].

1.3.2.3 Role of GSK-3β in cardiovascular differentiatioin
In cardiovascular development, it has been reported that GSK-3β is a critical inducer of
embryonic stem cell differentiation in vitro, and cardiac myocyte differentiation in vitro
and in vivo [116]. Also, overexpression of GSK-3β potently induces cardiomyocyte
differentiation from bone marrow-derived mesenchymal stem cells [117]. In contrast,
inhibition of GSK-3β by a substrate-based inhibitor or lithium chloride induces cardiac
hypertrophy through a reduction of myocardin phosphorylation, but an enhancement of
myocardin activity [83].

GSK-3β can indirectly regulate SM differentiation through Wnt signaling. It has been
reported that in the chick embryo, the Wnt/TCF pathway is involved in SMC lineage
differentiation through promoting SMC progenitor formation [118]. Also, Wnt3a
promotes the expression of SM22 in mesenchymal cells through facilitating
transcription factor Smad2/3 to bind with the promoter of SM22 [119]. Additionally, in
the epithelium during epithelial-myofibroblast transition, TGF β positively regulates
SM α-actin expression by facilitating the binding of β-catenin to Smad3, and further
increasing MRTF transcriptional activity [120]. SM function can also be directly
regulated by GSK-3β. Phosphorylation and subsequent inactivation of GSK-3β induce
hypertrophy of airway smooth muscle [121, 122]. There is no direct evidence showing
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if and how GSK-3β regulates myocardin activity in VSMCs, but evidence suggests a
positive correlation between GSK-3β and myocardin activities. Within neointimal
lesions of carotid arteries, dedifferentiation of SMCs was accompanied by a reduction in
GSK-3β activity, as indicated by an increase in GSK-3β phosphorylation at the
inhibitory Ser9 site [123]. Correspondingly, downregulation of myocardin activity and
SMC dedifferentiation co-exist in neointimal lesions as we previously described [89].
Given that both myocardin and GSK-3β are important in SMC differentiation, the thesis
study regarding the regulation of myocardin by GSK-3β in VSMCs is detailed in
Chapter Three.

1.4 VSMC polyploidization in vascular aging

The cell cycle is a series of events that take place in an orderly fashion in a cell that
produces two diploid daughter cells. Two major events in the cell cycle are DNA
replication and mitosis (Fig 1.5). Unlike a normal diploid cell with two sets of
homologous chromosomes, a polyploid cell contains multiple copies of its entire
genome. Polyploid cells in a diploid organism can form by three general mechanisms:
(1) cell fusion, (2) a developmental program known as endoreplication, and (3) a variety
of defects that result in an abortive cell cycle (Fig 1.6). Cell fusion and endoreplication
are found in the normal development of some cell types, such as skeletal muscle cells
[124], osteoclasts [125], and megakaryocytes [126]. However, most mammalian cells
are protected from polyploidization by the activity of the mitotic spindle assembly

23

Fig 1.5 Eukaryotic cell cycle and checkpoints. The cell cycle is the sequence of events
that takes place in cells. It leads to cell division and replication (duplication). In
eukaryotes, the cell cycle can be divided into four distinct phases – G1 phase, S phase
(synthesis), G2 phase and M (mitosis) phase. The G1, S phase, and G2 phase
together are known as interphase. The M phase is of two processes, one where the
chromosomes of the cell are divided into two sister cells and the other is cytokinesis
where the cell's cytoplasm divides into half forming two distinct cells. Cell cycle
checkpoints are control mechanisms in eukaryotic cells which ensure each cell cycle
event occurs in a proper order. Passing through a checkpoint from one cell cycle phase
to the next requires a favorable condition that is moditored by a set of proteins various
in each phase. The cells that have stopped dividing temporarily or reversibly are said to
be in the state of quiescence called G0 phase. M: mitosis, G1: Gap 1, G2: Gap 2, S:
synthesis, G0: Gap 0/Resting.
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Fig 1.6 Routes to polyploidy. Normal mitotic cell cycles result in two diploid
mononucleated daughter cells with each nucleus containing two copies of each
homologous chromatid (2N). Developmental signals can induce cells to become
polyploid either by melding two G0-phase cells into a single cell containing two
G-phase nuclei (cell fusion), or by arresting cells in G2-phase and then inducing another
S-phase (endoreduplication). Dysfunctional spindle checkpoint can cause abortive cell
cycle by arresting cells in M-phase (M*) in the absence of cytokinesis (endomitosis) or
completing mitosis in the absence of cytokinesis [(C-), acytokinetic mitosis].
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checkpoint (SAC) [127-129] (see Fig 1.4). Polyploidization is closely related to
senescence and aging [130-134]. In several tissues, tetraploid or octoploid cells appear
with aging and under age-associated pathological conditions. For example, the
incidence of polyploidy increases with age in hepatocytes [133, 135]. Human
endothelial cells become tetraploid with in vitro replicative aging [136]. Polyploidy also
occurs in cultured fibroblasts undergoing senescence owing to the acute inhibition of
telomerase [137]. An increase in polyploidy is also observed in cardiomyocytes with
cardiac overloading, congenital heart disease, and hypertension [138, 139]. In genetic
hypertensive rat models, there is a systematic co-segregation between high blood
pressure and increased polyploidy in VSMCs [140]. In the aorta, tetraploid SMCs
increase exponentially over the lifespan of the animal, which acts as an indicator of
aging [33]. In primary cultured VSMCs, induction of polyploidization is followed by
senescence [141]. This temporal order has also been observed in diploid fibroblasts
[130], endothelial cells [142], cancer cells [134] and hepatocytes [133]. It is notable that
most senescent aortic SMCs in aged rats are polyploid, but not all polyploid SMCs are
senescent [132]. Given the close relationship between SMC polyploidy and vascular
aging, SMC polyploidization has been considered as a biomarker of aging [33, 143].

1.4.1 The relationship between polyploidy and apoptosis in vascular aging

Apoptosis is a physiological process to eliminate unneeded, damaged or dangerous cells.
The molecular mechanisms underlying this process have proven to be evolutionarily
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conserved [144]. In animal cells, the early features are cell shrinking, chromatin
condensation and translocation of phosphatidylserine to the outer cell membrane.
Subsequently, cell blebbing is initiated, and DNase cleaves the DNA. Finally, the cell
decomposes into apoptotic bodies which are engulfed by macrophages. There is no
leakage of cellular constituents in apoptosis to induce an inflammatory response, which
is distinct from necrosis.

Aging increases apoptotic susceptibility of VSMCs in response to extracellular signals,
such as transforming growth factor-β 1 (TGF-β1) [145]. Apoptosis of VSMCs has been
observed in many age-related vascular diseases, such as atherosclerosis and
hypertension. Compared with SMCs from normal vessels, SMCs from human
atherosclerotic plaques proliferate more slowly, undergo earlier senescence, and
demonstrate higher levels of apoptosis in culture [146]. In hypertension, SMCs in the
inner half of the aortic media of elderly people degenerate and undergo apoptosis [147].
In spontaneously hypertensive rats, VSMCs undergo significant apoptosis in the blood
vessels during the development of hypertension [148, 149]. It is also well established
that polyploidization of VSMCs is a characteristic of hypertensive individuals and
animals [150, 151].

Microtubules, a principal component of the cytoskeleton, are the essential apparatus of
the spindle assembly check point (SAC). Like actin filaments, microtubules are
dynamic structures that undergo continual assembly and disassembly within the cell.
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They function both to determine cell shape and in a variety of cell movements,
including some forms of cell locomotion, the intracellular transport of organelles, and
most importantly, the formation of mitotic spindles and the separation of chromosomes
during mitosis. During metaphase, the microtubules of the mitotic spindle attach to the
centers of the chromosomes, the kinetochores, and align them along the equatorial plate.
This is a crucial step that ensures the equal distribution of the sister chromatids between
the two daughter cells during the following anaphase. Defects in mitosis regulation and
chromatin segregation result in either mitotic catastrophe (cell death) or mitotic slippage
(cell polyploidization). For example, destroying the mitotic spindle by anti-microtubule
agents, such as nocodazole (ND) and taxol (TXL), can activate the mitotic spindle
checkpoint which delays the onset of anaphase and the exit from mitosis, if the
chromosomal segregation can’t be properly completed and finally leads to
polyploidization [152, 153]. In addition to ND and TXL, G1, a small molecule that
specifically activates G protein-couple estrogen receptors (GPER), and
2-Methoxyestradiol (2-ME), an endogenous estrogen metabolite, also exhibit a
microtubule-interfering effect and induce VSMC polyploidization [154, 155].

Recent evidence implies that polyploidization, especially induced by
microtubule-interfering reagent, leads to apoptosis in many experimental systems. For
example, in human leukemia cell lines, treatment with ND results in polyploidization
and apoptosis [152]. Also, R1530, a small molecule that interferes with microtubule
polymerization, induces polyploidization and subsequent apoptosis in cancer cells [156].
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In addition, in a cultured sarcoma cell line, induction of polyploidization causes
significant apoptosis [157]. Moreover, pharmacologically disabling SAC during the cell
cycle of cancer cells induces apoptosis secondary to polyploidization [158, 159].
Interestingly, therapeutic drugs for hypertension, including losartan, enalapril, and
nifedipine, reduce both DNA contents of VSMCs and apoptosis [160]. Given obvious
co-existence of VSMC polyploidization and apoptosis in aged and hypertensive
vascular walls, the causal relationship of polyploidy and apoptosis in VSMCs will be
investigated in Chapter Four.

1.4.2 Role of mammalian target of rapamycin (mTOR) in VSMC polyploidization and
vascular aging
1.4.2.1 mTOR structure and signaling

Mammalian TOR protein, mTOR, is the intracellular target of rapamycin, an antifungal,
anticancer, and immunosuppressive pharmacological compound. TOR is highly
conserved in all eukaryotic species examined to date including algae, slime mold, plants,
worms, and flies [161]. mTOR controls broad cellular activities including cell
metabolism, growth, and survival.

mTOR protein, which belongs to the phosphoinositide 3-kinase (PI3K)-related protein
kinase (PIKK) family, contains several important elements in the C-terminal end,
including the kinase catalytic domain (KIN) that is structurally similar to the catalytic
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site in PI3Ks but does not encode lipid kinase activity (Fig 1.7). Currently, two mTOR
complexes have been identified. The mTOR complex-1 (mTORC1) has six components:
mTOR, which is the catalytic subunit of the complex, regulatory-associated protein of
mTOR (Raptor), mammalian lethal with Sec13 protein 8 (mLST8), proline-rich AKT
substrate 40 kDa (PRAS40), DEP-domain-containing mTOR-interacting protein
(Deptor), and tti1/tel2. mTORC1 is known to phosphorylate S6K or 4E (eIF4E) binding
protein (4E-BP) to promote cap-dependent protein translation [162]. mTORC2
comprises seven different proteins, several of which are common to mTORC1: mTOR,
rapamycin-insensitive companion of mTOR (Rictor), mammalian stress activated
protein kinase interacting protein (mmSIN1), protein observed with Rictor-1 (Protor-1),
mLST8, Deptor and tti/tel2. It stimulates downstream targets Akt (also known as Protein
Kinase B, PKB), PKCα, and serum/glucocorticoid-regulated
kinase 1 (SGK1) [162]. mTORC1 is sensitive to rapamycin inhibition, destabilizing the
mTOR-Raptor complex [163], while mTORC2 is relatively insensitive to rapamycin,
but in some cell types can be inhibited by prolonged rapamycin treatment [164] (Fig
1.8).

1.4.2.2 Potential role of mTOR activation in VSMC polyploidization

Activation of mTOR is known to induce polyploidization of megakaryocytes, and
rapamycin inhibits thrombopoietin-induced megakaryocyte polyploidy [165, 166]. Loss
of the negative regulator of mTOR, tuberin and hamartin complex, the tuberous
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Fig 1.7 Schematic structure of mTOR protein. mTOR is a large multi-domain protein.
The N-terminal portion of mTOR contains more than 20 Huntingtin, Elongation Factor
3, A subunit of PP2A, TOR1 (HEAT) repeats. These HEAT repeats form a large helical
secondary structure that provides protein interaction activity with mTOR complex
members. The C-terminal portion of mTOR contains several important domains. The
first is the FRAP (FKBP12-rapamycin-associated protein)/TOR), ATM,
(ataxia-telangiectasia), TRRAP (transactivation/transformation domain-associated
protein) (FAT) domain. The FAT domain is a conserved domain among PIKK family
members. A second FAT domain (FATC) is located at the distal C-terminal end of
mTOR. Adjacent to the FAT domain is the FKBP12–rapamycin binding (FRB) domain.
This domain is bound by the FKBP12–rapamycin complex and is a site of interaction
between mTOR and FKBP family members bound to rapamycin. The catalytic or kinase
(KIN) domain is flanked by the FAT domains and encodes the serine/threonine kinase
activity of mTOR. Within the KIN domain is a region that is sometimes referred to as
the NRD, which contains serine and threonine residues that are phosphorylated and are
involved in the regulation of mTOR activity. Threonine 2446 is targeted by AMPK and
S6K, serine 2448 is a target of Akt and S6K, and serine 2481 is an autocatalytic target of
mTOR.
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Fig 1.8 Signaling pathways of mTORC1 and mTORC2. PI3K: phosphoinositide
3-kinases; Akt: serine/threonine protein kinase, also known as protein kinase B, PKB;
TSC: Tuberous sclerosis complex; Rheb: Ras homolog enriched in brain; mTOR: The
mammalian target of rapamycin; mTORC1: mTOR Complex 1; mTORC2: The mTOR
Complex 2; Raptor: The regulatory associated protein of mTOR; Rictor:
Rapamycin-insensitive companion of mTOR; ULK: UNC-51 like kinase; S6K1: S6
kinase 1; 4E-BP1: factor 4E binding protein 1; PKCα: protein kinase Cα; SGK1: serumand glucocorticoid-inducible kinase-1.
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sclerosis (TSC-1, TSC-2) gene products [162], leads to polyploidy of angiofibroma
stroma cells from TSC patients [167], suggesting a potential role of mTOR activation in
polyploidization. ANGII is known to induce arterial SMC polyploidization [168-170],
which may relate to the fact that ANGII activates the PI3K-Akt-mTOR pathway in
SMCs [171, 172]. Moreover, it was reported that Cks1, a Cdc2 adapter protein that
promotes cyclin B degradation, is also involved in ANGII-induced SMC
polyploidization [173]. The fact that Cks1 expression depends on mTOR activity [174]
further suggests a role of mTOR in SMC polyploidization. Most importantly, TSC1 and
TSC2 genes have been found to negatively regulate the mTOR pathway. The Eker rat
carries a germline insertion mutation of one copy of the TSC2 gene and exhibits
uncontrolled activation of mTOR and its effectors [175]. In our laboratory, we have
revealed that pulmonary arterial SMCs derived from the Eker rats have increased
mTOR activity in culture. These Eker SMCs undergo spontaneous tetraploidization,
which is inhibited by rapamycin [176]. These findings have provided direct evidence for
a potential role of mTOR activation in SMC polyploidization.

1.4.2.3 Activation of mTOR in senescence and vascular aging

Increasing evidence shows that activation of mTOR induces cellular senescence of
various cell types derived from human or mice in vitro [177-180]. For example, in a
human fibrosarcoma HT-p21 cell line, simultaneously activating mTOR signaling while
inhibiting the cell cycle increases SA-β-gal activity, which can be diminished by
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rapamycin treatment [177]. Supporting this idea, doxorubicin, a DNA-damaging agent,
induces mTOR activation and cellular senescence, which is blocked by rapamycin [177].
In addition, in ARPE-19 cells (a human retinal pigment epithelial cell line), rapamycin
decreases hydrogen peroxide (H2O2)-induced senescence [179]. There is also some
evidence supporting a role of mTOR activation in vascular aging [181, 182]. Aged SM
downregulates negative regulators of mTOR including sirtuin 1 [183, 184] and
tankyrase 1 [185] and upregulates positive regulators of mTOR including the
insulin-like growth factor 1 (IGF-1) receptor [186]. Compared with colonic SMCs from
young rat, aged SMCs exhibited a significant increase in mTOR signaling [187].
Moreover, in patients with chronic obstructive pulmonary disease (COPD), analysis of
lung specimens revealed a prominent activation of mTOR signaling as well as
significantly increased expression of the senescence markers, p16 and p21, which can
be attenuated by low-dose rapamycin treatment [188]. The role of mTOR in cellular
senescence is consistent with a large body of work carried out in model organisms.
Rapamycin extends the life spans of yeast (S. cerevisiae) [189], nematode (C. elegans)
[190], fruitfly (D. melanogaster) [191] and mouse [192], further supporting a role of
mTOR activation in aging.

Other than mTOR kinase, many mTOR regulators and effectors are also lifespan
regulators. For example, C. elegans lifespan can be lengthened by RNAi knockdown of
Ras homolog enriched in brain (Rheb) [74], or by expressing a dominant negative form
the GTPase-activating protein, Rag [193]. Also, worms heterozygous for daf-15, the
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homolog of mammalian Raptor, have an extended lifespan of about 30% [194].

However, which effectors downstream of mTOR modulate the aging process is still
unknown. A reduction in S6K activity increases lifespan in various species [195, 196]
and S6K1 loss increases resistance to age-related pathologies in mice [196]. In flies,
loss of 4E-BP reduces life extension induced by dietary restriction (DR), whereas
overexpression of 4E-BP is sufficient to extend lifespan under nutrient-rich conditions
[197]. Mitochondrial metabolism and biogenesis are both regulated by mTOR signaling
[198]. Studies show that reducing mTORC1 function by rapamycin treatment enhances
mitochondrial membrane potential, reduces reactive oxygen species (ROS) levels, and
increases replicative life span [199]. Mitochondrial dysfunction has been suggested to
be an important mechanism leading to cellular senescence, as decreased mitochondrial
function, impaired ATP generation and increased ROS levels are implicated in cellular
senescence [200, 201]. Importantly, substantial evidence indicates that the promotion of
autophagy that is linked to mTORC1 inhibition could mediate downstream effects of
mTOR on longevity.

1.4.2.4 Potential mechanism underlying mTOR-induced cellular senescence and
aging: the role of autophagy

Autophagy is a general process for the cytoplasmic components degradation within
lysosomes [202-206]. Autophagy is a nonselective degradation system, mediated by a
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unique organelle called the autophagosome (Fig 1.9). This feature is in marked contrast
to the ubiquitin–proteasome system, which specifically recognizes only ubiquitinated
proteins for proteasomal degradation. There are many physiological and
pathophysiological purposes of autophagy, such as maintenance of energy, starvation
adaptation, homeostasis through intracellular protein and organelle recycling and
clearance, development, anti-aging, elimination of microorganisms, cell death, and
tumor suppression [207, 208].

It is well established that mTOR negatively regulates autophagy by inhibiting the ULK1
complex, which initiates autophagosome formation [209]. Enhanced autophagy has
been implicated in extending lifespan in yeast and C. elegans [210, 211]. Increasing
evidence implies a significant association between senescence and autophagy in various
mammalian cell types, such as fibroblasts [212], epithelial cells [213] and lymphoma
cells [214]. In fibroblasts, suppression of autophagy is permissive for senescence,
presumably relating to the increased generation of ROS by dysfunctional mitochondria
when autophagy is compromised [215]. Recent evidence indicates that cardiomyocyte
macroautophagy becomes impaired during aging [216]. This may result in the
accumulation of dysfunctional mitochondria within cardiomyocytes that are
bioenergetically inefficient and prone to ROS leakage [217]. In vivo, tissue-specific
deletion of the essential autophagy gene Atg7 in murine VSMCs caused the
development of stress-induced premature senescence as shown by cellular and nuclear
hypertrophy [218]. More recently, studies have demonstrated that defective autophagy
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Fig 1.9 Autophagy process and potential targets for modulating autophagy.
Activation of the UNC51-like kinase (ULK) complex in response to certain signals
initiates membrane isolation and the formation of phagophores. Class III
phosphoinositide 3-kinase (PI3K) complex composed of Beclin 1, class III PI3K,
PIK3R4, and activating molecule in BECN1-regulated autophagy protein 1 (AMBRA1)
is also required for phagophore formation. The Atg-Atg12-Atg16L complex and LC3-II
phosphatidylethanolamine (PE) conjugate promote the elongation and enwrap the
cytosolic cargos including mitochondria, leading to the formation of autophagosomes.
Subsequently, a lysosome fuses with the autophagosome (the formation of
autolysosome) and releases acid hydrases into the interior to degrade the cytosolic
cargos.
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promotes senescence and prevents oxidative stress-induced cell death in VSMCs [7],
shedding new light on the roles of autophagy in VSMCs. Specifically, SMC-specific
knockout of the essential autophagy gene, Atg7, in murine VSMCs resulted in the
acceleration of the development of senescence, as suggested by cellular and nuclear
hypertrophy and SA-β-gal activity.

Cumulative evidence showed that autophagy, which is inhibited by mTOR signaling,
plays a protective role in cellular senescence and aging. However, given the close
relationship between polyploidization and senescence in aging, it remains largely
unknown whether autophagy also plays a role in polyploidization. The role of
autophagy in VSMCs polyploidy was examined in Chapter Five.

1.5 General rationale and hypothesis

Vascular aging changes VSMC behaviors at different levels. Firstly, it switches VSMCs
from a differentiated phenotype to a dedifferentiated phenotype. The differentiation
status of VSMCs is indispensable to normal vascular functions, such as contraction and
relaxation. Secondly, aged VSMCs are characterized by significant polyploidization,
which is closely associated with apoptosis, and cellular senescence. Either VSMC
phenotypic modulation or the polyploidization in aging contributes to the pathogenesis
of various cardiovascular diseases, such as atherosclerosis, hypertension, and arterial
aneurysm. The overall objective of this thesis research is to understand: (1) the

38

regulation of VSMC phenotypic modulation; (2) mechanisms underlying VSMC
polyploidization and its relationship with VSMC apoptosis, as well as senescence in the
process of vascular aging. Therefore, this thesis investigated three different aspects of
vascular aging.

1.5.1 Investigation of the regulation of VSMC differentiation by GSK-3β

VSMC phenotypic modulation occurs during vascular aging and is involved in the
pathogenesis of age-related vascular diseases, such as atherosclerosis. As a critical
regulator of VSMC phenotypic modulation, myocardin is negatively regulated by
GSK-3β through inhibitory phosphorylation of myocardin in cardiomyocytes. However
in VSMCs, decreased activity of GSK-3β has been observed in dedifferentiated VSMCs,
which corresponds with decreased myocardin transcriptional activity. This implies a
positive regulation of GSK-3β on myocardin in VSMCs. Therefore, in Chapter Three,
we explored the role of GSK-3β in VSMC phenotypic switch through myocardin
modification.

1.5.2 Investigation of the regulation of VSMC polyploidization and apoptosis by
microtubule disruption

VSMC polyploidization and apoptosis co-exist in the vascular wall of aged or
hypertensive animals and contribute to vascular remodeling. Cumulative studies have
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shown that polyploidization is accompanied by apoptosis in many experimental cell
systems particularly in response to microtubule disruption. However, either the
relationship between VSMC polyploidization and apoptosis or the underlying
mechanisms of VSMC polyploidization remain largely unknown. Nocodazole (ND), a
microtubule-disruption reagent, has been reported to induce both polyploidization and
apoptosis in various cell types including VSMCs. ND also causes activation of mTOR
signaling in several cancer cells. Therefore, in Chapter Four, we investigated the
relationship between VSMC polyploidization and apoptosis in response to microtubule
disruption, as well as the role of mTOR in VSMC polyploidization.

1.5.3 Investigation of the regulation of VSMC polyploidization and cellular
senescence by mTOR through autophagy inhibition

Both VSMC polyploidization and cellular senescence are considered biomarkers of
vascular aging. Recently, emerging evidence has shown that rapamycin, the mTOR
inhibitor, extends lifespan in various species, suggesting a potential role of mTOR in
aging. Also, the inhibition of autophagy, which is negatively regulated by mTOR, has
been reported to accelerate VSMC senescence. However, little is known about the
mechanisms underlying VSMC polyploidization and its relationship with senescence.
Based on our previous paper showing a role of mTOR in pulmonary SMC
tetraploidization and results from Chapter Four, we further investigated the regulation of
VSMC polyploidization and senescence by mTOR and the role of autophagy in VSMC
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polyploidization in Chapter Five.
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Chapter Two: Materials and Methods

2.1 Chemicals and reagents
2.1.1Cell culture and treatment
Dulbecco’s Modified Eagle’s Medium (DMEM)/Ham’s F-12 medium, RPMI 1640
medium, Fetal Bovine Serum (FBS), tetracyclin-reduced FBS, penicillin-streptomycin
solution, F-12 Kaighn nutrients, 0.25% Trypsin-EDTA and BrdU were purchased from
Invitrogen Canada, Inc. (Burlington, Canada). Doxycycline (Dox),
N-(4-methoxybenzyl)-N’-(5-nitro-1,3-thiazol-2-yl) urea (AR-A014418)were obtained
from Sigma–Aldrich Canada, Ltd. (Oakville, ON, Canada).
3-[[6-(3-Aminophenyl)-7H-pyrrolo [2,3-d]pyrimidin-4-yl]oxyphenol ditrifluoroacetate
(TWS 119) was from Tocris Bioscience (Minneapolis, MN).Nocodazole was purchased
from R&D Systems, Inc. (Minneapolis, MN). Rapamycin was from LC Laboratories
(Woburn, MA).

2.1.2 Transient transfection of plasmid, siRNA or adenovirus

GFP-empty vector was generously provided by Dr. Wayne Chen, University of Calgary.
siRNA targeting GSK-3β, scrambled siRNA, and HiPerFect Transfection Reagents were
purchased from QIAGEN (Mississauga, Canada). GSK-3β constructs, including
wild-type GSK-3β (#14753) constitutively-active GSK-3β plamid(S9A ,#14754), or
kinase-dead GSK-3β plasmid (K85A, #14755) and mTOR constructs, including
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wide-type mTOR (#26603) and kinase-dead mTOR(D2357E V2364I, #8482) were
purchased from Addgene (Cambridge, MA). Adenoviruses expressing beclin1 or GFP
were purchased from Vector Biolabs (Philadelphia, PA).

2.1.3 Western blots
RIPA buffer, β-mercaptoethanol and PMSF were from Sigma–Aldrich (Oakville, ON,
Canada). Protease Inhibitor Cocktail was from Roche Diagnostics (Laval, Canada).
Protein assay and nitrocellulose membranes were from Bio-Rad
Laboratories,(Mississauga, Canada).ECL chemiluminescence kit was from GE
Healthcare (Mississauga, Canada).

Antibodies: transgelin (SM22, P-15, sc-18513), myocardin (M-16, sc-21561),
GSK-3β(H76, sc-9166), SRF (G-20, sc-335), p21 (F-5, sc-6246), p16 (C-19, sc-468)
and HRP-conjugated donkey anti-goat secondary antibody (sc-2020) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). FLAG (F7425), SM α-actin (A5228),
calponin (C2687), α-tubulin (T9026), β-actin (A5316) and HRP-conjugated anti-rabbit
IgG (A0545) were obtained from Sigma–Aldrich (Oakville, ON, Canada).
Phosphothreonine (#9381), p70 S6 kinase (#2708), phosphor-p70 S6 kinase (ser389,
#9205), mTOR (#2972), phosphor-mTOR (ser2448, D9C2, #5536), S6 (#2217),
phospho-S6 (ser235/236, #2211), Akt (#4691), phosphor-Akt (ser473, #9271), LC3I/II
(#12741), Beclin1 (#3738) were purchased from Cell Signaling Technologies (Beverly,
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MA). Phosphoserine (3C171, ab17465) was from Abcam (Cambridge, UK).
HRP-conjugated anti-mouse IgG (NA931) was from GE Healthcare (Mississauga,
Canada). HA-tag (11867423001) was from Roche (Mississauga, Ontario). Alexa Fluor
488 anti-mouse IgG ( A-11001) and rhodamine Red-X conjugated anti-mouse IgG
(R-6393) were purchased from Invitrogen (Burlington, Canada)

2.1.4 RT-PCR

RNeasy Plus Mini Kit and RNase-free DNase Set and some QuantiTect Primer Assays
primers (Table 2.1) were purchased from QIAGEN (Mississauga, Canada). Maxima
Universal First Strand cDNA Synthesis Kit and Maxima SYBR Green/Fluorescein
qPCR Master Mix were from Fermentas (Burlington, Canada).

2.1.5 BrdU and immunofluorescence staining

Microscope cover glasses and microscope slides were from Fisher Scientific (Ottawa,
Canada). Triton X-100, Bovine Serum Albumin (BSA), Tween 20 and
4’,6-DiAmidno-2-PhenylIndole (DAPI) were from Sigma–Aldrich (Oakville, ON,
Canada); Sodium Borate was from J. T. Baker Chemical (Center Valley, PA); Propidium
Iodide (PI) was from Molecular Probes (Eugene OR), and RNase A was from Qiagen
(Mississauga, Canada). The laser scanning cytometer (LSC), laser scanning microscope,
and WinCyte acquisition software (Version 3.4) were from CompuCyte, MA. The CCD
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Gene name Protein name
ACTA2
SM α-actin
CNN1

calponin

TAGLN1

SM22

MyoCD

myocardin

ACTC1

α-cardiac
muscle actin 1

GAPDH

GAPDH

Sequence 5'-3'
FW:TGAGGAGTGGTTGCTGAATGAG
RV:AACTTCTCTGCCAGGTGGTCC
FW:CAGAGAAGCAGGAGCGGAAA
RV: GGATGCCATGCAGGGAGAG
FW:TTGAAGGCAAAGACATGGCACT
RV: CCATCTGAAGGCCAATGACAT
FW:ATGACACTCCTGGGGTCTGAG
RV: GCCTTGGTTAGCCAGTTGTTC
FW:CTTCATTGGTATGGAATCTGCTG
G
RV: CATTGTTGGCATACAGGTCCTTG
FW:GAAGGTCGGTGTCAACGGATT
RV: CCAGTAGACTCCACGACATAC

Table 2.1 Primer sequences and sources.
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Source
DNA lab
request
Qiagen
Qiagen
Qiagen
DNA lab
request
Qiagen

camera (XC-003/003P) was from Sony, Japan.

2.2 Experiment procedures

2.2.1 Cell culture

Human aortic SMCs (American Type Culture Collection (ATCC), CRL-1999, female
donor) were cultured in DMEM-F-12 Ham medium supplemented with 10% (v/v) FBS,
penicillin (100 units/ml) and streptomycin (100 µg/ml). Cells with the T-REx system
were cultured in DMEM/F-12 Ham supplemented with 10% tetracycline-reduced FBS
and antibiotics. Rat or mice aortic SMCs were isolated from the thoracic aorta at the
first order of male or female rats using the enzymatic disaggregation method as
described below, and maintained in 1:1 (v/v) mixture of RPMI 1640 medium and F-12
Kaighn nutrients supplemented with 20% FBS, penicillin, and streptomycin. The culture
was carried out at 37 °C in a humidified atmosphere of 5% CO2 and 95% air. The
medium was replaced every 2-3 days. When reaching confluence, the cells were
detached from culture dishes with a trypsin-EDTA solution for subculture into new
dishes.

2.2.2 Transfection of plasmid, siRNA or adenovirus

Transient transfection with GFP-empty vector, WT GSK-3β plasmid, CA GSK-3β
plasmid, KD GSK-3β plasmid, WT mTOR plasmid or KD mTOR plasmid was
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performed by electroporation (Gene Pulser Xcell™ Electroporation Systems, Bio-Rad
Laboratories, Mississauga, Canada). Generally, cells were cultured on a 100 mm culture
dish with 10% serum medium until 90% confluence. Wash cells with DPBS twice. Then
treat cells with 3 ml trypsin for 1 min in the 37°C incubator. Pipetted off cells and
transferred to 15 ml centrifuge tube. Centrifuge at 3000g for 1 min, then resuspend cells
in serum-free DMEM. Count cells using hemocytometer. Transfer 2.5x106 cells to 1.5ml
tubes, centrifuge and discard supernatant. Resuspend cells with 200ul serum-free
DMEM, then add 10µg DNA. Gently vortexed and incubate on ice for 5 min. Apply
electrical pulse at voltage 300 V, capacitance 1500 µF, and resistances 50 Ω. Seed cells
back on poly-lysine precoated slides in 20% serum medium for first 24 h, then change
to 10% serum medium for another 24 h.

Transient transfection with siRNA against GSK-3β or scramble siRNA was conducted
using of HiPerFect Transfection Reagent according to the manufacturer's specification.
6 x 104 cells were seeded per well of a 24-well plate in 100 μl of an appropriate culture
medium with 10% serum and antibiotics. Dilute 150 ng siRNA in 100 µl culture
medium without serum (final concentration of siRNA is 20nM). Add 3 µl of HiPerFect
Transfection Reagent to the diluted siRNA. Mix by vortex for 10 seconds and incubate
for 5 min at room temperature. Then add the complexes in to 24-well plate. Incubate
cells under normal growth conditions. After 3 h, add 400 µl culture medium with serum
and incubate cells with the transfection complexes under their normal growth conditions
for 48 h.
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For adenovirus transfection, cells were seeded on a 6-well plate with about 50%
confluent. Thaw virus on ice. Add the 5 ul of recombinant adenoviruse expressing
Beclin1 or 3 ul of adenoviruse expression GFP to each well in 2 ml culture medium
with serum (100 MOI). Incubate cells in normal growth condition for 48 h for
transduction

2.2.3 Western blot analysis

Treated cells and isolated tissues were washed with PBS 3 times and then lysed at room
temperature (RT) with a reducing sample buffer (50 mmol/L Tris–HCl, pH 6.8, 2% (w/v)
sodium dodecyl sulfate (SDS), 10% (v/v)glycerol), supplemented with protease
inhibitor cocktail and phenylmethanesulfonyl fluoride to extract protein. Homogenized
tissues were further sonicated for 2 min and centrifuged lysate at 27,000g for 10 min.
Collect the supernatant.Cell lysates were then transferred to a 1.5 ml centrifuge tube,
followed by boiling for 5 min.The protein concentrations were measured with a
spectrophotometry-based DC protein assay system. Equal amount (5-50 µg) of protein
for each sample was mixed with 5X reducing sample buffer (250 mM Tris-HCl, pH 6.8,
10% (w/v)SDS, 50% (v/v) glycerol, 500 µM dithiothreitol (DTT)) at 95 °C for 5 min
and then subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) using a MiniPROTEAN II Electrophoresis Cell (Bio-Rad). The proteins
were transferred to nitrocellulose membranes using a Mini Trans-Blot Electrophoretic
Transfer Cell(Bio-Rad). After pre-blocking with 5% skim milk in PBS containing 0.1%
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(v/v) Tween-20 (PBST), the membranes were incubated with primary antibodies diluted
in PBS-T with gentle rocking for 1 h at RT, followed by incubation with horseradish
peroxidase (HRP)-conjugated secondary antibodies for 1 h at RT. Visualization of
signals was achieved by ECL chemiluminescence (GEHealthcare). Densitometry was
conducted with an ImageMaster system (Pharmacia Biotech, Uppsala, Sweden).All
antibodies for western blotting were diluted in PBST and antibody incubation was
carried out at 4°C overnight. Information about antibody dilution was: anti-SM α-actin,
anti-calponin, anti-β-actin 1:10000; anti-SM22, anti-SRF, anti-GSK-3β，
anti-myocardin, anti-p16, anti-p21 1:200; anti-phosphoserine, anti-phosphothreonine,
anti-FLAG, anti-mTOR, anti-phospho-mTOR, anti-S6K, anti-phospho-S6K, anti-S6,
anti-phospho-S6, anti-Akt, anti-phospho-Akt, anti-LC3A/B, anti-beclin1 1:1000;
HRP-conjugated anti-mouse IgG, 1:3000;HRP-conjugated anti-rabbit IgG, 1:3000;
HRP-conjugated anti-goat IgG, 1:4000 (diluted in 0.5% (w/v) skim milk in PBS-T).

2.2.3 Microtubule depolymerization assay by separation of monomer and polymer
tubulins

Monomer and polymer tubulins were separated as previously described148 with minor
modifications. Briefly, monomer tubulin was first extracted from cells through 10 min
incubation at RT with 0.5% Triton X-100-containing microtubule-stabilizing buffer
(MSB, 85 mM Pipes, pH 6.9, 1 mM EGTA, 1 mM MgCl2, 2 M glycerol) supplemented
with protease and phosphatase inhibitors. T he post-incubation MSB contains the
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released cytosolic and membrane-associated proteins including monomer tubulin. After
the post-incubation MSB was carefully transferred into 1.5 ml centrifuge tubes, the cell
remnants containing polymerized microtubule networks were then quickly and carefully
rinsed with MSB, and polymer tubulin was extracted with NRSB (50 mM Tris-HCl, pH
6.8, 2% (w/v) sodium dodecyl sulfate (SDS), 10% (v/v) glycerol) supplemented with
protease and phosphatase inhibitors as described above. For each independent
experiment, control group treated with taxol was added to ensure the reliability of this
method. 20 µg protein from each sample was subjected to SDS-PAGE, and α-tubulin
levels in each fraction were determined by Western blot analysis. The microtubule
depolymerization was expressed as the ratio of monomer/polymer α-tubulin blot signals
obtained from densitometry.

2.2.4 Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Primer design: mRNA sequences were retrieved from the NCBI nucleotide database.
Primers were designed with IDT PrimerQuest online
software,http://www.idtdna.com/Scitools/Applications/Primerquest/. Candidate primers
were subjected to NCBI nucleotide BLAST to ensure the gene specificity. Some primers
were purchased as QuantiTect Primer Assays. All sequences and sources of primers
have been listed in Table 2.1
Total RNA extraction and reverse transcription: Cells were lyzed for total RNA using
RNeasy Plus Mini Kit (QIAGEN) according to the manufacturer’s specification. RNA
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concentration was measured using a UV/Visible Spectrophotometer. 1 μg RNA was
used for reverse transcription in a thermocycler using Maxima Universal First Strand
cDNA Synthesis Kit (Fermentas) according to the manufacturer’s specification.
qPCR: qPCR (real-time PCR) was conducted with Maxima SYBR Green/Fluorescein
qPCR Master Mix (Fermentas) according to the manufacturer’s specification. Each
reaction (20 µl) contains 10 µl 2X SYBR PCR mix (provided by the kits), 1-2 µl cDNA
and 2 µl primers (forward primer (3 μM) 1 µl + reverse primer (3 μM) 1 µl or 10X
QuantiTect Primer Assays primer 2 µl) and nuclease-free water. PCR was performed
using the iCycler 96-well PCR machine (Bio-Rad) with the cycling conditions: 95 °C 15
min for 1 cycle, 94 °C 15 s, 55 °C 30 s, 72 °C 30 s for 45 cycles, 72 °C 10 min for 1
cycle. The images were taken at 72 °C 30 s (extension phase) for every cycle. The cycle
threshold was automatically determined by iCycler & iQ Real-Time PCR Systems
(Bio-Rad). Quantification of the gene expression was assessed with the comparative
cycle threshold (∆Ct) method and normalized by the housekeeping gene GAPDH. PCR
reaction was performed in triplicate for each independent PCR assay. The negative
control without template was added to exclude external contamination.

2.2.5 Immunocytochemistry

Cells were seeded on pre-cleaned glass coverslips followed by treatments as specified in
figure legends in the presence of 10% FBS. After the treatments, cells were washed with
1X PBS thrice, followed by fixing with 4% paraformaldehyde at RT for 15 min and
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permeabilized with 0.1% (v/v) Triton X-100 in PBS at RT for 10 min. After
pre-blocking in 2% skim milk in PBS for 30 min, cells were washed with PBS and
incubated with the respective primary antibodies at RT for 1 h and subsequently with
Alexa Fluor 488 or Rhodamine Red-X conjugated secondary antibodies at RT for 45
min. After staining, the coverslips were mounted with 10 µl ProLong Gold antifade
reagent containing 4',6-diamidino-2-phenylindole (DAPI) for nuclei staining. Images
were acquired using a 40X dry lens and a Spot Insight Color (3.2.0) CCD digital camera
(Diagnostic Instruments, Sterling Heights, MI) with a fluorescence microscope (BX50,
Olympus, Markham, Canada). At least 5 random areas were selected for imaging for
each sample.All antibodies for immunocytochemistry were diluted in PBS.Information
about antibody dilution was: HA-tag 1:100; SM α-actin 1: 200; SM22 1:50;
calponin1:3000;Alexa Fluor 488 anti-mouse IgG 1:400; Rhodamine
Red-Xconjugatedanti-mouse IgG 1:1000.

2.2.6 Co-immunoprecipitation (Co-IP)

Cells were rinsed thrice with 1X PBS and then lyzed on ice for 15 min with
radioimmunoprecipitation assay (RIPA) buffer (Sigma) supplemented with 1% (v/v)
Triton X- 100 and protease and phosphatase inhibitors (1 mmol/L
phenylmethanesulfonyl fluoride, 2 mmol/L sodium orthovanadate, 1 mmol/L sodium
fluoride and protease inhibitor cocktail (Roche Diagnostics)). The cell lysate was
transferred to a 1.5 ml centrifuge tube and then subjected to sonication for 20 s in the
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cold room using a Braun-Sonic 1510 sonicator (Braun Instruments, San Francisco, CA).
The sonicated lysate was centrifuged at 16,000 g for 15 min at 4 °C. The supernatant
was transferred to a new 1.5 ml centrifuge tube. Myocardin, GSK-3β, or SRF protein
was immunoprecipitated using respective antibodies and A/G agarose beads
(Santa-Cruz) overnight at 4°C. Immunocomplex was rinsed with RIPA buffer four times,
mixed with reducing sample buffer, boiled for 5 min and then subjected to SDS-PAGE.
The protein was transferred to nitrocellulose membranes. The membranes were
pre-blocked with 5% (w/v) skim milk. The membranes were then subjected to western
blotting as described above to determine the interaction between GSK-3β and
myocardin, SRF and myocardin or phosphorylation levels of myocardin and SRF. All
antibodies in immunoprecipitation were incubated at 4 °C overnight: anti-myocardin
1:200, anti-SRF 1:200; anti- GSK-3β1:200

2.2.7 Chromatin Immunoprecipitation (ChIP) Assay

The ChIP assay was conducted using SimpleChIP Enzymatic Chromatin IP Kit (Cell
Signaling) according to the manufacturer’s specification with minor modifications. Six
100 mm dishes of subconfluent cells (~1.5x107 cells in total) cultured in the presence of
10% FBS were used for oneChIP assay.
DNA-protein crosslinking: For ChIP with myocardin, we performed a two steps
crosslinking by adding DSG (Di-Succinimidyl Glutarate; Santa Cruz) at a final
concentration of 2 mM for 45 min at room temperature then Formaldehyde (Sigma) to a
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final concentration of 1% for 15 min at room temperature. Crosslinking was stopped by
addition of glycine at a final concentration of 0.125 M.
DNA digestion: The protein-DNA complex was then fragmented by treatment with 2 µl
Micrococcal Nuclease (provided by the kit) at 37 °C for 30 min and sonicated using
Braun-Sonic 1510 sonicator (Braun Instruments) at 4 °C three times for 20 s.
Immunoprecipitation: For each sample, 3 µg anti-myocardin and 20 µl ChIP-grade
Protein G Agarose Beads (provided by the kit) were used to immunoprecipitate target
protein. Due to the goat IgM origin of myocardin antibody, 3 µg anti-IgM (13A11, goat
IgG) antibody or Histone H3 were used as a negative or a positive, control respectively.
qPCR assay: Immunoprecipitated DNA (~50 µl in total for each sample) and input
DNA (~50 µl in total for each sample) were quantified in qPCR assay in triplicate using
QuantiTect SYBR Green PCR Kits (QIAGEN) or Maxima SYBR Green/Fluorescein
qPCR Master Mix (Fermentas) and iCycler & iQ Real-Time PCR Systems (Bio-Rad) as
described above, except that 3 µl DNA template was used in each PCR reaction. The
primer sequence for human ATCA2 gene (SMα-actin) promoter region containing CArG
box was forward 5'-AGC AGA ACA GAG GAA TGC AGT GGA AGA GAC-3', reverse
5'-CCT CCC ACT CGC CTC CCA AAC AAG GAG C-3'. The protein-promoter
binding was expressed as the percentage of immunoprecipitated promoter DNA
normalized by total input promoter DNA.
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2.2.8 Primary culture of rat vascular SMCs

Thoracic aorta was dissected from male or female Sprague–Dawley rats (Charles River
Labs, Senneville, Canada) weighing between 200g and 300g (Chapter 4) and mice
containing a SM-restricted mutation in the Atg7 gene (Chapter 5). The animals were
housed at a room temperature of 22 °C with 12-hour day and light cycles and allowed
full access to water and food at all times. All animal protocols used in this study were
reviewed and approved by the University of Calgary Animal Care and Ethics
Committee and conformed to the guidelines established by the Canadian Council on
Animal Care.

Animals were anesthetized by isofluorane (Pharmaceutical Partners of Canada,
Richmond Hill, Canada) inhalation in a sealed box and humanely euthanized by
decapitation. The aorta at the first order was rapidly isolated, briefly rinsed with
phosphate-buffered saline (PBS) and immediately immersed into RPMI 1640 medium.
The adventitial tissue was removed, and the vessel was opened. Endothelium was then
removed by carefully scraping the luminal side with a scalpel. The vessel was cut into
small pieces (1-4 mm for aorta) and then suspended in 2ml RPMI1640 medium
containing collagenase (1mg/ml), elastase (0.7U/ml) and soybean trypsin inhibitor
(1mg/ml), incubated at37 °C in a humidified atmosphere of 5% CO2 and 95% air for 2
h. Then remove enzymes and resuspend cells in RPMI1640 with 20% FBS. Cells were
plated in a primary cell culture dish (Cell+ TC dish, Sarstedt, Montreal, Canada).
Typically, cells reached subconfluence within two weeks, followed by trypsinization
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and subcultured into new dishes. The identity of SMCs of each primary culture was
routinely confirmed by immunostaining for SM α-actin and calponin.

2.2.9 DNA fragmentation assay

Primary cultured rat aortic SMCs, after treatment with or without 200 ng/ml ND for24 h,
were collected and solubilized, followed by DNA extraction using phenol-chloroform.
Briefly, add 600 µL ethanol and 150 µL 3 M sodium acetate, pH 5.2 and mix by
pipetting up and down.Incubate tubes at -80°C for 1 h.Centrifuge 20,000 x g for 20 min;
discard supernatants carefully. Pool DNA extracts together by re-dissolving the pellets
in a total of 400 µL extraction buffer (10 mM Tris and 5 mM EDTA).Add 2 µL of 10
mg/mL DNase-free RNase and incubate for 5 h at 37°C. Add 25 µL proteinase K at 20
mg/mL and 40 µL of buffer (100 mM Tris pH 8.0, 100 mM EDTA, 250 mM NaCl.
Incubate overnight at 65°C.Extract DNA with phenol/chloroform/isoamyl alcohol
(25:24:1) and precipitate with ethanol.Carefully discard supernatant trying not to disturb
the pellet as it is quite loose.Air-dry pellet and resuspend in 20 µL Tris-acetate EDTA
buffer supplemented with 2 µL of sample buffer (0.25% bromophenol blue, 30%
glycerol)DNA samples were separated by conventional electrophoresis in 1.5% (w/v)
agarose gels.DNA ladders are finally visualized by a UV light source and documented
by photography.
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2.2.10 BrdU incorporation and LSC analysis

BrdU incorporation and staining: Cells cultured on glass coverslips were incubated
with 10 μM BrdU for 1 h. Cells were then fixed with 80% ethanol at RT for 20 min,
followed by incubation with 100% ethanol for 20 min, 0.25% Triton X-100 in PBS for
20 min, 4 N HCl for 20 min, 0.1 M sodium borate (pH 8.5) for 3 min. Cells were
pre-blocked with 1% bovine serum albumin (BSA) and 0.1% Tween-20 in PBS for 30
min before incubation with BrdU antibody (1:400 diluted in 0.5% BSA and 0.01%
Tween-20 in PBS) for 1 h, washed with wash buffer (1% BSA and 0.01% Tween-20 in
PBS) for 20 min. Cells were then incubated with Alexa Fluor 488-conjugated
anti-mouse IgG secondary antibody (1: 400 in 0.5% BSA and 0.01% Tween-20 in PBS)
for 30 min. After antibody incubation, cells were washed with wash buffer for 20 min.
The nuclei were counterstained with 5 μg/ml propidium iodide (PI) containing 0.4
μg/ml RNase A for 10 min. The glass coverslips were then mounted with 10 µl
mounting solution (5 μg/ml PI in 3:1 (v/v) glycerol: PBS).
Laser scanning cytometer analysis: Laser scanning cytometer (LSC, CompuCyte,
Cambridge, MA), a microscope-based cytometer, was used to analyze BrdU
incorporation, polyploidization and apoptosis, as previously described. Briefly, rat aortic
SMCs cultured on coverslips were mounted on microscope slides and located visually
with the CCD camera attached to the LSC instrument.At least 1000 cells from three
random fields were scanned for each slide. The scanned data were acquired and
analyzed with WinCyte acquisition software (Version 3.4, CompuCyte). The
BrdU-positive cells were shown to have higher total fluorescence in their nuclei as
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demonstrated in the scattergram of total fluorescence intensity (FITC Integral) versus
total DNA content (PI Integral). Since cellular DNA content reflects cell cycle position,
the measurement of DNA content was used to indicate the position of BrdU-labeled
cells. Due to loss of fragmented DNA in apoptotic cells, apoptotic cells appeared in the
sub-G0/1 peak, which was defined as apoptotic peak. Cells after scanning for cell cycle
were re-located through the WinCyte software for visualization of morphologies.

2.2.11 BrdU pulse-chase assay

Cells were cultured on coverslips to a confluence of about 70% using a medium
containing 10% FBS. Cells were then pulse-labeled with BrdU (10 M) for 60 min at
37 ºC in a 5% CO2 incubator. These cells right after labeling without culture represented
the 0 h time point. Other cells, after labeling with BrdU, were immediately placed back
for culture using a regular medium containing 10% serum with the presence or absence
of ND (200 ng/ml). At 6 h intervals for up to 24 h, a fraction of the cells were removed
for ethanol fixation and stored at -20 ºC for further cell cycle analysis as described
above.

2.2.12 TdT-mediated dUTP-X nick end labeling (TUNEL) assay

Treated cells grown on coverslips were washed with PBS and fixed in 4%
paraformaldehyde for 1 h at room temperature. Cells were washed with PBS once and
permeabilized with 0.1% Triton-X 100 for 2 min at 4 ºC. Then Cells were incubated for
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1 h at 37 ºC with the reaction mixture (Roche, Mississauga, Canada) of terminal
transferase and nucleotides including fluorescein-dUTP. Positive control cells were
treated first with DNase I for 10 min at room temperature to induce double strand
breaks prior to addition of the reaction mixture. This was followed by visualization by
fluorescence microscopy, and counting of TUNEL positive cells.

2.2.13 Generation of the inducible T-RExTM System overexpression wild type mTOR

The T-RExTM system
The T-REx System is a tetracycline-regulated mammalian expression system that uses
regulatory elements from the E.coli Tn10-encoded tetracycline (Tet) resistance operon
[219, 220]. Tetracycline regulation in the T-RExTM System is based on the binding of
tetracycline to the Tet repressor resulting in derepression of the promoter controlling the
expression of the gene of interest [221].

The major components of the T-RExTM System include: (1) An inducible expression
plasmid for expression of the gene of interest under the control of the strong human
cytomegalovirus immediate-early (CMV) promoter and two tetracycline operator 2
(TetO2) sites; (2) A regulatory plasmid, pcDNA6/TR), which encodes the Tet repressor
(TetR) under the control of the human CMV promoter; (3) Tetracycline or Doxycycline
(Dox) for inducing expression. The experimental procedures of the T-RExTM System are
illustrated in Fig 2.1. T-REx system (Invitrogen) to overexpress wild-type FLAG-tagged
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Fig 2.1 The mechanism of inducible expression of mTOR through the T-RExTM
system. Tet repressor (tetR) protein is constitutively expressed from pcDNA6/TR vector
in stably transfected cells. TetR homodimers bind to the Tet operator 2 (TetO2)
sequences of the expression vector to repress the transcription of mTOR. Doxycycline
(Dox) binds to tetR homodimers, resulting in a conformational change of tetR, and
releases it from the Tet operator sequences. The release of repressor induces the gene
transcription of mTOR.

60

myocardin (generously provided by Dr. Da-Zhi Wang, Harvard Medical School) in
human aortic SMCs (ATCC, CRL-1999) was established as previously described [222].
The following are procedures of establishing a T-REx system to overexpress wild-type
FLAG-tagged mTOR in human aortic SMCs (ATCC, CRL-1999).
Plasmid construction: The cDNA encoding mTOR-FLAG was removed from the
plasmid pcDNA3-mTOR (#26603, purchased from Addgene) by Not I restriction
enzyme digestion and cloned into pcDNA4/TO/myc-HisA at the same site (Fig 2.2).
Transfection and selection: Human SMCs were cotransfected with pcNDA6/TR and
pcDNA4/TO/myc-mTOR at a ratio of 6:1 (wt/wt) using electroporation as described
above. Colonies resistant to both blasticidin (10 µg/ml) and Zeocin (1000 µg/ml) were
dual-selected for TetR and mTOR.
Screen of colonies: Stable cells containing a T-RExTM System were treated with or
without doxycycline (1 µg/ml) for 24 h, followed by screening for induction of mTOR
by immunoblotting and immunostaining with an anti-FLAG antibody.

2.2.14 Senescence associated β-Galactosidase (SA-β-gal) staining

Human VSMCs harboring the mTOR-overexpression T-REx system were treated with
Dox (1µg /ml) for 7 days. Staining for SA-β gal was performed by using Senescence
β-Galactosidase Staining Kit (Cell Signaling Technology, catalog no. 9860) at pH 6.0.
Remove growth media from the cells. Rinse the plate one time with PBS. Add 1 ml of
1x Fixative Solution to each 35 mm well. Allow cells to fix for 10-15 min at room
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Fig 2.2 Construction of inducible expression vector for mTOR. DNA sequence of
mTOR with a FLAG tag was cut from pcDNA 3.1 using Not I digestion. Then, it was
ligated into the pcDNA4 inducible vector.
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temperature. Rinse the plate with PBS twice. Add 1 ml of the β-Galactosidase Staining
Solution to each 35 mm well (containing 1mg/ml X-gal, adjust pH at 6.0). Seal plate
with parafilm to prevent evaporation. Incubate the plate at 37°C overnight in a dry
incubator (without CO2). While the β-galactosidase is still on the plate, check the cells
under a microscope for the development of blue color.

2.2.15 Generation of Mice Containing a SM-Restricted Mutation in the Atg7 Gene.

Mice homozygous for a vector that disrupts Atg7 in exon 14 by Cre-loxP technology
(Atg7flox/foxl mice, purchased from RIKEN BRC,RBRC02759 ) were crossbred with
SMMHC-CreERT2 mice (purchased from Jackson Laboratory, 019079), which express
tamoxifen-inducible Cre recombinase under the transcriptional control of the SMMHC
(Myh11) promoter, to obtain VSMC-specific atg7 knockout mice.To ablate the atg7
gene in VSMCs,2-mo-old Atg7flox/flox/SMMHC-Cre ERT2 mice(referred to as
atg7-/-mice)or Atg7+/+/SMMHC-Cre ERT2 controls (referred to as atg7+/+ mice) received 1
mg/kg i.p. injection of tamoxifen daily for 21 d. All animal protocols used in this study
were reviewed and approved by the University of Calgary Animal Care and Ethics
Committee and conformed to the guidelines established by the Canadian Council on
Animal Care.
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2.2.16 Statistical analysis

Data were expressed as mean ±S.E.M, representing at least three independent
experiments. The number of replicates (n) represents the number of independent assays.
An independent experiment means experiment that was performed from scratch by
culturing new cells or tissue followed by the treatments and subsequent experimental
analysis. The differences were compared using Student’s t-test between two groups,
one-way ANOVA with post hoc test among three or more groups.A p-value < 0.05 was
considered significant. All statistical analysis was performed using Instat 3.0 (GraphPad
Software, La Jolla, CA).
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Chapter Three: Regulation of Smooth Muscle Cell Differentiation: Role of
Glycogen Synthase Kinase-3β

3.1 Summary

Vascular aging switches VSMCs from differentiated phenotype to synthetic phenotype,
which contributes to many vascular diseases like atherosclerosis. Myocardin is a
transcriptional coactivator of SRF, which regulates VSMC differentiation and
phenotypic switching through induction of smooth muscle marker gene expression.
Glycogen synthase kinase (GSK)-3β, a serine/threonine kinase having an inhibitory role
in glycogen synthesis in hepatocytes and skeletal muscle, is also expressed in cardiac
and smooth muscles. Unlike many other protein kinases, GSK-3β is normally active in
resting cells and inhibited by various signaling pathways in stimulated cells. Inhibition
of GSK-3β results in cardiac hypertrophy through reducing phosphorylation and
increasing transcriptional activity of myocardin. The present thesis project, therefore,
aimed to examine whether and how the inhibition of GSK-3β contributes VSMC
differentiation through regulation of myocardin activity in human VSMCs. Our results
showed that inhibition of GSK-3β significantly reduced myocardin transcriptional
activity, as indicated by a decrease in expression of myocardin target,
SM-differentiation genes (and gene products), such as CNN1 (calponin), TAGLN1
(SM22), and ACTA2 (SM α-actin). Notably, in human VSMCs overexpressing
myocardin through the T-REx system, inhibition of GSK-3β decreased serine/threonine
phosphorylation of myocardin without affecting the protein level of exogenous
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myocardin. The chromatin immunoprecipitation (ChIP) assay showed that GSK-3β
inhibition reduced myocardin occupancy of the promoter of the myocardin target gene
ACTA2. Additionally, treatment with the GSK-3β inhibitor AR-A014418 reduced the
gene expression level of endogenous myocardin and downregulated the mRNA levels of
transcription factors for myocardin, such as Mef2a, Foxo4, Tead1 and Tead2.
Overexpression of a dominant-negative (DN) GSK-3β mutant in myocardinoverexpressing VSMCs reduced the expression of calponin, SM22, and SM α-actin. As
expected, overexpression of constitutively active (CA) or wild-type (WT) GSK-3β in
VSMCs without myocardin overexpression increased expression of these proteins. In
summary, our results indicate that inhibition of GSK-3β reduces myocardin
transcriptional activity through reduced myocardin phosphorylation and myocardin
gene expression, suggesting a positive role for GSK-3β in myocardin transcriptional
activity and smooth muscle differentiation.

3.2 Background information

Unlike skeletal and cardiac muscle cells, mature SMCs are not terminally differentiated.
They maintain significant capacity to modulate their phenotypes under various
physiological or pathological conditions. Aging, as an important independent risk factor
for many cardiovascular diseases, facilitates the transition of VSMCs from the
differentiated (contractile) to the dedifferentiated (synthetic) phenotype. Many studies
have reported that aging decreases expression of contractile proteins in VSMCs [28, 29,
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223] or increased expression of proteins involved in proliferation and migration [30,
223, 224]. As this phenotypic switch occurs in both aging and age-associated diseases,
such as atherosclerosis, understanding mechanisms of VSMC phenotypic switch in
aging may have the potential to inhibit the development of vascular diseases.

Myocardin, as a muscle-specific co-transcription factor of the SAP (SAF-A/B, Acinus,
and PIAS) domain family of transcription factors, is predominantly expressed in cardiac
and SMCs [46]. It drives the expression of cardiac- and SM-specific genes through SRF
[47, 225, 226], which directly binds to the CArG-box present in the promoters of most
SM genes including SM α-acitn, SM-MHC, SM22, and Calponin [227]. Myocardin is
particularly important in smooth muscle differentiation [47, 49, 226, 228]. Knock out of
murine myocardin results in death at E 10.5 without differentiation of VSMCs and
formation of blood vessels [225]. . Selective ablation of myocardin in neural
crest-derived SMCs populating the cardiac outflow tract and large arteries causes failure
of ductus arteriosus closure due to lack of SM differentiation [47]. Higher myocardin
activity is found in spindle-shaped and more differentiated SMCs than in epithelioid and
less differentiated SMCs [68], further supporting a positive correlation between
endogenous myocardin activity and SMC differentiation. Myocardin transcriptional
activity can be regulated by various levels of modification (see Table 1.1) and serves as
a point of convergence in mediating effects of environmental cues on the expression of
SMC marker genes, so it is critical to understanding the regulation of myocardin
transcriptional activity in VSMC differentiation during development and phenotypic
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modulation involving in vascular diseases.

GSK-3β is a serine/ threonine kinase first identified as a negative regulator of glycogen
synthase, the rate-limiting enzyme in glycogen synthesis in hepatocytes and skeletal
muscle. GSK-3β is also expressed in a variety of other tissues and cells including
VSMCs, and play critical roles in the regulation of cell proliferation, differentiation, and
many other cellular responses [96, 97, 229]. GSK-3β is typically active in unstimulated
cells, but is inhibited by various factors. Overexpression of GSK-3β potently induces
cardiomyocyte differentiation from bone marrow-derived mesenchymal stem cells [117].
It was also reported that GSK-3β is a critical regulator of embryonic stem cell
differentiation in vitro, and cardiac myocyte differentiation in vitro and in vivo [116]. In,
addition, GSK-3β plays a role in cellular senescence and aging. It has been reported that
inhibitory phosphorylation of GSK-3β at Ser9 increased in diverse cellular senescence
models and the liver tissues from aged rats [230].

Myocardin has been well-defined as a primed GKS-3β substrate containing two
conserved GSK-3β phosphorylation motif ((S/T-X3-S/T)n [83]. In cardiomyocytes,
either overexpression of myocardin or inhibition of GSK-3β by lithium chloride (LiCl),
a substrate based inhibitor, induces cardiac hypertrophy. Inhibition of GSK-3β by LiCl
or endothelin-1, a pro-hypertrophic agonist, leads to an increase in the expression of
myocardin target genes such as atrial natriuretic factor (ANF). In addition, coexpression
of constitutive-active GSK-3β significantly reduced the transcriptional activity of
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wide-type myocardin but not myocadin with phosphorylation sites mutant. These data
suggests that in cardiac hypertrophy induced by inhibition of GSK-3β through reduction
of myocardin phosphorylation, and an enhancement of myocardin activity [83].

There has been no direct evidence to show whether and how GSK-3β regulates
myocardin activity in VSMCs, but evidence suggests a positive correlation between
GSK-3β and myocardin activities. Within neointima lesions of carotid arteries,
dedifferentiation of SMCs was accompanied by a reduction in GSK-3β activity, as
indicated by an increase in GSK-3β phosphorylation at the inhibitory Ser9 site [123]. In
addition, there is evidence showing that smooth muscle functions can be regulated by
GSK-3β. Inhibition of GKS-3β by inhibitors induces hypertrophy of airway smooth
muscle (ASM) [121, 122], while overexpression of constitutively-active GSK-3β blocks
the hypertrophic phenotype of ASM induced by GSK-3β inhibitors [121].

In the current study, therefore, we investigated that how GSK-3β regulates myocardin
transcriptional activity and modulates VSMC phenotypic plasticity in vitro.

3.3 Rationale and hypothesis

Myocardin is a critical co-transcription factor of SRF, which regulates SMC
differentiation through driving the expression of SM-specific genes. Within neointimal
lesions of carotid arteries, dedifferentiation of VSMCs was accompanied by a reduction
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in GSK-3β activity. Myocardin has been known as one of the substrates of GSK-3β and
its phosphorylation by GSK-3β downregulates its transcriptional activity in
cardiomyocytes. Therefore, our hypothesis is that GSK-3β positively regulates
myocardin transcriptional activity and, thereby contributes to VSMC differentiation.

3.4 Results

3.4.1 Inhibition of GSK-3β attenuates transcriptional activities of myocardin

We first examined in human vascular SMCs how GSK-3β inhibition (by two
structurally distinct GSK-3β inhibitors: AR-A014418 and TWS 119) regulates
expression of the smooth muscle marker genes, CNN1, ACTA2, and TAGLN1.
AR-A014418, a well-known GSK-3β inhibitor, is an ATP-competitive inhibitor (IC50:
27 nM) [231]. TWS119, a 4,6-disubstituted pyrrolopyrimidine, potently inhibits
GSK-3β with an IC50 value of 30 nM [232]. The induction of myocardin target genes
has been used to estimate the level of myocardin transcriptional activity [68, 226].
Treatment with either inhibitor (10 μM for 12 h) significantly reduced endogenous
expression of the myocardin target genes CNN1, ACTA2, and TAGLN1 at both mRNA
and protein levels (Fig 3.1). Treatment with 1μM of each inhibitor for 12 h also reduced
ACTA2 expression, but to a lesser extent than 10 μM (data not shown). Since the
concentration of AR-A014418 [85] or TWS 119 [232, 233] at 10 μM has been widely
used in the literature, we performed further experiments with this concentration. In
summary, these results suggested that inhibition of GSK-3β results in a reduction in
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Fig 3.1 GSK-3β inhibitors reduce the expression of endogenous myocardin target
genes. Cultured human aortic SMCs were treated with AR-A014418 (AR-A, 10 μM) or
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TWS 119 (TWS, 10 μM) for 12 h. Total RNA and protein were then extracted for
RT-qPCR and western blot analysis as described in Methods. A, C, E: RT-qPCR results
showing the mRNA levels of CNN1 (A), ACTA2 (C), TAGLN1 (E) in SMCs compared
with GAPDH. B, D, F: Western blot results showing relative calponin (B), SM α-actin
(D), SM22 (F) protein levels in SMCs compared with β-actin; inset: representative
western blots. (n = 3, * p< 0.05 compared with control group, determined using
Student’s t-test).
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endogenous myocardin transcriptional activity.

To further investigate the regulatory role of GSK-3β on myocardin transcriptional
activity, we established a myocardin overexpression system in human aortic SMCs
using the T-REx system as we previously described [68, 89, 222]. In human vascular
SMCs harboring the T-REx system, treatment with Dox (1 μg/ml) for 24 h induced the
expression of exogenous myocardin as previously described and its target genes, such as
CNN1 (Fig 3.2 A and B), ACTA2 (Fig 3.2 C and D), and TAGLN1 (Fig.3.2 E and F). As
anticipated, treatment with either AR-A014418 (10 μM) or TWS 119 (10 μM)
significantly inhibited the transcriptional activity of myocardin over-expressed through
the T-REx system, as indicated by decreases in the expression of myocardin target genes
at both mRNA (Fig 3.2 B, D and F) and protein levels (Fig 3.2 A, C and E)).
Knockdown of GSK-3β by siRNA mimicked the effects of both inhibitors and
significantly decreased the expression of GSK-3β and myocardin target genes (Fig 3.2
G–J).

It was previously reported that forced expression of myocardin inappropriately induced
expression of cardiac CArG-dependent genes in cultured SMCs [234]. We then
examined expression of the ACTC1 gene, which product is cardiac α-actin, in response
to myocardin overexpression in VSMCs and the effect of AR-A014418. As previously
reported [234], overexpression of myocardin through the T-REx system slightly
increased the expression level of the ACTC1 gene. Unlike the smooth muscle-specific
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Fig 3.2 Effects of GSK-3β inhibition on expression of myocardin target genes in
response to myocardin overexpression in human aortic SMCs and CHO cells.
Human aortic SMCs harboring the T-REx system for myocardin expression were treated
with or without doxycycline (Dox, 1 μg/ml) for 24 h and subsequently with
AR-A014418 (AR-A, 10 μM) or TWS 119 (TWS, 10 μM) for 12 h. Total RNA and
protein were then extracted for RT-qPCR and western blot analysis, respectively, as
described in Methods. A, C, E: Western blot results showing relative calponin (A), SM
α-actin (C), and SM22 (E) protein levels compared with β-actin; insets: representative
western blots. (n=3, *p < 0.05 compared with control group. **p< 0.05 compared with
the Dox group, determined using one-way ANOVA). B, D, F: RT-qPCR results showing
the expression levels of CNN1 (B), ACTA2 (D), and TAGLN1 (F) mRNAs compared
with GAPDH. (n=3, *p < 0.01 compared with control group. **p< 0.05 compared with
the Dox group, determined using one-way ANOVA). In addition, cultured SMCs
harboring the T-REx system were transfected with either scrambled or GSK-3β siRNA
in the presence of Dox. G–J: Western blot results showing protein expression levels of
GSK-3β (G), calponin (H), SM α-actin (I), and SM22 (J), standardized with β-actin;
insets: representative western blots. Human aortic SMCs harboring the T-REx system
for myocardin expression were treated with or without doxycycline (Dox, 1 μg/ml) for
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24 h and subsequently with AR-A014418 (AR-A, 10 μM) for 12 h. Total RNA was then
extracted for RT-qPCR. K: RT-qPCR results showing the expression levels of ACTC1.
Chinese hamster ovary cells (CHO) harboring the T-REx system for myocardin
expression were treated with or without doxycycline (Dox, 1 μg/ml) for 24 h and
subsequently with AR-A014418 (AR-A, 10 μM) for 12 h. Total RNA was then extracted
for RT-qPCR. L, M: RT-qPCR results showing the expression levels of TAGLN1 and
ACTA2 mRNAs in CHO cells compared with GAPDH. (n=3, *p < 0.01 compared with
control group. **p< 0.05 compared with the Dox group, determined using one-way
ANOVA).
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genes examined, expression of the ACTC1 gene was not downregulated by treatment
with AR-A014418 (Fig 3.2 K).

In addition, it was reported that overexpression of myocardin induces the expression of
SM-specific genes even in non-SM cells [49]. Therefore, we examined whether
inhibition of GSK-3β reduces myocardin-induced expression of SM-specific genes in
chinese hamster ovary (CHO) cells. In CHO cells harboring a myocardin-inducible
T-REx system, Dox treatment (Dox, 1 μg/ml) for 24 h induced an overexpression of
myocardin (data not shown), as we previously described [222]. Indeed, myocardin
overexpression induced a remarkable increase in TAGLN1 (Fig 3.2 L) and ACTA2 (Fig
3.2 M) mRNA expression, which was blocked by AR-A014418 (10 μM, 12 h). Our
results, therefore, suggest that inhibition of GSK-3β reduces transcriptional activity of
myocardin in human VSMCs and non-SM cells overexpressing myocardin.

3.4.2 Inhibition of GSK-3β reduces serine and threonine phosphorylation of
myocardin

Given that GSK-3β is a serine/threonine kinase that phosphorylates several signaling
proteins and regulates signal transduction in various cells [96, 97, 229], and that the
inhibition of GSK-3β downregulates exogenous myocardin activity, it can be suggested
that GSK-3β-mediated phosphorylation may paly a role in the regulation of myocardin
activity. To explore the mechanisms underlying the effects of GSK-3β inhibition on
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myocardin transcriptional activity, we examined whether inhibition of GSK-3β
significantly reduces myocardin protein and/or its phosphorylation. Endogenous
myocardin expression level is low, so that it is difficult to detect the phosphorylation
level of endogenous myocardin. To address this question, we used the T-REx system to
overexpress myocardin to address this question. SMCs overexpressing myocardin were
treated with the GSK-3β inhibitors AR-A014418 or TWS 119, followed by western blot
analysis to determine myocardin protein and its phosphorylation levels. As shown in
Figure 3.3 A, myocardin expression in human aortic SMCs was induced through the
T-REx system with the addition of Dox, as previously described [222]. Treatment with
AR-A014418 (10 μM) or TWS 119 (10 μM) did not significantly reduce myocardin
protein levels (Fig. 3.3 A). To examine whether inhibition of GSK-3β affects serine and
threonine phosphorylation of myocardin, we performed immunoprecipitation using
anti-FLAG antibody, followed by western blotting using anti-phosphoserine or
anti-phosphothreonine antibody and anti-myocardin antibody, respectively. The signal
of phosphorylation of myocardin was normalized to that of total myocardin. Our results
showed that treatment with AR-A014418 or TWS 119 significantly reduced both
threonine (Fig. 3.3 B) and serine (Fig. 3.3 C) phosphorylation of myocardin. Next, we
examined whether GSK-3β interacts with myocardin using immunoprecipitation and
western blot assays. After induction of myocardin expression and treatment with each of
the GSK-3β inhibitors, myocardin and GSK-3β were immunoprecipitated with
antibodies against myocardin and GSK-3β, respectively. Protein complexes
immunoprecipitated by myocardin and GSK-3β antibodies were detected by western
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Fig 3.3 Effects of GSK-3β inhibition on expression and phosphorylation of
myocardin and SRF and interaction of myocardin with GSK-3β or SRF. Cultured
human aortic SMCs harboring the T-REx system for myocardin (Myocd) expression
were treated with or without doxycycline (Dox, 1 μg/ml) for 24 h and subsequently with
AR-A014418 (10 μM) or TWS 119 (10 μM) for 12 h. Proteins were then extracted for
western blot analysis and immunoprecipitation. A: Western blots showing the relative
expression levels of Myocd in the absence and presence of AR-A and TWS 119,
standardized with β-actin. Insets: representative western blots. (n=3, *p < 0.05
compared with control, determined using Student’s t-test). B, C: Western blots showing
the relative phosphorylation levels of Myocd at either threonine or serine sites in the
absence and presence of AR-A and TWS 119, standardized with total Myocd protein.
Myocd was immunoprecipitated from cell lysates with FLAG-tag antibody, followed by
western blot detection using anti-Myocd (B, C), anti-phosphothreonine (B), or
anti-phosphoserine (C) antibodies. (n=3, * p < 0.05 compared with Dox-treated group,
determined using Student’s t-test). D: Assessment of interaction between Myocd and
GSK-3β in the absence and presence of AR-A and TWS 119. Protein lysates were
immunoprecipitated using anti-Myocd or anti-GSK-3β antibody, followed by western
blot detection using anti-Myocd antibody and anti-GSK-3β antibody. Western blots
represent three independent experiments. E: Western blots showing the relative SRF
phosphorylation level in the absence and presence of AR-A and TWS 119, standardized
with total SRF protein. Protein lysates were immunoprecipitated with anti-SRF antibody,
followed by western blot detection using anti-SRF antibody and anti-phosphoserine
antibody. n=3. F: Assessment of interaction between Myocd and SRF in the absence and
presence of AR-A and TWS 119. Protein lysates were immunoprecipitated with
anti-Myocd antibody and anti-SRF antibody, followed by western blot detection using
anti-Myocd and anti-SRF antibodies. Western blots represent three independent
experiments.

82

blotting using anti-GSK-3β or anti-myocardin antibody, respectively. The results
showed that there was no significant interaction between myocardin and GSK-3β (Fig.
3.3 D). We also examined if GSK-3β inhibition reduces SRF phosphorylation and the
interaction between SRF and myocardin. We immunoprecipitated SRF or myocardin,
followed by western blotting with anti-myocardin or anti-SRF antibody, respectively.
Phosphorylation of SRF was detected using anti-phosphoserine antibody following
immunoprecipitation with anti-SRF antibody. Our results showed that inhibition of
GSK-3β did not significantly affect either SRF phosphorylation (Fig. 3.3 E) or
association between SRF and myocardin (Fig. 3.3 F).

Taken together, these data suggest that GSK-3β inhibition reduces phosphorylation of
myocardin without affecting SRF phosphorylation or the association between SRF and
myocardin, leading to a reduction in myocardin transcriptional activity.

3.4.3 Inhibition of GSK-3β reduces myocardin association with the promoter of its
target gene

Given that GSK-3β inhibition did not significantly affect the association of myocardin
and SRF, we further investigated whether GSK-3β inhibition reduces the recruitment of
the myocardin-SRF complex to its target gene promoters, such as ACTA2 using the ChIP
assay, as we previously described [89]. We examined the binding of myocardin to the
promoter of the ACTA2 target gene with and without treatment with AR-A014418. As
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we previously described, in human aortic SMCs harboring the T-REx system, an
overexpression of myocardin and its recruitment to the ACTA2 promoter was observed
through the addition of Dox (1 μg/ml) for 24 h (Fig 3.4) [89]. Treatment with
AR-A014418, however, abolished the recruitment of myocardin to the ACTA2 promoter
(Fig 3.4). Therefore, our results suggest that myocardin phosphorylation by GSK-3β is
critical for the recruitment of myocardin to its target gene promoter.

3.4.4 Inhibition of GSK-3β down-regulates myocardin gene expression and multiple
transcriptional enhancers of the myocardin gene

After identifying that inhibition of GSK-3β attenuated myocardin phosphorylation with
downregulation of myocardin transcriptional activity, we further investigated whether
inhibition of GSK-3β modulates the gene expression of endogenous myocardin in
VSMCs. We used human aortic SMCs, which do not harbor the T-REx system for
myocardin overexpression. As expected, both the mRNA and protein expression levels
of endogenous myocardin were reduced by AR-A014418 treatment (Fig 3.5 A and B).
To explore the underlying mechanism of the inhibition of myocardin gene expression by
AR-A014418, we then examined expression levels of Mef2a, Foxo4, Tead1 and Tead2,
which were reported to promote myocardin gene expression by binding to the
transcriptional enhancer of myocardin [78]. Our RT-qPCR results showed that treatment
with AR-A014418 for 12 h resulted in significant downregulation of Mef2a, Foxo4,
Tead1 and Tead2 mRNA levels (Fig 3.5 C-F). These data suggest that inhibition of
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Fig 3.4 Effects of AR-A014418 on the recruitment of myocardin to the ACTA2
promoter. Human aortic SMCs harboring the T-REx system for myocardin (Myocd)
expression were treated with doxycycline (Dox, 1 μg/ml), AR-A014418 (AR-A, 10 μM),
or both 1 μg/ml Dox and 10 μM AR-A for 24 h before being processed for chromatin
immunoprecipitation with antibodies to Myocd. The immunoprecipitated SM α-actin
promoters were measured in a real time PCR assay (in triplicate). The protein-promoter
binding was calculated as the amount of immunoprecipitated promoter normalized to
total input of promoter. (n=3, * p < 0.05 compared with control group; **p <0.05
compared with Dox group, determined using one-way ANOVA).
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Fig 3.5 Inhibition of GSK-3β by AR-A014418 down-regulates endogenous
myocardin expression and multiple transcription factors of the myocardin gene.
Cultured human aortic SMCs were treated with AR-A014418 (10 μM) for 12 h. Total
RNA and protein were then extracted for RT-qPCR and western blot analysis,
respectively, as described in Methods. A, C, D, E, F: RT-qPCR results showing the
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mRNA levels of myocardin (A), MEF2a (C), Foxo4 (D), Tead1 (E), and Tead2 (F)
compared with GAPDH. B: Western blot results showing relative myocardin protein
levels compared with β-actin; insets: representative western blots. (n = 3* p< 0.05
compared with control group, determined using Student’s t-test).
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GSK-3β decreases endogenous myocardin protein level, which may be through a
dwonregulation of transcription factors for the enhancer of myocardin.

3.4.5 Kinase-dead GSK-3β inhibits the expression of calponin, SM a-actin, and SM22

After characterizing the effects of GSK-3β inhibition on myocardin transcriptional
activity using inhibitors and siRNA, we further examined the role of GSK-3β on
myocardin transcriptional activity through the expression of KD GSK-3β in SMCs
overexpressing myocardin. To do so, SMCs harboring the T-REx system for myocardin
overexpression were transfected with HA-tagged KD GSK-3β by electroporation for
24 h, followed by treatment with Dox (1 μg/ml) to induce myocardin overexpression for
an additional 24 h. Transfected cells were identified by positive staining by anti-HA-tag
antibody and immunofluorescence microscopy. Myocardin activity in transfected cells
was indicated by the expression of calponin through double immunostaining (Fig 3.6 A).
Cells after overexpression of myocardin showed a strong immunostaining signal for
calponin. However, KD GSK-3β-transfected SMCs had weaker expression levels of
calponin compared with non-transfected cells. Similar results were obtained for α-actin
(Fig 3.6 C) and SM22 (Fig 3.6 E). Taken together, our results indicate that expression of
KD GSK-3β inhibits the transcriptional activity of myocardin.
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Fig 3.6 Effects of kinase-dead (KD), wild-type (WT), and constitutively active (CA)
GSK-3β on SM-differentiation markers expression. A, C, E: Human aortic SMCs
harboring the T-REx system were first transfected with GFP vector or KD GSK-3β by
electroporation and cultured for 24 h, followed by treatment with doxycycline (Dox, 1
μg/ml) for an additional 24 h to induce the expression of myocardin and its target genes
such as calponin, α-actin, and SM22. After fixation, cells were immunostained with
both HA-tag antibody for GSK-3β and antibody for calponin (A), α-actin (C), or SM22
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(E), followed by incubation with the respective secondary antibodies for anti- HA
(GSK-3β, green) and calponin, α-actin, SM22 (red) antibodies. The nuclei were
counterstained with DAPI (blue). The micrographs were obtained and merged using
SPOT Advanced Microscopy software. Arrows indicate positively transfected SMCs.
Data are representative of three independent experiments. B, D, F: Human aortic SMCs
without the T-REx system were transfected with HA-tagged WT or CA GSK-3β,
followed by immunostaining with anti HA-tag antibody for GSK-3β and antibody for
calponin (B), α-actin (D) or SM22 (F) and the respective secondary antibodies for
anti-HA-tag (GSK-3β, green) and calponin, α-actin, SM22 (red) antibodies. The nuclei
were counterstained with DAPI (blue). The micrographs were obtained and merged
using SPOT Advanced Microscopy software. Arrows indicate positively transfected
SMCs. Data are representative of three independent experiments.
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3.4.6 Constitutively active (CA) or wild-type (WT) GSK-3β increases myocardin
transcriptional activity

Given that inhibition of GSK-3β inhibited myocardin transcriptional activity, we
determined whether expression of wild-type (WT) or constitutively-active (CA)
GSK-3β increases transcriptional activity of myocardin. To address this question, we
used human VSMCs, which did not harbor the T-REx system for myocardin expression.
These VSMCs were transiently transfected with HA-tagged CA or WT GSK-3β plasmid
DNAs, followed by immunostaining to detect the expression of myocardin target genes,
such as calponin, SM α-actin, and SM22, as described for DN GSK-3β. SMCs
transfected with WT or CA GSK-3β were identified by positive staining for HA-tag
under immunofluorescence microscopy. The nuclei were counterstained with DAPI. As
shown in Figure 5B, cells transfected with WT or CA GSK-3β were positively stained
for calponin (Fig 3.6 B), SM α-actin (Fig 3.6 D), and SM22 (Fig 3.6F). Taken together,
our results indicate that GSK-3β stimulates the transcriptional activity of myocardin.

3.5 Discussion

The current study showed that GSK-3β inhibition reduces myocardin transcriptional
activity at both post-translational and gene transcriptional levels of myocardin in human
VSMCs, suggesting a positive role of GSK-3β in SM differentiation. This conclusion is
supported by the following evidence. First, inhibition of GSK-3β was achieved by
different approaches, including two structurally different GSK-3β inhibitors, siRNA
93

knockdown of GSK-3β, and overexpression of DN GSK-3β. Myocardin transcriptional
activity was monitored by determining the expression levels of several myocardin target
genes, including ACTA2, CNN1, and TAGLN1. We observed significantly reduced
expression levels of myocardin target genes by inhibition of GSK-3β. Second,
overexpression of either WT- or CA-GSK-3β in human VSMCs increased the
expression of myocardin target genes. In addition, GSK-3β inhibition inhibited
myocardin phosphorylation and abolished its recruitment to the target gene promoter,
suggesting a role of GSK-3β-mediated phosphorylation of myocardin in its
transcriptional activity. Finally, treatment with GSK-3β inhibitor also downregulated
protein and mRNA levels of endogenous myocardin and mRNA levels of several
transcriptional activators of myocardin gene enhancer. Therefore, we propose that under
normal conditions, GSK-3β stimulates myocardin transcriptional activity through both
regulation of its gene expression and post-translational phosphorylation.

In this study, we used two structurally different GSK-3β inhibitors, AR-A014418 and
TWS 119. Both of them are synthetic molecules and specifically inhibit GSK-3β
through an ATP-competitive mechanism. AR-A014418 is a potent selective GSK-3β
inhibitor (IC50 = 104 nM) which exhibits specificity for GSK-3β over CDK2 and
CKD5 (IC50 values are > 100 μM) and over 26 other kinases [235]. TWS119, a
4,6-disubstituted pyrrolopyrimidine, was recently identified as a GSK-3β inhibitor from
a phenotypic cellular screen [232]. Although the concentration of inhibitors can be
predicted from IC50, the actual effective concentration is determined by many factors,
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such as cell type, incubation time. In cultured cellular system, both inhibitors are widely
used at 10 μM concentration in the literature [85, 232, 233]. In current study, compare
to treatment of 1μM of each inhibitor (data not shown), treatment with 10μM of each
inhibitor for 12 h exhibited most significant effect on the expression levels of
myocardin-target genes. To exclude side effects of GSK-3β inhibitors, we also used
siRNA to silence GSK-3β activity and transfected DN GSK-3β plasmid to mimic the
effects of GSK-3β inhibitors.

The conclusion that inhibition of GSK-3β reduces myocardin activity is also supported
by a previous study performed in vivo, which revealed a positive correlation between
GSK-3β activity and myocardin transcriptional activity in neointimal lesions of carotid
arteries [123]. More specifically, western blot analysis demonstrated enhanced
phosphorylation of GSK-3β at Ser9, which indicates an inactivation of GSK-3β, in
vessels 7 days after injury compared with uninjured control vessels. Consistently,
downregulation of myocardin activity and SMC dedifferentiation co-exist in neointimal
lesions, as we previously described [89].

In cardiomyocytes, overexpression of GSK-3β potentially induces cardiomyocyte
differentiation from bone marrow-derived mesenchymal stem cells [117]. Considering
the roles of myocardin in muscle differentiation, and also our finding that GSK-3β
activates myocardin activity, we speculate that myocardin activation may be involved in
GSK-3β-induced differentiation of cardiomyocytes. However, it was reported that in
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cardiac myocytes inhibition of GSK-3β by GSK-3b inhibitors or transfection of
GSK-3β-resistance myocardin mutant increases myocardin activity and induces cardiac
hypertrophy, suggesting a negative regulatory effect of GSK-3β on myocardin [83]. This
finding is opposite to ours described in VSMCs. First of all, the effect of GSK-β on
myocardin could be cell type-specific. Notably, we also observed that inhibition of
GSK-3β abolished myocardin-induced expression of SM-marker genes in CHO cells,
suggesting that our finding is not limited to VSMCs. Whether GSK-3β inhibits
myocardin activity only in cardiomyocytes needs to be verified. In addition, the
discrepancy between the effects of GSK-3β on myocardin activity may result from
different target genes being investigated. Our studies have focused on the expression of
SM-marker genes, ACTA2, CNN1, and TAGLN1. We also observed an increase in
ACTC1 gene expression in VSMCs in response to overexpression of myocardin.
However, inhibition of GSK-3β did not inhibit expression of ACTC1, the cardiac muscle
marker gene, as observed for SM-marker genes. Moreover, differential phosphorylation
of myocardin by GSK-3β in cardiac and smooth muscle cells may result in different
effects of myocardin on its target genes. In cardiomyocytes, for example, inhibition of
GSK-3β mainly reduced serine phosphorylation [83], but we observed a significant
reduction in both serine and threonine phosphorylation of myocardin in response to
GSK-3β inhibition in SMCs. Finally, in our study we also revealed GSK-3β-induced
downregulation in gene transcription of both endogenous myocardin and its enhancers,
suggesting that in VSMCs, GSK-3β regulates myocardin activity through different
mechanisms. Whether the differences in phosphorylation sites or regulatory mechanism
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account for the differences in myocardin regulation by GSK-3β in cardiomyocytes and
SMCs requires more investigation [236, 237].

Myocardin possesses several highly conserved GSK-3β phosphorylation motifs and
appears to be an ideal candidate for a downstream target of GSK-3β. Our results showed
that in myocardin-overexpressed VSMCs, inhibition of GSK-3β attenuated myocardin
phosphorylation levels at both serine and threonine sites, and abolished myocardin
recruitment to its target gene promoter. A previous study suggests that myocardin
phosphorylation by GSK-3β promotes its ubiquitylation by Hsc70-interacting protein
(CHIP) and proteasomal degradation, and subsequent decrease in myocardin
transcriptional activity [85]. We previously showed that myocardin overexpressed in
VSMCs through the T-REx system undergoes ubiquitylation and proteasomal
degradation [89]. In the current study, however, we showed that GSK-3β inhibition did
not significantly modulate exogenous myocardin protein levels, suggesting that
ubiquitylation/degradation of myocardin is unlikely to be involved in the reduced
transcriptional activity of myocardin by GSK-3β inhibition. Our results also showed
that inhibition of GKS-3β did not affect the phosphorylation level of SRF or formation
of the myocardin-SRF complex, suggesting a role for GSK-3β-mediated
phosphorylation of myocardin in myocardin transcriptional activity.

If GSK-3β-mediated phosphorylation of myocardin is indeed critical for its recruitment
to the target gene promoter, several questions will be raised based on our results in the
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current study. For example, how does GSK-3β phosphorylate myocardin and how does
GSK-3β phosphorylation facilitate myocardin recruitment? Firstly, myocardin is a
well-defined substrate for GSK-3β [83]. Inhibition of GSK-3β reduced myocardin
phosphorylation, but co-immunoprecipitation assay did not reveal a significant
interaction between myocardin and GSK-3β. The failure to detect their interaction in
immunoprecipitation may be due to the occurrence of a transient enzyme-substrate
interaction or unoptimized immunoprecipitation conditions in this in vitro experiment.
To avoid these pitfalls, in the future, we can use the in vivo proximal ligation assay to
study the interaction of GSK-3β and myocardin in VSMCs. It is also possible that other
molecules such as β-catenin mediate or facilitate interaction between GSK-3β and
myocardin and myocardin phosphorylation by GSK-3β. GSK-3β is known to
phosphorylate β-catenin, thus targeting it for degradation [238]. In the epithelium during
epithelial–myofibroblast transition, β-catenin knockdown was found to inhibit SM
α-actin expression through disrupting the complex of SRF/MRTF [120]. β-catenin also
suppresses the Smad3-mediated recruitment of GSK-3β MRTF and reduces MRTF
ubiquitylation and degradation [120]. Nevertheless, it remains unknown whether and
how β-catenin plays a role in the regulation of myocardin activity in vascular SMCs.

It also remains unknown how GSK-3β-mediated phosphorylation of myocardin, which
does not affect its binding to SRF, affects myocardin-SRF complex binding to
CArG-boxes in the promoters. Although myocardin does not directly bind to the
promoters, it is known to enhance SRF binding to non-consensus CArG boxes
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associated with smooth muscle SRF gene targets, such as SM α-actin [52]. Therefore, it
is possible that GSK-3β phosphorylation of myocardin promotes the binding of SRF to
DNA, which may also involve myocardin interaction with other adjacent molecules
and/or transcription factor(s).

Finally, vascular aging promotes VSMC phenotypic switch from a contractile
phenotype to a synthetic phenotype, which is an essential molecular mechanism in
various cardiovascular diseases, such as atherosclerosis. Myocardin transcriptional
activity is critical for VSMC phenotypic modulation. In addition, it has been reported
that inhibitory phosphorylation levels at both Ser 9 of GSK3β increased in various
cellular senescence models and liver tissues from aged rats [230], suggesting a potential
role of GSK-3β in aging. Our results imply that any signaling pathway activated during
vascular aging and inhibiting GSK-3β in vivo may result in VSMC dedifferentiation
through reduction of myocardin activity, as observed in neointimal lesions.
Mitogen-activated protein kinase (MAPK or Erk1/2) and p38 MAPK are activated in
response to ROS stress during aging [239, 240], and have been reported to
phosphorylate GSK-3β and inhibit its activity [241, 242]. Consistently, inactivation of
myocardin may mediate SMC dedifferentiation in response to activation of the MAPK
pathway [243, 244]. In addition, mTOR signaling pathway, an important participant in
the process of aging [245], is also involved in the inhibition of GSK-3β activity through
phosphorylation at S9 of GSK-3β by a downstream target of mTOR, S6K [246].
Meanwhile, inhibition of mTOR by rapamycin has been reported to induce VSMC
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differentiation through an upregulation of myocardin-target gene expression, including
calponin, SM-MHC [247]. These evidence suggest that some signaling pathways
activated in the process of aging may play a role in VSMC phenotypic modulation
through GSK-3β-mediated inhibition of myocardin transcriptional activity.

In summary, our results demonstrate that GSK-3β regulates myocardin transcriptional
activity at both gene expression and post-translational levels in VSMCs (Fig. 3.7).
Inhibition of GSK-3β reduces transcriptional activity of myocardin by inhibiting
myocardin recruitment to the promoter of target genes, which may involve a mechanism
of myocardin phosphorylation and inhibition by GSK-3β. We also identified the
gene-transcriptional regulation of endogenous myocardin by GSK-3β, which may be
attributed to the downregulation of myocardin gene transcriptional enhancers by
GSK-3β inhibition. There are still some questions unanswered in this study, for example,
how GSK-3β promotes myocardin recruitment and how GSK-3β regulates myocardin
transcriptional enhancers. Nevertheless, this study reveals a role of GSK-3β in
mediating differentiation of VSMCs. The regulation of myocardin activity by GSK-3β
may represent one of the mechanisms underlying phenotypic plasticity of vascular
smooth muscle, which is potentially involved in the pathogenesis of aging-associated
vascular diseases.
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Fig 3.7 Model of GSK-3β-regulated myocardin transcriptional activity. GSK-3β
increases myocardin expression by inducing transcriptional factors that bind to the
myocardin transcriptional enhancer. On the other hand, GSK-3β phosphorylates
myocardin and enhances its recruitment to target gene promoters. Both mechanisms
mediated by GSK-3β positively regulate SM differentiation through upregulating
myocardin transcriptional activity.
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3.6 Conclusions and limitations

Taken together, the results from this part of the thesis have demonstrated the following:
1. GSK-3β positively regulates the expression of myocardin-target SM differentiation
marker genes.
2. GSK-3β phosphorylates myocardin at both serine and threonine residues.
3. Phosphorylation of myocardin by GSK-3β facilitates myocardin recruitment to the
promoter of its target gene, without affecting myocardin-SRF association and SRF
phosphorylation levels.
4. GSK-3β regulates myocardin gene expression through upregulating transcriptional
factors of its enhancer.

This study also has some limitations. Firstly, we did not identify the phosphorylation
sites of myocardin by GSK-3β in VSMCs as those reported in cardiomyocytes. Further
identification of the specific phosphorylation sites of myocardin by GSK-3β in VSMCs
will provide further evidence to explain why GSK-3β regulates myocardin differently in
cardiomyocytes and VSMCs. Secondly, phosphorylation of endogenous myocardin was
not be examined in this study because of the low expression level of endogenous
myocardin in VSMCs. Thirdly, given that Mef2a, Foxo4, Tead1, and Tead2 are widely
expressed transcriptional factors, more evidence is needed to establish a causal
relationship between downregulated myocardin protein expression and reduced
expression levels of Mef2a, Foxo4, Tead1 and Tead2 by treatment with GSK-3β
inhibitors. Further efforts are needed to explore the underlying mechanisms that regulate
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Mef2a, Foxo4, Tead1 and Tead2 by GSK-3β. Finally, as described in the Discussion of
this charpter, Wnt/β-catenin signaling is also involved SMC differentiation. However, in
the current study, we did not detect the expression level of β-catenin to exclude the
involvement of Wnt/β-catenin signaling in GSK-3β-regulated myocardin activity.

Vascular aging not only affects VSMC differentiation via phenotypic modulation, and
also induces VSMC polyploidization. Polyploidy of VSMCs increases exponentially
over the lifespan of animals, making it a hallmark of aging. Like counting the rings on a
tree stump, VSMC polyploidization is studied in the following Chapter Four and
Chapter Five to reveal the process of vascular aging.
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Chapter Four: Regulation of SMC polyploidization and Subsequent Apoptosis:
Effects of Microtubule Disruption

4.1 Summary

VSMC polyploidization is well documented in aged or hypertensive vascular wall.
Aging is also known to increases apoptotic susceptibility of VSMCs. Increased VSMC
apoptosis has been established in blood vessels from both age human and spontaneously
hypertensive rats. Microtubule is a major component of mitotic spindle, and plays an
important role in the mitosis of cell cycle. Cellular polyploidization is always
accompanied by apoptosis in many cell types, especially in response to
microtubule-interefering reagent, such as nocodazole (ND). In current study, the
preliminary data showed that ND treatment induces microtubule disruption of VSMCs
as well as subsequent polyploidization and apoptosis. However, it is not known whether
polyploidization causes apoptosis. This project was designed to examine whether
polyploidization precedes apoptosis of VSMCs and to identify the underlying
mechanism(s) of VSMC polyploidization. We used laser scanning cytometry (LSC) to
study ND-induced polyploidization. To quanitate ND-induced apoptosis , we used a
DNA fragmentation assay, TUNEL assay, and cell cycle analysis by LSC. In order to
determine the causal relationship between polyploidization and apoptosis in VSMCs,
we performed BrdU pulse-chase assay. The LSC analysis showed that VSMCs treated
with ND failed to undergo mitosis, but continued synthesizing DNA, resulting in
polyploidization (> 4N DNA content), and finally appeared in the apoptotic peak of the
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cell cycle. Additionally, prevention of VSMC polyploidization by actinomycin D
inhibited ND-induced apoptosis. To further explore the mechanism underlying VSMC
polyploidization, we found that rapamycin treatment prevented ND-induced
polyploidization and supsequent apoptosis without affecting ND-induced microtubule
disruption. Further studies demonstrated that ND treatment induced activation of mTOR
signaling, and overexpression of wild-type mTOR resulted in VSMC polyploidization.
Taken together, our results suggest that microtubule disruption induces VSMC
polyploidization likely through activation of mTOR, which finally leads to apoptosis.

4.2 Background information

Polyploidization is a process whereby cells continue synthesizing DNA after the
S-phase so as to contain ≥ 4N DNA content, resulting from various mechanisms [248].
(see Fig 1.5). Polyploidization frequently happens in plants. Altouhgh mammals usually
do not tolerate polyploidy, somatic polyploidization can be seen in some cell types, such
as hepatocytes [133], megakaryocytes [126], cardiacmyocytes [249], SMCs [151, 250]
in either physiological and pathological conditions.

VSMCs undergo significant polyploidization and apoptosis during hypertension [251]
and vascular aging [132]. Several factors involved in the pathogenesis of hypertension,
such as angiotensin II, epinephrine, catecholamines, and inhibitors of nitric oxide
synthase were previously reported to induce VSMC polyploidization in vivo [252-254].
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The causes of VSMC polyploidization and its functional consequences have recently
regained more attention. It was reported that polyploidization results in increased cell
mass, likely contributing to the hypertrophic phenotype of VSMCs in the hypertensive
vasculature [255]. It must be noted that significant increase in VSMC apoptosis is also
well documented in the hypertensive animals [148, 150, 151, 160]. VSMCs from
spontaneous hypertensive rats (SHR) and hypertensive mice exhibite a higher apoptosis
rate than that from normotensive controls [149], but the underlying mechanisms have
not been defined. VSMC apoptosis is a critical mechanism underlying vascular
remodeling, a process of adaptation of the vascular wall to various factors during
cardiovascular diseases, such as hypertention [149, 256], anueurysms [257], and
atherosclerosis [258]. Interestingly, factors involved in both pathogenesis of
hypertension and VSMC polyploidization, such as angiotensin II, epinephrine and
inhibitors of nitric oxide synthase also increase VSMC apoptosis in vivo [259, 260]. It is
not known if polyploidization of VSMCs results in apoptosis in the aorta during
hypertension.

Microtubule disruption is well estabalished to induce polyploidization and apoptosis in
various cell types, such as lymphocytes [152], neuroblastoma cells [261], Hela cells
[262]. Although there has been no evidence suggesting that polyploidization and
apoptosis of aortic SMCs result from microtubule disruption in vivo, our previous
studies showed that G1, an agonist of the novel estrogen receptor, G protein-coupled
estrogen receptor (GPER, a novel estrogen receptor), and 2-methoxyestradial (2-ME, an
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estrogen metabolite) induce microtubule disruption, polyploidization and apoptosis [154,
155], supporting a potential role for microtubule disruption in aortic SMC
polyploidization and apoptosis.

Polyploidization is accompanied by apoptosis in many experimental cell systems
particularly in response to microtubule disruption. Increasing evidence implies that
there is a causal relationship between polyploidization and apoptosis. In a cultured
sarcoma cell line, induction of polyploidization causes apoptosis [157]. Moreover,
pharmacologically disabling the spindle assembly checking point (SAC) during cell
cycle in tumor cells induces apoptosis secondary to polyploidization [158, 159]. In
addition, polyploidization is known to result in genomic instability, and its relevance to
DNA-damage-induced cell death has been proposed [263]. For example, the
tumor-suppressor protein p53, involved in DNA repair, regulate cell death though either
the intrinsic pathway or extrinsic pathway [264]. However, whether polyploidization is
the cause of apoptosis has not been addressed.

Although several studies indicate Akt activity [171], cyclin kinase-associated protein
(CKsl) [173], and NOX4 [265] in SMC polyploidization, the exact mechanism
underlying polyploidization and what polyploid cells do remain largely unknown. It was
reported that nocodazole, a microtubule-interfering reagent, induces polyploidization,
apoptosis, and transient mTOR activation in lymphoma cell lines [152, 266], implying a
potential role of mTOR signaling in microtubule-disruption-induced cellular
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polyploidization. Furthermore, cultured pulmonary arterial SMCs derived from Eker
rats, harboring an insert mutatioin of one copy of the TSC-2 gene, underwent
spontaneous tetraploidization [176]. VSMCs of the Eker rat showed reduced expression
of tuberin, the TSC-2 gene product. Given that tuberin is the upstream repressor of
mTOR (see Fig 1.7), these VSMCs from Eker rat exhibited constitutive activation of
mTOR. Inhibition of mTOR activation by rapamycin also attenuated tetraploidization of
pulmonary arterial SMCs from Eker rats, suggesting a role for mTOR in SMC
polyploidization. It is noted that tetraploid SMCs do not survive long in subculture,
leading to the speculation that tetraploid SMCs undergo apoptosis [267].

Therefore, this current study aimed to investigate the relationship between VSMC
polyploidization and apoptosis and the underlying mechanisms of VSMC
polyploidization.

4.3 Rationale and hypothesis

Aortic SMCs undergo significant polyploidization and apoptosis in hypertension and
vascular aging. Cumulative studies have shown that polyploidization is accompanied by
apoptosis in many experimental cell systems, particularly in response to microtubule
disruption. It was previously reported that cultured pulmonary arterial SMCs derived
from Eker rats, harboring a deletion of one copy of the tuberous sclerosis complex
(TSC)-2 gene, undergo spontaneous tetraploidization. Taken together, our hypothesis is
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that VSMC polyploidization contributes to apoptosis in response to microtubule
disruption, and mTOR positively regulates VSMC polyploidization.

4.4 Results
4.4.1 Microtubule disruption induces VSMC apoptosis and polyploidization

It has been reported in several cell systems that microtubule disruption with ND induces
both apoptosis and polyploidization [261, 262]. Therefore, we wished to identify these
microtubule disruption-induced responses in VSMCs. To do so, we treated cultured rat
aortic SMCs with nocodazole (ND, 200 ng/ml) for 24 h, followed by LSC analysis (Fig
4.1). As anticipated, microtubule disruption induced polyploidization and apoptosis.
Cells in the region with > 4N DNA in the histograms were defined as polyploid cells,
and cells in the region with < 2N DNA or the sub-G0/1 apoptotic peak, were defined as
apoptotic cells (Fig 4.1A and B). Cells in both regions were relocated by LSC to
confirm morphologies of their nuclei. Cells in the polyploidy area are all mononuclear
with intact nuclear envelope, while cells in apoptotic area showed condensed or
fragmented nuclei (inserts of Fig 4.1 B). Apoptosis was further established by detection
of DNA fragmentation assay (Fig 4.1C).
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Fig 4.1 Microtubule disruption by nocodazole induces polyploidization and
apoptosis of vascular smooth muscle cells. Cultured rat aortic VSMCs were treated
with (+ND) or without (control) nocodazole (200 ng/ml), followed by analysis of the
cell cycle using LSC (A, B) and detection of apoptosis by DNA fragmentation assay (C).
A and B: representative DNA histograms of LSC scanning data, in which the x-axis, PI
Integral, represents total DNA content and the y-axis, Count, indicates cell number.
Inserts in panel B are picture galleries of nuclei representing relocated cells in the
sub-G0/1 apoptotic and polyploid regions. C: representative DNA fragmentation image
of three independent experiments. Result originally from Gui's unpublished work with
permission.
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4.4.2 Polyploidization precedes apoptosis

Although polyploidization and apoptosis were observed in VSMCs in response to
microtubule disruption, it is unknown whether these two cellular responses are related.
To test the possibility that polyploidization precedes apoptosis, we took advantage of
LSC and directly observed these two cellular responses using a BrdU pulse-chase assay.
As we have previously demonstrated [268], after pulse labeling BrdU-labeled control
VSMCs underwent mitosis, and the BrdU-positive daughter cells were found in the
G0/1 phase, which re-entered the cell cycle. In the presence of microtubule disruption,
however, the BrdU-positive cells failed to undergo mitosis, and instead became
polyploid (Fig 4.2). These BrdU-positive cells firstly appeared in the polyploid region
(quadrants 2 and 4 of the scattergrams) at the 6 h time point and peaked at the 12 h time
point. Then BrdU-positive cells appeared in the sub-G0/1 apoptotic peak at 12 h time
point and peaked at the 24 h time point. This process indicated that BrdU-positive cells
temporally first underwent polyploidization and then apoptosis. In addition to the
apoptotic peak, BrdU-positive cells were also localized in other cell cycle phases. This
distribution pattern of BrdU-positive cells likely resulted from the different stages of
DNA fragmentation at the time point of fixation. In summary, our LSC data showed that
microtubule disruption-induced polyploidization of VSMCs precedes apoptosis.

4.4.3 Inhibition of polyploidization prevents apoptosis

As we showed in Fig 4.2, cells in the polyploid region are BrdU positive, suggesting
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Fig 4.2 Polyploid vascular smooth muscle cells undergo apoptosis. SMCs were
cultured on coverslips, pulse-labeled with BrdU (10 µM) for 60 min, followed by
treatment with (+ ND) or without (control) nocodazole (200 ng/ml). At specific time
points, cells were removed for fixation and detection of BrdU-labeled cells. A-H:
representative LSC data from three independent experiments. 0 h: cells were fixed
immediately after BrdU labeling. 6, 12, and 24 h: treatment time with or without ND. At
the specific time points, cells were processed for BrdU and PI staining, followed by
LSC analysis. The upper panels are DNA histograms, and the lower panels are
scattergrams for BrdU incorporation. The x-axis, PI Integral, in DNA histograms
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indicates total DNA content and the y-axis, Count, indicates number of cells. In
scattergrams of BrdU staining, the y-axis, FITC Integral, indicates total fluorescence, or
the amount of incorporated BrdU. Cells in quadrants 1 and 2 are considered
BrdU-positive and colored in red. Cells in quadrants 2 and 4 are defined as polyploid.
Result originally from Gui's unpublished work with permission.
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that polyploidization results from deregulated DNA synthesis. Therefore, we further
hypothesized that inhibition of DNA synthesis could inhibit polyploidization and
subsequent apoptosis (Fig 4.3). To test this possibility, we pre-treated cells with
actinomycin D (ACTD), a gene transcription inhibitor which we previously confirmed
inhibits DNA synthesis [269, 270]. Polyploidization and apoptosis induced by
microtubule disruption were examined using LSC in the presence or absence of ACTD.
Through the BrdU incorporation assay, we confirmed that ACTD treatment completely
inhibited BrdU incorporation, and neither significant apoptotic subG0/1 peaks nor
polyploid cells were observed (Fig 4.3 E and F). These data have, therefore, provided
further support to our conclusion that polyploidization leads to apoptosis. Thereafter, we
investigated the potential mechanism(s) underlying polyploidization and apoptosis.

4.4.4 Rapamycin inhibits VSMC polyploidization and subsequent apoptosis

We previously reported that VSMCs derived from Eker rat pulmonary arteries exhibit
constitutive activation of mTOR and undergo spontaneous tetraploidization, and
rapamycin treatment inhibits tetraploidization, suggesting a role for mTOR in
polyploidization [176]. Therefore, we examined the effects of rapamycin on
polyploidization and apoptosis in response to microtubule disruption using LSC. Human
aortic SMCs were pre-treated with rapamycin, followed by ND treatment, fixation,
staining and subsequent LSC analysis. Our results showed that rapamycin treatment
completely inhibited SMC polyploidization and apoptosis in response to ND treatment,
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Fig 4.3 Inhibition of DNA synthesis prevents polyploidization and apoptosis.
Cultured rat aortic SMCs were treated with (C-F) or without (A and B) ND (200 ng/ml)
for 24 h, followed by BrdU pulse labeling for 60 min. Panels E and F indicate cells that
were pretreated with actinomycin D (ACTD, 1 M) for 45 min before addition of ND.
A-F: representative laser scanning cytometry data derived from four independent
experiments. A, C and E: DNA histograms (Counts = cell number, PI Integral = DNA
content) and B, D and F: scattergrams of BrdU incorporation (FITC Integral) versus
DNA content (PI Integral). Cells in quadrants 1 and 2 are considered BrdU-positive, and
cells in quadrants 2 and 4 are considered to be polyploid. G: cumulative data for
apoptotic cells in the sub-G0/1 peaks as shown in Fig 4.1. H: cumulative data for
polyploid cells found in the polyploid regions of the DNA histograms as shown in Fig
4.1. (n = 4, *p < 0.01 compared with ND group, determined using Student’s t-test).
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as indicated by the absence of cells in the polyploid region and the sub-G0/1 apoptotic
peaks (Fig 4.4A-C). VSMC apoptosis was further confirmed by TUNEL assay (Fig 4.4
D and E), which showed that rapamycin treatment significantly attenuated ND-induced
VSMC apoptosis. Then we examined the effect of rapamycin on ND-induced
microtubule disruption using microtubule depolymerization assay. Our results showed
that rapamycin pretreatment did not affect the microtubule disruption induced by ND
(Fig 4.4G), suggesting that rapamycin inhibition of ND-induced polyploidization and
apoptosis was independent of microtubule disruption.

4.4.5 The roles of mTOR activation in VSMC polyploidization

Results from Fig 4.4 suggest an involvement of mTOR signaling in ND-induced
polyploidization. To further establish a role for mTOR, we firstly examined mTOR
signaling in response to ND treatment. As anticipated, ND treatment induced a transient
increase in phosphorylation of both mTOR and its downstream target, S6K, which were
abolished by rapamycin pre-treatment (Fig 4.5). To further confirm the roles of mTOR
in VSMC polyploidization, human aortic SMCs were transfected with WT or KD
mTOR by electroporation to overexpress the proteins, followed by propidium iodide (PI)
staining and analysis of polyploidization of cells using LSC. Transfection efficiencies in
both WT and KD groups were similar, ~50%. LSC analysis showed that overexpression
of WT mTOR, but not KD mTOR, significantly induced VSMC polyploidization (Fig
4.6), indicating that mTOR signaling is involved in VSMC polyploidization.
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Fig 4.4 Rapamycin inhibits VSMC polyploidization and apoptosis induced by
microtubule disruption. Cultured human aortic SMCs were pretreated with or without
rapamycin (Rapa, 10 ng/ml) for 24 h, then treated with nocodazole (ND, 200 ng/ml) for
another 24 h, followed by PI staining, LSC analysis, and TUNEL assay. A:
representative laser scanning cytometry data. B, C: cumulative data for apoptotic cells
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in the sub-G0/1 peaks as shown in Fig 4.1 (B) and cumulative data for polyploid cells
found in the polyploid regions of the DNA histograms as shown in Fig 4.1 (A). (n = 4,
*p < 0.05 compared with control group, **p <0.05 compared with ND group,
determined using one-way ANOVA). D: representative TUNEL staining for detection of
DNA fragmentation. E: cumulative data for TUNEL positive cells. (n = 3, *p < 0.05
compared with control group, **p <0.05 compared with ND group, determined using
one-way ANOVA). F: Cultured human aortic SMCs were pretreated with or without
rapamycin ( R, 10 ng/ml) for 24 h, then treated with or without nocodazole (ND, 200
ng/ml) for 0, 1, 2, 3, 4 h, followed by western blot detection of monomeric and
polymeric fractions of tubulin as described in the Methods. Results are representative of
three experiments. G: cumulative data showing the ratio of polymeric tubulin to
monomeric tubulin. (n = 3, *p < 0.05 compared with control group of each time point,
determined using Student’s t-test)
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Fig 4.5 Microtubule disruption induces mTOR activation. Cultured rat aortic SMCs
were treated with nocodazole (ND, 200 ng/ml) for 0, 15, 30 min, 1, 2, 4, 6 h. Total
proteins were then extracted for western blot analysis as described in the Methods. A:
representative western blots. B, C: cumulative data showing relative p-mTOR, p-S6K
protein levels in SMCs compared with total mTOR and total S6K, respectively. (n = 3,
*p < 0.05 compared with control group, **p <0.05 compared with 2 h treatment of ND,
determined using one-way ANOVA.)

120

121

Fig 4.6 Overexpression of WT mTOR induces SMC polyploidization. Cultured
human aortic SMCs were transiently transfected with empty vector-GFP, wide-type
(WT) or kinase dead (KD) mTOR plasmid by electroporation and cultured for 48 h. A:
after fixation, cells were immunostained with FLAG-tag antibody for WT mTOR and
myc-tag antibody for KD mTOR, followed by incubation with the respective secondary
antibodies for anti-FLAG (WT mTOR, green) and anti-myc (KD mTOR, green)
antibodies. The nuclei were counterstained with DAPI (blue). The micrographs were
obtained and merged using SPOT Advanced Microscopy software. Data are
representative of three independent experiments. B: after fixation, transfected cells were
followed by PI staining and LSC analysis. B-D: representative laser scanning cytometry
data of cells transfected with empty vector (B), WT (C) or KD (D) mTOR. E:
cumulative data for polyploid cells found in the polyploid regions of the DNA
histograms as shown in Fig 4.1. (n=3, * p < 0.01 compared with control group, ** p <
0.01 compared with WT mTOR group, determined using one-way ANOVA).
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4.5 Discussion

We conclude form the current study that microtubule interference induces activation of
mTOR, polyploidization and subsequent apoptosis of VSMCs. Our results have also
provided evidence to support the conclusion that VSMC polyploidization precedes
apoptosis. Moreover, our findings also suggest a role for mTOR signaling in VSMC
polyploidization.

In our studies, the VSMC apoptosis induced by microtubule disruption through ND
treatment was characterized by several approaches including LSC, DNA fragmentation
assay, and TUNEL assay. Note that polyploidization was characterized by LSC.
Technically, flow cytometry was previously widely used to detect polyploidization
[271]. However, cell aggregates were usually mistakenly recognized as polyploid cells,
which does not happen in LSC [272]. As described in the Methods section, LSC
measures DNA concentration like flow cytometry, but also has the capacity for image
analysis. After scanning the cells cultured on the coverslips and obtaining cell cycle
information, cells in any cell cycle phase, for example, polyploid cells, can be relocated
for visualization of their morphology (Fig 4.1 B). Therefore, the LSC has proved to be a
superior choice of instrument for the detection of polyploidization.

One of our conclusions is that polyploidization precedes apoptosis in response to
microtubule disruption. This conclusion is supported by the following evidence. Firstly,
direct evidence is derived from a pulse-chase assay. Cells in S-phase were pulse-labeled
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BrdU before microtubule disruption or treatment with ND. This means that we labeled
and tracked the cells through immunostaining for incorporated with BrdU using LSC. In
the presence of microtubule disruption, BrdU-labeled cells did not undergo mitosis and
returned to the G0/1 cell cycle position like those cells without microtubule disruption,
but underwent polyploidization as indicated by the positions (> 4N). Subsequently,
these cells appeared in the sub-G0/1 peaks, indicating the loss of fragmented DNA due
to apoptosis. This temporal order of polyploidization and apoptosis also has been found
in other cell types. For example, in a cultured sarcoma cell line, induction of
polyploidization causes apoptosis [152]. Moreover, pharmacologically disabling the
spindle assembly checking point (SAC) during cell cycle in tumor cells induces
apoptosis secondary to polyploidization [153, 154]. Secondly, ACTD interferes with
DNA replication by occupying a position in the minor groove of the DNA helix and
preventing elongation of DNA chain by DNA polymerase. In this case, the treatment of
ACTD inhibits BrdU incorporation or DNA synthesis and subsequent polyploidization
by ND. Also, there was no apoptosis even in the presence of microtubule disruption,
indicating that microtubule disruption alone does not induce apoptosis of VMSCs in the
absence of polyploidization. However, ACTD not only inhibits DNA synthesis but also
has inhibitory effect on RNA synthesis [273]. The diminished apoptosis following
polyploidization might result from inhibited protein synthesis of apoptosis-related
proteins. In the following experiments, we found that inhibition of VSMC
polyploidization by rapamycin also significantly attenuated apoptosis in the presence of
ND. These data suggested that polyploidizatioin and apoptosis occur in a temporal order
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and that polyploidizaiton precedes apoptosis in the presence of microtubule disruption.
It is also well known that polyploid cells exhibit genomic instability, which could
predispose them to apoptosis through mechanisms in response to DNA damage. For
example, H2AX, a minor histone-H2A variant which is phosphorylated in response to
DNA damage, is also a predictor of DNA-damage-induced cell death [274]. P53, a
tumor-suppressor protein which plays a critical role in DNA damage and repair, can
upregulate gene transcription of proteins involving in both intrinsic and extrinsic
apoptosis pathways [264]. Nevertheless, we do not examine the exact mechanisms of
apoptosis following VSMC polyploidization in current study.

We also conclude that activation of mTOR mediates VSMC polyploidization with or
without the presence of microtubule disruption. Several lines of evidence support this
conclusion. Firstly, ND treatment results in microtubule disruption and transient
activation of mTOR signaling pathway. Inhibition of mTOR by rapamycin prevents
polyploidization and subsequent apoptosis of VSMCs induced by microtubule
disruption. Microtubule-interfering reagents, such as taxol (TXL) and ND also
transiently increase mTOR phosphorylation in lymphoma cell lines [266]. Given that
microtubules involved in spindle assembly in mitosis, either ND or TXL can arrest cell
cycle at the mitosis (M) phase. It has been reported that phophorylation of mTOR at
Ser2448 is present at high levels during M phase in ovarian granulosa cells and enriched
in the region of mitotic spindle [275]. However, it remains unknown how microtubule
disruption activates mTOR, and what’s the role of mTOR activation during M phase.
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Notably, our data showed that rapamycin treatment prevented ND-induced VSMC
polyploidization without affecting microtubule disruption. Secondly, to further confirm
the role of mTOR activation in VSMC polyploidiziation, we overexpressed either WT
or KD mTOR in VSMCs and found that WT mTOR, but not KD mTOR, overexpression
results in VSMC polyploidization. This result strengthens our previous findings from
Eker rats in which constitutive activation of mTOR results in tetraploidization of
VSMCs, which is inhibited by rapamycin [176].

Finally, our findings have suggested a potential pathophysiological significance in the
vascular system. As discussed above, our results provide a potential mechanism to
explain the co-existence of polyploidization and apoptosis in VSMCs in hypertension.
Increased SMC apoptosis contributes to vascular remodeling, which is a characteristic
feature of hypertension. In addition, it is possible that endogenous factors induce
microtubule disruption in VSMCs. As we previously reported, 2ME, a major estrogen
metabolite, induces microtubule disruption and mitotic apoptosis of VSMCs [155]. 2ME
can be synthesized by VSMCs and reach high levels during pregnancy.

In summary, our studies have provided evidence demonstrating that polyploidization of
VSMCs results in apoptosis and that mTOR activation is induced by microtubule
disruption and plays a critical role in VSMC polyploidization. These findings may
provide new insights into our understanding of increased apoptosis and polyploidization
of VSMCs in hypertension.
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4.6 Conclusion and limitation

In summary, our findings in this project showed that:
1. The microtubule-interfering reagent nocodazole induces VSMC polyploidization and
apoptosis in a causal relationship, in which VSMC polyploidization precedes apoptosis.
2. mTOR activated by microtubule disruption plays a role in VSMC polyploidization.

This study reveals a causal relationship between polyploidization and apoptosis in
VSMCs and a potential role of mTOR in VSMCs polyploidization. However, it still has
some limitations. First, due to the co-existence of mitotic tetraploid and polyploid
VSMCs, this work cannot exclude apoptosis caused by mitotic collapse. In addition,
although there are physiological factors such as 2ME that can induce microtubule
disruption, an in vivo animal model study is missing from the current project which
would help to provide evidence regarding how microtubule disruption affects VSMCs
under physiological conditions.

Cumulative evidence suggests that mTOR activation results in VSMC senescence and
vascular aging [178, 179, 181, 276], which is also characterized by VSMC
polyploidization, suggesting that VSMC polyploidization is a intergrading form during
vascular aging and pathogenesis of many age-related diseases like hypertension. The
consequences of VSMC polyploidization could be different in response to various
environment factors. In Chapter Four, we discussed the relationship between VSMC
polyploidization and apoptosis with microtubule disruption. In Chapter Five, we
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continued studying the role of mTOR in VSMC polyploidization and the potential
relationship between VSMC polyploidization and senenscence .
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Chapter Five: Regulation of SMC Polyploidization and Senescence: the Role of
Mammalian Target of Rapamycin (mTOR)

5.1 Summary

Polyploidization, or the formation of polyploid cells, has been observed in many cell
types, including VSMCs. Since polyploid VSMCs are closely related to cellular
senescence and vascular aging, VSMC polyploidization has been considered a
biomarker of aging. Inhibition of mTOR has been shown to increase lifespan in various
species. Emerging evidence implies that activation of mTOR is also involved in
polyploidization, but the underlying mechanisms for VSMC polyploidization are still
under investigation. Whether activation of mTOR directly induces VSMC
polyploidization and subsequent senescence is still obscure. In this study, we established
a T-REx-regulated mTOR inducible system in human aortic SMCs, in which the
overexpression of exogenous mTOR can be induced through the addition of
doxycycline (Dox). mTORC1, but not mTORC2, signaling was activated by mTOR
overexpression. Using these mTOR-inducible VSMCs, we identified the cellular
location of mTOR in both cytoplasm and nuclei of VSMCs by confocal microscopy.
Moreover, LSC analysis showed that overexpression of mTOR significantly induced
VSMC polyploidization, which was inhibited by rapamycin treatment. Moreover,
prolonged induction of mTOR by Dox treatment induced VSMC senescent morphology
and significantly increased expression of several senescence markers, including
SA-β-gal staining and p21. Although autophagy is negatively regulated by mTOR and
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plays an important role in cellular senescence, our data showed that reversal of
mTOR-inhibited autophagy by the overexpression of Beclin1 did not attenuate
mTOR-induced VSMC polyploidization, suggesting that autophagy was not involved in
mTOR-induced VSMC polyploidization. Finally, autophagy-defective aortic VSMCs
from SM-specific Agt7-/- mice showed less spontaneous polyploidization when
compared to VSMCs from Atg+/+ mice, suggesting that autophagy positively regulates
VSMC polyploidization, playing an opposite role to mTOR in VSMC polyploidization.
Taken together, this study established that mTORC1 signaling is the common signaling
pathway that induces both VSMC polyploidization and cellular senescence. The
opposing roles of autophagy and mTOR in VSMC polyploidization provide potential
therapeutic targets for the treatment of various aging-related vascular diseases, such as
hypertension and atherosclerosis.

5.2 Backgoung information

Vascular aging can be described as a series of physiological or pathological changes in
the vascular wall that result from aging, which alter normal vascular structure and
eventually affect vascular function, even in healthy individuals. VSMCs, as a major
component of the vascular wall, play an important role in the process of vascular aging.
The accumulation of polyploidy VSMCs in the vascular wall is a biomarker of vascular
aging. The ploidy status increases exponentially with aging in rat aortic SMCs [132].
Polyploidy also increases with age in human VSMCs, although the percentage of
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polyploidy human VSMCs is less than that observed in the rat [277]. Another hallmark
of vascular aging is cellular senescence. Senescent VSMCs are major pathogenic
contributors to vascular diseases of aging, such as atherosclerosis [278], pulmonary
hypertension [279], and aneurysm [280]. These senescent VSMCs exhibit typical
senescence markers, including senescent morphology with a flattened and enlarged
appearance, and increased expression of cell cycle inhibitors such as p16, p21, p53,
pRb.

Cumulative evidence show that polyploidization is closely related to senescence
[130-133, 281]. In primary cultured VSMCs, induction of polyploidization is followed
by senescence [141], suggesting that VSMC polyploidization precedes cellular
senescence. This temporal order has also been observed in diploid fibroblasts [130],
endothelial cells [142], cancer cells [134], and hepatocytes [133]. It is notable that
polyploidy VSMCs from aged rats display positive SA-β-gal staining. Interestingly,
predominant senescent aortic SMCs in aged rats are polyploid, but not all polyploid
VSMCs are senescent [132]. Due to the closely yet imperfect match of polyploidy and
senescence markers in VSMCs, it would be interesting to determine the signals that
cause these events.
It has been well established that mTOR signaling is involved in organismal aging and
cellular senescence [177-179, 181, 276]. Rapamycin, a inhibitor of mTOR, extends the
life spans of yeast (S. cerevisiae) [189], nematode (C. elegans) [190], fruitfly (D.
melanogaster) [191] and mouse [192], providing further evidence for a role for mTOR
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activation in aging. Cumulative evidence suggests a role of mTOR activation in
vascular aging [181, 182, 188]. Aged SMCs exhibits downregulation of the negative
regulators of mTOR including sirtuin 1 activity [183, 184] and tankyrase 1 [185], and
upregulation of the positive regulators of mTOR including IGF-1 receptor [186]. In
aged colon SMCs, there is increased mTOR signaling when compared to young colon
SMCs [187]. Moreover, it has been reported that the increased propensity of pulmonary
SMCs isolated from COPD patients to senescence is associated with an overactivation
of mTOR signaling that can be in inhibited by rapamycin treatment [188].

Activation of mTOR is also well known to induce polyploidization of megakaryocytes
[165, 166]. In VSMCs, ANG II is known to activate the PI3K-Akt-mTOR pathway [171,
172] and induce arterial SMC polyploidy [168-170]. Most importantly, we have
revealed that cultured SMCs derived from Eker rat pulmonary arterial tissues showed
increased mTOR activity and underwent spontaneous tetraploidization, which can be
inhibited by rapamycin [176]. In Chapter Four, we observed a transient activation of
mTOR signaling in microtubule-disruption-induced VSMC polyploidization. Then an
overexpression of WT mTOR, but not KD mTOR, significantly induced VSMC
polypoidization, suggesting a potential role for mTOR signaling pathway in VSMC
polyploidization. However, the downstream effector of mTOR signaling pathway in
VSMC polyploidization remains unknown.

Autophagy is a nonselective degradation process for the breakdown of cytoplasmic
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components mediated by a unique organelle called the autophagosome. mTOR
negatively regulates autophagy by inhibiting the ULK1 complex that is involved in the
initiation of autophagosome formation [165].. Increasing evidence implies that there is a
significant association between senescence and autophagy in various cell types, such as
fibroblasts [166], epithelial cells [167] and VSMCs [171]. In vivo, tissue-specific
deletion of the essential autophagy gene Atg7 in murine VSMCs caused the
development of stress-induced premature senescence as shown by cellular and nuclear
hypertrophy [171]. More recently, studies have demonstrated that defective autophagy
promotes senescence and prevents oxidative stress-induced cell death in VSMCs [7].
Due to the fact that basal level of autophagy is important for protein turnover and
maintaining homeostasis in organisms, the absence of autophagy could exacerbate
proteotoxicity in the VSMCs by an accumulation of damaged protein and defective
organelles, which, in turn, causes the senescence of VSMCs. As an essential
downstream effecter of mTOR signaling pathway, it has been proposed that anti-aging
effects of rapamycin may result from enhanced autophagy [282, 283]. Although mTOR
signaling is involved in both VSMC polypolidization and senescence during vascular
aging, the role of autophagy in VSMC polyploidization has not been documented yet.

In the current study, therefore, we studied the role of mTOR in VSMC polyploidization
and senenscence, and whether the inhibited autophagy is the downstream effector of
mTOR signaling in VSMC polyploidization.
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5.3 Rationale and hypothesis

Vascular aging is characterized by SMC polyploidization. Our previous studies showed
that spontaneous activation of mTOR in SMCs from Eker rats results in
tetraploidization that is inhibited by rapamycin. Transient overexpression of mTOR
induces VSMCs polyploidization. Meanwhile, inhibition of mTOR activity by
rapamycin significantly extends lifespan, suggesting a role of mTOR in aging. As an
important downstream target that is negatively regulated by mTOR, autophagy is
involved in SMC senescence and formation of atherosclerotic lesions. Therefore, the
hypothesis is that mTOR activation results in polyploidization and senescence of
vascular SMCs through autophagy inhibition.

5.4 Results
5.4.1 Establishment of a mTOR-inducible stable SM cell line

mTOR signaling has been found to be hyperactive in various polyploid [165, 284] and
senescent cells [188]. However, there is no direct evidence showing that mTOR
activation regulates polyploidization and cellular senescence. To explore the role of
mTOR in VSMC polyploidization and senescence, we established a smooth muscle cell
line harboring WT mTOR using the T-REx system, through which mTOR
overexpression can be induced by addition of Dox (1 μg/ml). The mTOR-inducible
SMC colonies that were resistant to drug selection were picked up. The inducibility of
these cells, as indicated by the expression of FLAG-tagged mTOR protein, was tested
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by immunostaining and western blotting. The results showed that addition of Dox for 24
h induces the expression of FLAG-tagged mTOR, indicating the successful
establishment of mTOR inducible SM cell line (Fig 5.1A). Finally, mTOR-inducible
cell lines were obtained for further experiments. It has been well-established that mTOR
forms two complexes: mTORC1 and mTORC2, with different components (see Fig 1.7).
To further distinguish the signaling pathways that are activated by mTOR
overexpression, we detected the different downstream targets of mTORC1 and
mTORC2. Overexpression of mTOR increases phosphorylation of the mTORC1 target,
S6 ribosomal protein (Fig 5.1B), but not the mTORC2 target, Akt (Fig. 5.1C),
suggesting that only mTORC1 signaling was activated by mTOR overexpression in the
mTOR-inducible VSMCs. It has been reported that mTOR is located in both nuclei and
cytoplasm in various cell types [285-287]. To determine the subcellular location of
mTOR in VSMCs, we carried out immunostaining in mTOR-inducible VSMCs with or
without Dox (1 μg/ml, 24 h) induction using anti-FLAG antibody. By confocal
microscopy, we observed that mTOR localized in both cytoplasm and nuclei of VSMCs
(Fig 5.2).

5.4.2 Overexpression of mTOR induces VSMC polyploidization

After establishing the mTOR-inducible VSMCs, we performed BrdU incorporation to
further investigate the effects of mTOR on cell proliferation and polyploidization. BrdU
incorporation assay revealed that mTOR overexpression did not significantly affect
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Fig 5.1 Establishment of an inducible mTOR expression system in human VSMCs.
The stable cell line was established after transfection and drug selection. A:
mTOR-inducible VSMCs were treated with Dox (1 μg/ml) for 6, 12, 24 h. Western blot
results showing relative inducible FLAG-mTOR protein levels compared with β-actin;
inset: representative western blots. (n=3, *p <0.05 compared with control group,
determined using Student’s t-test). B, C: mTOR-inducible VSMCs were treated with or
without Dox (1 μg/ml) in the presence or absence of rapamycin (10 ng/ml) for 24 h.
Western blot results showing relative p-S6 (B) and p-Akt (C) protein levels compared
with total S6 and Akt, respectively. (n=4, *p <0.05 compared with control group. **p <
0.01 compared with the groups treated with Dox, determined using one-way ANOVA).
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Fig 5.2 mTOR is expressed in both nucleus and cytoplasm. mTOR-inducible VSMCs
were treated with or without Dox (1 μg/ml) for 24 h, then were immunostained with
FLAG-tag antibody for FLAG-mTOR and F-actin (green), followed by incubation with
secondary antibodies for FLAG-mTOR (red). The nuclei were counterstained with
DAPI (blue). The micrographs were obtained and merged using confocal microscopy
software. Data are representative of three independent experiments.
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VSMC proliferation rate (Fig 5.3A, C, E, and G). However, mTOR overexpression
significantly induced VSMC polyploidization, and these polyploid cells were also BrdU
positive, suggesting that the polyploid SMCs undergo further DNA synthesis, which can
be totally inhibited by rapamycin treatment (Fig 5.3B, D, F, and H). Meanwhile,
polyploid VSMCs were not found in mTOR-inducible VSMCs cultured in 0% serum
with Dox induction (Fig 5.3I-K), suggesting that mTOR-induced VSMC
polyploidization requires the presence of nutrients.

5.4.3 Overexpression of mTOR induces VSMC senescence

mTOR activation has been widely reported in senescent cells including SMCs. However,
whether mTOR signaling directly mediates VSMC senescence remains unclear. To
investigate the effect of mTOR on VSMC senescence, we induced mTOR
overexpression in VSMCs with prolonged Dox treatment. Compared to cells without
Dox treatment, after 5 days of Dox induction, mTOR-inducible VSMCs started to show
senescent morphology, characterized by a flattened and enlarged cell shape (Fig 5.4 A).
Furthermore, SA-β-gal staining showed that with mTOR overexpression for 7 days,
there was a significant increase in SA-β-gal positive cells that was attenuated by
rapamycin treatment (Fig 5.4 B and C). Western blotting was used to detect additional
senescence markers, p21 and p16. mTOR overexpression significantly induced the
expression level of p21 (Fig 5.4D), but not p16 (Fig 5.4E). These results suggest that
mTOR is the common signaling pathway that elicits both VSMC polyploidization and
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Fig 5.3 mTOR overexpression induces human VSMC polyploidization. A-H:
mTOR-inducible VSMCs cultured in 10% serum were treated with or without Dox (1
μg/ml) in the presence or absence of rapamycin (Rapa, 10 ng/ml) for 48 h, followed by
BrdU labeling for 60 min. A-F: representative LSC analysis data derived from three
independent experiments. A, C and E are scattergrams of BrdU incorporation (FITC
Integral) versus DNA content (PI Integral). B, D and F are DNA histograms (Counts =
cell number, PI Integral = DNA content). G: cumulative data for BrdU-positive cells. H:
cumulative data for polyploid cells found in the polyploid regions of the DNA
histograms as shown in Fig 4.1. (G and H, n=5, *p < 0.01 compared with control group.
**p < 0.01 compared with the groups treated with Dox, determined using one-way
ANOVA). I-K: mTOR-inducible VSMCs were cultured in 0% serum and treated with or
without Dox (1 μg/ml) for 48 h. I, J: DNA histograms (Counts = cell number, PI Integral
= DNA content). K: cumulative data for polyploid cells found in the polyploid regions
of the DNA histograms. (n=3).
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Fig 5.4 mTOR overexpression induces human VSMC senescence. mTOR-inducible
VSMCs were treated with or without Dox (1 μg/ml) in the presence or absence of
rapamycin (Rapa, 10 ng/ml) for 5 days (A) or 7 days (B-E). A: representative phase
contrast microscope images showing VSMC morphology upon mTOR overexpression.
(n = 4). B: representative microscopy images of cells with positive SA-β-gal staining
(blue) as indicated by arrows. (n=4). C: cumulative data of SA-β-gal-positive cells in
total cells. (n=4, *P < 0.01 compared with control group. **p < 0.01 compared with
Dox group, determined using one-way ANOVA). D: Western blot results showing
relative p21 protein levels compared with β-actin; inset: representative western blots.
(n=3, *p < 0.05 compared with control group, **p < 0.05 compared with Dox group,
determined using one-way ANOVA). E: Western blot results showing relative p16
protein levels in SMCs compared with β-actin; inset: representative western blots.
(n=3).
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cellular senescence.

5.4.4 Induction of autophagy reverses mTOR-induced VSMC senescence but not
polyploidization

It is well known that mTOR negatively regulates autophagy through phosphorylating
ULK1, which mediates the initiation of a phagophore (see Fig 1.8). In mTOR-inducible
VSMCs, overexpression of mTOR significantly inhibited autophagy, as indicated by the
decreased ratio of LC3II to LC3I expression levels. The inhibition of autophagy by
mTOR can be prevented by rapamycin treatment (Fig 5.5). To further explore the role of
autophagy in mTOR-induced VSMC polyploidization, we used adenovirus to
overexpress an important autophagy participant, Beclin1 (see Fig 1.8), in
mTOR-inducible VSMCs. The overexpression of Beclin1 for 2 days did not change
VSMC morphology or cause significantly cell death (Fig 5.6 A).Western blots
confirmed the overexpression of Beclin1 by adenovirus and showed that Beclin1
overexpression for 2 days reversed mTOR-inhibited autophagy (Fig 5.6B-D).
Unexpectedly, subsequent BrdU incorporation and LSC analysis showed that autophagy
rescued by Beclin1 overexpression neither attenuated mTOR-induced VSMC
polyploidization nor significantly affected proliferation rate (Fig 5.6E-N). Interestingly,
overexpression of Beclin1 in the absence of mTOR overexpression induced VSMC
polyploidization (Fig 5.6E-N). These results suggest that autophagy is not involved in
mTOR-induced VSMC polyploidization, and imply a positive role of autophagy in
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Fig 5.5 mTOR overexpression inhibits autophagy of human VSMCs. mTOR
inducible VSMCs were treated with or without Dox (1 μg/ml) in the presence or
absence of rapamycin (10 ng/ml) for 24 h. A: representative western blots of LC3I/II. B:
The ratio of LC3II to LC3I expression levels. (n=3, *p <0.05 compared with control
group, **p < 0.01 compared with Dox group, determined using one-way ANOVA).
.
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Fig 5.6 Rescue of mTOR-inhibited autophagy does not attenuate VSMC
polyploidization. mTOR inducible VSMCs were transfected with adenovirus to
overexpress beclin1 (Ad-Beclin1, 100 MOI) or ad-GFP (Control, 100 MOI) with or
without Dox (1 μg/ml) for 48 h. A: Phase contrast microscope images showing SMC
morphology upon Beclin1 over-expression (n = 5). B: representative western blots of
Beclin1 and LC3I/II. C: Relative Beclin1 protein expression level, standardized by
β-actin (n=3, *p< 0.01 compared with Control group, determined using Student’s t-test).
D: The ratio of LC3II to LC3I expression levels. (n=3, *p< 0.05 compared with Control
group, **p < 0.05 compared with Dox group, determined using one-way ANOVA). E-L:
representative LSC analysis data derived from three independent experiments. E, G, I
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and K are scattergrams of BrdU incorporation (FITC Integral) versus DNA content (PI
Integral). F, H, J and L are DNA histograms (Counts = cell number, PI Integral = DNA
content). M: cumulative data for polyploid cells found in the polyploid regions of the
DNA histograms as shown in Fig 4.1. (n=3, *p < 0.01 compared with Control group,
determined using one-way ANOVA). N: cumulative data for BrdU-positive cells. (n=3).
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VSMC polyploidiztion.

5.4.5 Defective autophagy attenuates polyploidization of VSMCs

To further establish the role of autophagy in VSMC polyploidization, we generated a
transgenic SM-specific Atg7 knockout mouse model, in which Atg7 knockout can be
induced by the injection of tamoxifen. After injection of tamoxifen (1 mg/kg) for 21
days, proteins were extracted from isolated aortas and hearts as described in the
Methods. Western blots showed that Atg7 protein expression was completely knocked
out in aortas from Atg7-/- mice (Fig 5.7 A, B). Since Atg7 is an important participant in
elongation of the phagophore (see Fig 1.8), as expected, SM-specific knockout of Atg7
significantly attenuated autophagy in the vasculature compared to other tissues (Fig 5.7
A, C). Then, we isolated aortic SMCs from the Atg7-/- mice. These autophagy-defective
VSMCs were primarily cultured for 3 days, then subjected to PI staining. Under
fluorescence microscopy, we observed some relatively large nuclei in Atg7+/+ VSMCs,
but much fewer in Atg-/- VSMCs (Fig 5.8A). LSC analysis showed that, compared to
Atg7+/+ VSMCs, the Atg7-/- VSMCs showed a significantly fewer spontaneously
polyploid VSMCs (Fig 5.8 B, C), indicating that autophagy positively regulates VSMC
polyploidization, which is contrary to the role of mTOR in VSMC polyploidization.
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Fig 5.7 SM-specific Atg7 knockout inhibits autophagy in VSMCs. Atg7-/- and
Atg7+/+ mice were injected with tamoxifen (1mg/kg) for 21 days. Proteins were
extracted from aortas and hearts dissected from either Atg7-/- or Atg7+/+ mice as
described in Methods. A: representative immunoblots of Atg7 and LC3I/II. B: Relative
Atg7 protein expression levels, standardized by β-actin (n=3, *p< 0.01 compared with
aorta from Atg7+/+, determined using Student’s t-test). C: The ratio of LC3II to LC3I
expression levels. (n=3, *p< 0.01 compared with aorta from Atg7+/+, determined using
Student’s t-test).
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Fig 5.8 Polyploidization is attenuated in Atg7-/- VSMCs. Atg7+/+ and Atg7-/- mice
were treated with tamoxifen for 21d. VSMCs were then isolated from the aorta as
described in Methods and cultured in DMEM medium with 20% serum for 3 days,
followed by PI staining. A: representative images of PI staining, arrow: large nuclei
found in VSMCs from Atg7-/- mice. B: representative LSC analysis of DNA histograms
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(Counts = cell number, PI Integral = DNA content). C: cumulative data for polyploid
cells found in the polyploid regions of the DNA histograms. (n = 3, *p<0.01,
determined using Student’s t-test).

151

5.5 Discussion

In the present work, we reported that: (1) both VSMC polyploidization and cellular
senescence can be elicited by mTORC1 activation; (2) autophagy, which is negatively
regulated by mTORC1 signaling, is not involved in mTOR-induced VSMC
polyploidization but positively regulates VSMC polyploidization. To specifically study
the role of mTOR in VSMC polyploidization and senescence, we established a
mTOR-inducible SM cell line using the T-REx regulatory system, in which the
overexpression of mTOR in VSMCs can be induced by Dox addition. It is well-known
that mTOR exhibits its cellular effect by forming two different complexes: mTORC1
and mTORC2, with some distinct components (see Fig 1.7). It is interesting to note that
in the mTOR-inducible VSMCs, an overexpression of WT mTOR only activated
downstream targets of mTORC1 signaling, but not those of mTORC2 signaling. This
may result from different endogenous expression levels of various components of each
complex, such as Raptor and Rictor, in VSMCs. Also, it may be related to the location
of mTOR and its downstream targets in cellular compartments. Using confocal
microscopy, we identified the subcellular location of mTOR in both the cytoplasm and
nucleus. Although both mTORC1 and mTORC2 can shuttle from the cytoplasm to the
nucleus [288], only components of the mTORC1 signaling pathway, including mTOR
[286], raptor [289], and S6K [290], have been detected abundantly in the nucleoplasm,
suggesting that mTORC1 may phosphorylate its downstream target S6K in the nucleus.
Nevertheless, further studies are needed to examine why mTORC1 signaling is
predominant in VSMCs.
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Decades ago, polyploid VSMCs were reported to increase in the human vascular wall
with age [277]. A recent report on aortic VSMCs suggests that ploidy status increases
exponentially with age in the Brown Norway rat [33]. In our previous work, we
demonstrated that spontaneous activation of mTOR in pulmonary VSMCs isolated from
the Eker rat showed increased tetraploid SMCs, which could be inhibited by rapamycin
treatment [176]. In Chapter Four, we found mTOR activation involved in
microtubule-disruption-induced VSMC polyploidization. In the current study, induction
of mTOR overexpression significantly induces VSMC polyploidization, providing
strong evidence to support the conclusion that mTORC1 signaling pathway positively
regulates VSMC polyploidization.

Another hallmark of aging, cellular senescence [291], was also recently reported to be
associated with polyploidy of VSMCs [132]. Although mTOR activation has been
reported in aged SMCs [187, 188], this is the first direct evidence that mTOR induces
VSMC senescence through the mTORC1 signaling pathway. In the currently study, the
mTOR-induced VSMC senescence was confirmed by different methods. Our data
showed that the induction of mTOR overexpression significantly changed cell
morphology to an enlarged, flattened senescent morphology, as well as increased
SA-β-gal positive staining in VSMCs and protein expression level of cell cycle inhibitor,
p21, but not p16. Although both of p16 and p21 are cell cycle inhibitors which keep
pRb in an active, hypophosphoyrlated form, thereby preventing E2F from transcribing
genes that are needed for cell cycle progress, p16 and p21 are clearly not equivalent. As
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discussed in the Introduction, p21 and p16 are involved in p53-p21 and p16-pRb
senescent pathways respectively. Many factors will affect the engagement of one or the
other pathway to induce cellular senescence, such as cell types, species, and stimuli.
Our results suggested that mTOR-induced VSMC senescence is through p53-p21
pathway. In many cells, both p53-p21 and p16-pRb pathways are involved in
DNA-damage-induced senescence, where p16 exhibited a delayed expression pattern
providing a second barrier to prevent the growth of cells with severely damaged DNA
[292]. In the current study, we did not exclude the possibility that p16 might also be
induced, albeit with a delayed kinetics.

Both VSMC polyploidization and senescence are hallmarks of vascular aging. The
relationship between senescence and polyploidy has been studied both in vitro and in
vivo [136, 293, 294]. In this study, our data also showed that induction of mTOR
overexpression for 2 days significantly increased VSMC polyploidization while a longer
induction of mTOR for 5-7 days induced VSMCs senescence, implying that
mTOR-induced VSMC polyploidization and cellular senescence occurred in a temporal
order, which was consistent with previous studies in various cell types, including
fibroblasts [130], endothelial cells [142], and hepatocytes [133]. However, the
senescence markers are never perfectly matched in polyploid VSMCs. For example, in
old Brown Norway rats, it was found that the SA-β-gal-positive VSMCs were
predominantly polyploid, but not all polyploid VSMCs were SA-β-gal positive [132].
Another senescence marker, p16, was used to stain fresh aortic sections and isolated
154

VSMCs from old rats. About 50-60% of the p16-positive cells were polyploid and about
70% of the polyploid cells stained positively for SA-β-gal activity [132]. To further
clarify the relationship between VSMC polyploidization and senescence, it is important
to examine the signaling pathways in detail that cause both events.

mTORC1 regulates a wide range of cellular activities, including protein anabolism,
lipogenesis, glycolysis, and autophagy. Among them, autophagy has emerged as an
important player in aging recently [295]. Overexpression of critical autophagy genes
slows the age-dependent accumulation of damage in neurons and enhances longevity in
Drosophila melanogaster, whereas decreasing autophagy shortens their lifespan [296].
Similar trends have also been seen in C. elegans and mice [297]. It has been proposed
that anti-aging effects of rapmycin, a mTORC1 signaling inhibitor, may result from
enhanced autophagy [282, 283]. Given a closely relationship between polyploidization
and senescence, consequently, we speculated that inhibition of autophagy by mTORC1
signaling may also play a role of VSMC polyploidization. mTOR inhibits autophagy
through its phosphorylation of ULK1 and abolishes phagophore initiation (see Fig 1.8).
As expected, in the mTOR-inducible VSMCs, overexpression of mTOR significantly
inhibited autophagy. However, overexpression of Beclin1, another participant in
phagophore initiation, did not attenuate mTOR-induced VSMC polyploidization,
although it significantly rescued mTOR-inhibited autophagy, suggesting that autophagy
is not involved in mTOR-induced VSMC polyploidy. Apart from autophagy, several
other candidates mediate mTOR-induced VSMC polyploidization. One of them is S6K1,
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which is the best characterized downstream target of mTORC1 signaling. Its
well-established function is to control mRNA translation [298]. Interestingly, S6K1 can
be phosphorylated by CDK1-cyclin B, the universal cell cycle regulator, at multiple
Ser/Thr residues [299] and exhibits the highest activity in G2/M phase [300]. Given that
dysregulated G2/M transition is one of the mechanisms forming polyploid cells (see Fig
1.5), it would be interesting to examine whether S6K1 plays a role in mTOR-induced
VSMC polyploidization. In addition, mitochondrial metabolism and biogenesis are both
downstream targets of mTORC1 signaling [198]. A recent study in decidual cells
showed that compared to diploid decidual cells, polyploid decidual cells upregulated
gene expression in mitochondrial activity and the inhibition of mitochondrial activity
dramatically attenuated polyploidization during in vitro stromal cell decidualization
[301], suggesting mitochondria may also play a role in polyploidization.

Interestingly, our data also showed that enhanced autophagy by Beclin1 overexpression
alone induced VSMC polyploidization. To further confirm the role of autophagy in
VSMC polyploidization, we used a SM-specific Atg7 knockout mouse model. The role
of autophagy in VSMC senescence has been established by other group using a similar
SM-specific Atg7 knockout mice model, which shows that VSMCs isolated from Atg7-/mice exhibit accelerated senescence when compared to those from Atg7+/+ mice [218].
Our LSC analysis showed that autophagy-defective Atg7-/- VSMCs showed a significant
decrease in the spontaneous polyploidization when compared to Atg7+/+ VSMCs. This is
the first demonstration of a role of autophagy in VSMC polyploidization. Autophagy
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positively regulates VSMC polyploidization, which is opposite to the role of mTOR.
Our current study implies that VSMC senescence and polyploidy can be differentially
regulated by autophagy, which may provide a novel explanation for the mismatch of
VSMC polyploidization and senescence in vascular aging. Since polyploid VSMCs are
involved in various aging-related vascular diseases, our study identifies a potential new
therapeutic target for the prevention of vascular diseases.

Taken together, our results show that mTORC1 signaling activation induces both
VSMC polyploidization and cellular senescence, but they are differently regulated by
the mTOR downstream target, autophagy. This study reveals complex signaling that
involves both important features of vascular aging and also sheds light on the
relationship between VSMC polyploidization and senescence in vascular aging. In
addition to mTOR activation, regulators, and inducers of VSMC polyploidy, AngII,
oxidative stress, DNA damage, and telomeric shortening have also been reported to
associate with cellular senescence. It will be interesting and important to continue the
exploration of these factors contributing to polyploidization, cellular senescence, and
aging for broadening our understanding of vascular pathology.

5.6 Conclusions and limitations

In summary, the results from this study have demonstrated that:
1. mTORC1 activation induces both polyploidy and cellular senescence in VSMCs.
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2. mTOR protein is expressed in both the cytoplasm and nuclei of VSMCs.
3. mTOR-induced VSMC polyploidization does not occur through mTOR-inhibited
autophagy.
4. Autophagy positively regulates VSMC polyploidization.
This study also has several limitations. First, we did not provide the answer to why
mTOR overexpression only activates mTORC1, but not mTORC2, signaling. The
endogenous expression levels of the components of the two complexes need to be
determined. We also need to identify the subcellular locations of mTOCR1 and
mTORC2, and if the different cellular locations could be the critical reason. Secondly,
we did not determine the underlying mechanism(s) of mTOR-induced VSMC
polyploidization. The mTOR-mediated protein translation of cell cycle regulators and
mitochondrial dysfunction should be further examined in mTOR-induced
polyploidization. Finally, whether autophagy is involved in mTOR-induced senescence
needs to be further confirmed both in vitro and in vivo.
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Chapter Six: Summary and Future Directions

6.1 Summary and conclusions

Vascular aging is associated with a series of changes that occur in the vascular wall.
These changes include luminal enlargement, intimal and medial thickening, and
compliance reduction. As an important structural and functional component of blood
vessel walls, VSMCs exhibit proper contraction and relaxation in response to vasoactive
stimuli to regulate blood flow distribution and control blood pressure. Aging
significantly changes VSMC’s behaviors and contributes to the onset and progress of
various vascular diseases, such as atherosclerosis and hypertension. This thesis work
has focused on the regulation of VSMC phenotypic modulation, the mechanisms of
VSMC polyploidization, and the relationship between VSMC polyploidization with
apoptosis and senescence in vascular aging.

In Chapter Three, we demonstrated that GSK-3β positively regulates VSMC
differentiation through myocardin modification, implying that any signaling pathways
activated in aging that inhibit GSK-3β, such as mTOR signaling, may be involved in
VSMC phenotypic modulation in vascular aging. Using structurally different inhibitors,
or siRNA targeting of GSK-3β, or DN GSK-3β plasmid, we observed a decrease in the
expression of myocardin-target genes in human VSMCs, indicating reduced the
myocardin transcriptional activity. In addition, inhibition of GSK-3β remarkably
reduced myocardin-induced expression of SM-differentiation genes in CHO cells
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harboring a myocardin-inducible T-REx system.

Since myocardin possesses several highly conserved GSK-3β phosphorylation motifs,
and appears to be an ideal candidate for a downstream target of GSK-3β, we then
examined the effect of GSK-3β inhibitors on the phosphorylation of myocardin. In
VSMCs harboring a myocardin-inducible T-REx system, inhibiting GSK-3β attenuated
both serine and threonine phosphorylation of myocardin, as expected. However, it did
not affect the phosphorylation of SRF or formation of the SRF-myocardin complex.

Next, the ChIP assay showed that inhibiting GSK-3β significantly decreased myocardin
recruitment to the promoter of its target gene α-actin when myocardin was
overexpressed, suggesting that phosphorylation of myocardin by GSK-3β is essential
for myocardin recruitment to its target genes to enhance SM-differentiation gene
transcription. This is the first study to suggest that phosphorylation of myocardin affects
its transcriptional activity.

However, co-IP analysis showed that GSK-3β-mediated myocardin phosphorylation
may not be through direct protein-protein interaction. The failure to detect their
interaction by immunoprecipitation may be due to the occurrence of a transient
enzyme-substrate interaction. It is also possible that other molecules such as β-catenin
could mediate or facilitate interaction with GSK-3β. Therefore, further work is needed
to determine the role of β-catenin in the regulation of myocardin β activity by GSK-3β.
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Inhibiting GSK-3β did not affect the protein level of myocardin during myocardin
overexpression. However, without myocardin overexpression, both RT-PCR and
western blotting showed that inhibition of GSK-3β reduced the gene transcription of
endogenous myocardin in VSMCs. Moreover, VSMCs transfected with either WT- or
CA-GSK-3β showed significantly increased expression of myocardin-target genes.
Furthermore, RT-PCR showed significant downregulation of several related
transcription factors, including Mef2, Tead and Foxo4. These transcription factors have
been reported to promote myocardin gene transcription via binding to the enhancer
MyE8 [78]. It will be interesting to further explore the mechanism(s) of how GSK-3β
regulates Mef2, Tead and Foxo4.

In Chapter Four and Chapter Five, we focused on the mechanism of VSMC
polyploidization and its relationship to apoptosis and cellular senescence, which are two
processes implicated in advancing vascular aging.

In Chapter Four, we use the microtubule-interfering agent, nocodazole (ND), to induce
VSMC polyploidization and apoptosis, demonstrating a causal relationship between
VSMC polyploidization and apoptosis, and a potential role of mTOR activation in
VSMC polyploidization. First, ND-induced polyploidization and apoptosis were
detected by LSC analysis. Apoptosis was further confirmed by DNA fragmentation
assay.
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Next, a pulse-chase assay was performed to track BrdU-labeled cells under the
treatment of nocodazole. It showed a temporal appearance of BrdU-labeled cells from
the polyploid area to the apoptotic area. Then, inhibition of DNA synthesis by ACTD
attenuated ND-induced VSMC polyploidization and further abolished VSMC apoptosis.
These data indicate a causal relationship between VSMC polyploidization and apoptosis.
It is likely that VSMC polyploidization predisposes cells to undergo apoptosis.

Interestingly, both LSC analysis and TUNEL assay showed that a low concentration of
rapamycin pretreatment can also inhibit nocodazole-induced VSMC polyploidization
and subsequent apoptosis. Western blotting showed that rapamycin did not affect
nocodazole-induced microtubule depolymerization. These results were further
confirmed by western blotting, which showed a transient time-dependent activation of
mTOR signaling in VSMCs under the treatment of nocodazole, implying a role for
mTOR activation in microtubule disruption-induced VSMC polyploidization and
apoptosis. Given the fact that the metabolic product of estrogen, 2-ME, has a similar
microtubule-disruptive effect as nocodazole, and also that its increased level during
pregnancy is consistent with increased uterine SMC polyploidization, it would be
interesting to further explore the mechanisms by which microtubule-disruption induces
transient mTOR activation.

Finally, we transiently transfected the WT- and KD-mTOR into VSMCs by
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electroporation. LSC analysis showed that WT mTOR, but not KD mTOR, transfection
induced VSMC polyploidization. Although the transfection efficiency is high, due to
technical limitations, we did not successfully identify those polyploid VSMCs as truly
transfected cells.

In this part, we suggested a causal relationship between VSMCs and apoptosis and a
potential role of mTOR in VSMC polyploidization. Given that VSMC polyploidization
is an important biomarker of vascular aging, we further studied the role of mTOR in
VSMC polyploidization and cellular senescence in Chapter Five.

In the last part of this thesis, we established an inducible mTOR expression T-REx
system in human VSMCs, in which exogenous mTOR expression can be induced by
Dox (1 μg/ml) treatment for at least 24 h. Interestingly, further western blot analysis
showed that Dox treatment also increased phosphorylation of the mTORC1 downstream
target, S6, but not the mTORC2 downstream target Akt, suggesting that only mTORC1
signaling was activated by mTOR overexpression. As mTOR exhibits its effects through
the formation of complexes with different components, it is possible that mTOR tends
to form mTORC1 due to the abundance of components for mTORC1.

Next, using confocal microscopy we identified the subcellular location of mTOR in
both nucleus and cytoplasm, which was consistent with previous studies. It will be
interesting to study the translocation of mTOR between cytoplasm and nucleus and
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determine the role of mTOR in different cellular locations.

Consistent with the result in Chapter Four, LSC analysis showed that overexpression of
mTOR significantly induced VSMC polyploidization. Interestingly, with longer
inducible mTOR expression, we also observed an increased number of VSMCs with
enlarged and flattened senescent morphology. These senescent cells were confirmed by
SA-β-gal staining. Western blotting also showed an increased expression level of the
senescence marker, p21. These results imply that mTOR-induced VSMC polyploidy and
senescence occur in a temporal order.

To further explore the relationship between VSMC polyploidy and cellular senescence,
we rescued mTOR-inhibited autophagy by overexpressing beclin1 in VSMCs. However,
LSC analysis did not show a decrease in mTOR-induced VSMC polyploidization. In
addition, enhancement of autophagy in the absence of mTOR overexpression also
induces VSMC polyploidization, suggesting that mTOR-induced VSMC
polyploidization does not occur through inhibition of autophagy.

Finally, in SM-specific Atg7 knockout mice, which exhibit defective autophagy and
accelerated cellular senescence in VSMCs, we found that, compared to Atg7+/+ VSMCs,
Atg7-/- VSMCs showed attenuated spontaneous polyploidization. This suggests that
autophagy may play a contrary role in VSMC senescence and polyploidy.

164

In the current work, we successfully identified mTORC1 signaling as the common
signaling pathway to elicit both VSMC polyploidy and cellular senescence, which are
important markers of vascular aging. Also, autophagy, negatively regulated by
mTORC1 signaling, induces VSMC polyploidization and differently regulates VSMC
polyploidization and senescence.

In conclusion, the work of this thesis describes the regulation of SMC differentiation
and polyploidization, which represent the processes of vascular aging (Fig 6.1). An
improved understanding of the regulation of VSMCs in different stages of vascular
aging will contribute to a better understanding of age-related vascular diseases.

6.2 Significance and Future Directions
6.2.1 Significance

Aging is an irreversible process that brings a number of physiological and
morphological changes to vascular cells and subsequently alters vascular structure and
function. Mature VSMCs are differentiated and exhibit proper contractility. Aging
promotes VSMC phenotypic switch from a differentiated phenotype to a
dedifferentiated phenotype, which is an important mechanism participating the
pathogenesis of atherosclerosis. In this thesis, we revealed that inactivation of GKS-3β
decreases the expression of SM-differentiation marker genes through attenuating
myocardin phosphorylation and gene expression. Given that GSK-3β is inactivated in
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Fig 6.1 Model showing regulation of SMC differentiation and polyploidization in
vascular aging. Vascular aging affects VSMC from different structural and functional
levels. Aged VSMCs are in a less differentiated status. GSK-3β phosphorylates
myocardin and enhances its transcriptional activity, which contributes to VSMC
differentiation. Any signaling pathways activated in aging and inhibiting GSK-3β
activity may involved in aging-induced VSMC phenotypic modulation. Aging also
induces VSMC polyploidization and activation of mTOR signaling. Microtubule
disruption induces VSMC polyploidization through activation of mTOR signaling,
which predispose VSMCs to apoptosis. Activation of mTORC1 signaling elicits VSMC
polyploidization and cellular senescence, both of which are differentially regulated by
the downstream target of mTOR, autophagy. Red arrows indicate the work done in this
thesis.
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various aged tissues [230], our results suggested that GSK-3β is a protective mechanism
in blood vessels against VSMC phenotypic modulation and the aging process induces a
progressive failure of protective mechanisms, leading to vascular dysfunction. By
understanding the protective role of GSK-3β in vascular aging, this work also implies
that any signaling pathways activated in aging that inhibit GSK-3β could be involved in
the age-associated VSMC phenotypic switch, such as mTOR signaling, therefore
provides potential therapeutic targets for aged-associated vascular diseases, such as
atherosclerosis.

Polyploid VSMCs increase in the vascular wall exponentially with age and are
considered a biomarker of vascular aging. Although polyploid VSMCs have been
observed in hypertensive or aged vessel walls, the underlying mechanism and the role
of VSMC polyploidization in age-associated diseases is largely unknown. In this thesis,
we reveal a causal relationship between VSMC polyploidization and apoptosis. Given
that VSMC apoptosis has been known to contribute to vascular remodeling in
hypertension, our study provides a potential mechanism underlying the co-existence of
polyploidization and apoptosis in VSMCs from hypertensive vascular walls, thereby
leading to the development of better therapeutics for hypertension.

Most importantly, in the current thesis we identified mTOR activation, especially
mTORC1 signaling, as a common signaling pathway that induces both VSMC
polyploidization and senescence. mTOR signaling has been well-established in our
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understanding of organismal aging. However, we are the first to show how mTOR
signaling specifically affects VSMCs in the vasculature during aging.

In addition, we found that autophagy, negatively regulated by mTORC1 signaling,
promotes VSMC polyploidization, suggesting a contrary role to mTOR in VSMC
polyploidization. Given that autophage has been established as a protective mechanism
to prevent VSMC senescence, our results suggested that autophagy differently regulates
VSMC polyploidization and senescence. This work explains that why both events are
closely related but do not perfectly match to each other, and also the complexity of the
relationship between VSMC polyploidization and senescence. Understanding the
detailed mechanisms that are involved in both or either processes will provide precise
therapeutic targets for various age-associated vascular diseases.

The work done in this thesis studied the factors and signaling pathways that regulate
VSMC differentiation, polyploidization. Given that vascular aging is an important risk
factor for many cardiovascular diseases, including atherosclerosis and hypertension, this
study provides important insights into the pathogenesis of these vascular diseases,
thereby leading to the development of better therapeutics.

6.2.2 Future directions
1. In the current study, we identified GSK-3β as a novel regulator of myocardin, which
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contributes to SM differentiation. In the future, detailed mechanisms underlying
GSK-3β-regulated myocardin transcriptional activity should be studied:
(1) It is critical to identify the phosphorylation sites of myocardin by GSK-3β. It will
help to distinguish the role of GSK-3β in VSMCs and cardiomyocytes.
(2) It remains unknown how GSK-3β upregulates transcription factors, including Mef2a,
Tead1, Tead2, and Foxo4. Detailed mechanisms need to be further explored.
(3) It is well known that GSK-3β is involved in the Wnt/β-catenin pathway. It is
important to detect whether β-catenin is involved in the regulation of myocardin
transcriptional activity.
(4) It will be critical to identify key signaling pathways that are activated in aging and
negatively regulate GSK-3β activity, which could be potential therapeutic targets of
age-related diseases like atherosclerosis.
(5) Since a reduction in GSK-3β activity has been reported in dedifferentiated VSMCs
within neointimal lesions of carotid arteries [123], in the next step, we will use an
animal model of neointima formation and further study the modification of myocardin
by GSK-3β in vivo.

2. In this thesis, we studied the relationship between VSMC polyploidization and
apoptosis. In the future, further experiments should be done in the following area:
(1) Determining apoptotic VSMCs are polyploid with nocodazole treatment.
(2) Since several endogenous factors, such as 2-ME, can induce microtubule disruption
in VSMCs, animal studies should be considered to further explore the role of
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microtubule disruption-induced VSMC polyploidy and apoptosis in vivo.
(3) To better understand the properties of polyploid VSMCs, diploid and polyploid
VSMCs should be separated by fluorescence-activated cell sorting (FACS) as described
before [267]. With pure populations of diploid and polyploid VSMCs, further efforts
should be made to determine if apopotic susceptibility are different in both populations
and what the underlying mechanism is. Also, comparing different properties of diploid
and polyploid VSMCs will help reveal new therapies targeting various vascular
diseases.

3. In the thesis, we also conclude that mTOR plays an important role in both VSMC
polyploidization and cellular senescence. However, the detailed mechanisms underlying
mTOR-induced VSMC polyploidization remain unclear.
(1) In the next step, it will be critical to determine whether S6K1 or mitochondrial
dysregulation are involved in mTOR-induced polyploidization. Identifying the
mechanisms underlying mTOR-induced VSMC polyploidization will help to understand
the relationship between VSMC polyploidization and vascular aging.
(2) Given that the completely knockout mice are lethal [302, 303], tissue-specific
knockout of components of the mTOR pathway have been established in adipose tissue
[304, 305], muscle [306, 307], neurons [308] and liver [309]. To further explore the role
of mTOR in VSMCs, it is worth generating a SM-specific mTOR overexpression
animal model. Using this animal model, we can observe VSMC polyploidization,
senescence in vivo with SMC-specific mTOR overexpression, and investigate the
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relationship of these changes to vascular diseases, such as hypertension and
atherosclerosis. In addition, this model can further be used to overexpress Raptor or
Rictor to distinguish the role of mTORC1 and mTORC2 in vascular aging.

4. Since aging is an important independent risk factor for cardiovascular diseases, more
effort is needed to address: how senescence of VSMCs affects their normal function and
how senescent VSMC dysfunction contributes to aging-related vascular diseases.

171

References

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.

14.
15.
16.
17.

18.
19.
20.
21.

Carmeliet, P., Mechanisms of angiogenesis and arteriogenesis. Nat Med, 2000.
6(4): p. 389-95.
Owens, G.K., Regulation of differentiation of vascular smooth muscle cells.
Physiol Rev, 1995. 75(3): p. 487-517.
Ross, R., Cell biology of atherosclerosis. Annu Rev Physiol, 1995. 57: p.
791-804.
Owens, G.K., Control of hypertrophic versus hyperplastic growth of vascular
smooth muscle cells. Am J Physiol, 1989. 257(6 Pt 2): p. H1755-65.
Guo, D.C., et al., Pathogenesis of thoracic and abdominal aortic aneurysms.
Ann N Y Acad Sci, 2006. 1085: p. 339-52.
Medawar, P.B., An Unsolved Problem of Biology. H. K. Lewis, London., 1952.
Partridge, L. and M. Mangel, Messages from mortality: the evolution of death
rates in the old. Trends Ecol Evol, 1999. 14(11): p. 438-442.
Lopez-Otin, C., et al., The hallmarks of aging. Cell, 2013. 153(6): p. 1194-217.
Kirkwood, T.B. and S.N. Austad, Why do we age? Nature, 2000. 408(6809): p.
233-8.
Kuilman, T., et al., The essence of senescence. Genes Dev, 2010. 24(22): p.
2463-79.
Hayflick, L., The Limited in Vitro Lifetime of Human Diploid Cell Strains. Exp
Cell Res, 1965. 37: p. 614-36.
Shay, J.W. and I.B. Roninson, Hallmarks of senescence in carcinogenesis and
cancer therapy. Oncogene, 2004. 23(16): p. 2919-33.
Denoyelle, C., et al., Anti-oncogenic role of the endoplasmic reticulum
differentially activated by mutations in the MAPK pathway. Nat Cell Biol, 2006.
8(10): p. 1053-63.
Collado, M. and M. Serrano, Senescence in tumours: evidence from mice and
humans. Nat Rev Cancer, 2010. 10(1): p. 51-7.
Dimri, G.P., et al., A biomarker that identifies senescent human cells in culture
and in aging skin in vivo. Proc Natl Acad Sci U S A, 1995. 92(20): p. 9363-7.
Narita, M., et al., Rb-mediated heterochromatin formation and silencing of E2F
target genes during cellular senescence. Cell, 2003. 113(6): p. 703-16.
Acosta, J.C., et al., A complex secretory program orchestrated by the
inflammasome controls paracrine senescence. Nat Cell Biol, 2013. 15(8): p.
978-90.
Dyson, N., The regulation of E2F by pRB-family proteins. Genes Dev, 1998.
12(15): p. 2245-62.
Camici, G.G., et al., Molecular pathways of aging and hypertension. Curr Opin
Nephrol Hypertens, 2009. 18(2): p. 134-7.
Orlandi, A., et al., Aging, smooth muscle cells and vascular pathobiology:
implications for atherosclerosis. Atherosclerosis, 2006. 188(2): p. 221-30.
Yildiz, O., Vascular smooth muscle and endothelial functions in aging. Ann N Y
172

22.

23.

24.

25.
26.
27.
28.
29.

30.

31.
32.

33.

34.

35.
36.

37.

Acad Sci, 2007. 1100: p. 353-60.
Matthews, C., et al., Vascular smooth muscle cells undergo telomere-based
senescence in human atherosclerosis: effects of telomerase and oxidative stress.
Circ Res, 2006. 99(2): p. 156-64.
Ragnauth, C.D., et al., Prelamin A acts to accelerate smooth muscle cell
senescence and is a novel biomarker of human vascular aging. Circulation, 2010.
121(20): p. 2200-10.
Wang, J.C. and M. Bennett, Aging and atherosclerosis: mechanisms, functional
consequences, and potential therapeutics for cellular senescence. Circ Res,
2012. 111(2): p. 245-59.
Minamino, T., et al., Ras induces vascular smooth muscle cell senescence and
inflammation in human atherosclerosis. Circulation, 2003. 108(18): p. 2264-9.
Miller, S.J., et al., Development of progressive aortic vasculopathy in a rat
model of aging. Am J Physiol Heart Circ Physiol, 2007. 293(5): p. H2634-43.
Wang, M., et al., Proinflammatory profile within the grossly normal aged human
aortic wall. Hypertension, 2007. 50(1): p. 219-27.
Ferlosio, A., et al., Age-related increase of stem marker expression influences
vascular smooth muscle cell properties. Atherosclerosis, 2012. 224(1): p. 51-7.
Bochaton-Piallat, M.L., et al., Age influences the replicative activity and the
differentiation features of cultured rat aortic smooth muscle cell populations and
clones. Arterioscler Thromb, 1993. 13(10): p. 1449-55.
Spinetti, G., et al., Rat aortic MCP-1 and its receptor CCR2 increase with age
and alter vascular smooth muscle cell function. Arterioscler Thromb Vasc Biol,
2004. 24(8): p. 1397-402.
Li, Z., et al., Increased expression of matrix metalloproteinase-2 in the thickened
intima of aged rats. Hypertension, 1999. 33(1): p. 116-23.
Bruel, A. and H. Oxlund, Changes in biomechanical properties, composition of
collagen and elastin, and advanced glycation endproducts of the rat aorta in
relation to age. Atherosclerosis, 1996. 127(2): p. 155-65.
Jones, M.R. and K. Ravid, Vascular smooth muscle polyploidization as a
biomarker for aging and its impact on differential gene expression. J Biol Chem,
2004. 279(7): p. 5306-13.
Owens, G.K., M.S. Kumar, and B.R. Wamhoff, Molecular regulation of vascular
smooth muscle cell differentiation in development and disease. Physiol Rev,
2004. 84(3): p. 767-801.
Yoshida, T. and G.K. Owens, Molecular determinants of vascular smooth
muscle cell diversity. Circ Res, 2005. 96(3): p. 280-91.
Babij, P., C. Kelly, and M. Periasamy, Characterization of a mammalian smooth
muscle myosin heavy-chain gene: complete nucleotide and protein coding
sequence and analysis of the 5' end of the gene. Proc Natl Acad Sci U S A, 1991.
88(23): p. 10676-80.
Madsen, C.S., et al., Smooth muscle-specific expression of the smooth muscle
myosin heavy chain gene in transgenic mice requires 5'-flanking and first
intronic DNA sequence. Circ Res, 1998. 82(8): p. 908-17.
173

38.

39.

40.

41.

42.
43.
44.

45.
46.

47.

48.

49.
50.

51.

52.

53.

Miano, J.M., et al., Smooth muscle myosin heavy chain exclusively marks the
smooth muscle lineage during mouse embryogenesis. Circ Res, 1994. 75(5): p.
803-12.
Gabbiani, G., et al., Vascular smooth muscle cells differ from other smooth
muscle cells: predominance of vimentin filaments and a specific alpha-type actin.
Proc Natl Acad Sci U S A, 1981. 78(1): p. 298-302.
Mack, C.P. and G.K. Owens, Regulation of smooth muscle alpha-actin
expression in vivo is dependent on CArG elements within the 5' and first intron
promoter regions. Circ Res, 1999. 84(7): p. 852-61.
Duband, J.L., et al., Calponin and SM 22 as differentiation markers of smooth
muscle: spatiotemporal distribution during avian embryonic development.
Differentiation, 1993. 55(1): p. 1-11.
Miano, J.M., et al., Serum response factor-dependent regulation of the smooth
muscle calponin gene. J Biol Chem, 2000. 275(13): p. 9814-22.
van der Loop, F.T., et al., Smoothelin, a novel cytoskeletal protein specific for
smooth muscle cells. J Cell Biol, 1996. 134(2): p. 401-11.
Sobue, K., K. Hayashi, and W. Nishida, Expressional regulation of smooth
muscle cell-specific genes in association with phenotypic modulation. Mol Cell
Biochem, 1999. 190(1-2): p. 105-18.
Tang, Z., et al., Differentiation of multipotent vascular stem cells contributes to
vascular diseases. Nat Commun, 2012. 3: p. 875.
Wang, D., et al., Activation of cardiac gene expression by myocardin, a
transcriptional cofactor for serum response factor. Cell, 2001. 105(7): p.
851-62.
Huang, J., et al., Myocardin regulates expression of contractile genes in smooth
muscle cells and is required for closure of the ductus arteriosus in mice. J Clin
Invest, 2008. 118(2): p. 515-25.
Du, K.L., et al., Myocardin is a critical serum response factor cofactor in the
transcriptional program regulating smooth muscle cell differentiation. Mol Cell
Biol, 2003. 23(7): p. 2425-37.
Chen, J., et al., Myocardin: a component of a molecular switch for smooth
muscle differentiation. J Mol Cell Cardiol, 2002. 34(10): p. 1345-56.
Yoshida, T., et al., Myocardin is a key regulator of CArG-dependent
transcription of multiple smooth muscle marker genes. Circ Res, 2003. 92(8): p.
856-64.
Wang, Z.G., et al., Myocardin is a master regulator of smooth muscle gene
expression. Proceedings of the National Academy of Sciences of the United
States of America, 2003. 100(12): p. 7129-7134.
Hendrix, J.A., et al., 5' CArG degeneracy in smooth muscle alpha-actin is
required for injury-induced gene suppression in vivo. J Clin Invest, 2005. 115(2):
p. 418-27.
van Tuyn, J., et al., Epicardial cells of human adults can undergo an
epithelial-to-mesenchymal transition and obtain characteristics of smooth
muscle cells in vitro. Stem Cells, 2007. 25(2): p. 271-8.
174

54.

55.
56.
57.
58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.
70.

Zhu, P., et al., Transdifferentiation of pulmonary arteriolar endothelial cells into
smooth muscle-like cells regulated by myocardin involved in hypoxia-induced
pulmonary vascular remodelling. Int J Exp Pathol, 2006. 87(6): p. 463-74.
Sun, Q., et al., Defining the mammalian CArGome. Genome Res, 2006. 16(2): p.
197-207.
Miralles, F., et al., Actin dynamics control SRF activity by regulation of its
coactivator MAL. Cell, 2003. 113(3): p. 329-42.
Miano, J.M., Serum response factor: toggling between disparate programs of
gene expression. J Mol Cell Cardiol, 2003. 35(6): p. 577-93.
Long, X., et al., The smooth muscle cell-restricted KCNMB1 ion channel subunit
is a direct transcriptional target of serum response factor and myocardin. J Biol
Chem, 2009. 284(48): p. 33671-82.
Petit, M.M., et al., Smooth muscle expression of lipoma preferred partner is
mediated by an alternative intronic promoter that is regulated by serum
response factor/myocardin. Circ Res, 2008. 103(1): p. 61-9.
Chen, C.H., et al., Intronic CArG box regulates cysteine-rich protein 2
expression in the adult but not in developing vasculature. Arterioscler Thromb
Vasc Biol, 2010. 30(4): p. 835-42.
Kimura, Y., et al., Myocardin functions as an effective inducer of growth arrest
and differentiation in human uterine leiomyosarcoma cells. Cancer Res, 2010.
70(2): p. 501-11.
Cordes, K.R., et al., miR-145 and miR-143 regulate smooth muscle cell fate and
plasticity. Nature, 2009. 460(7256): p. 705-10.
Boettger, T., et al., Acquisition of the contractile phenotype by murine arterial
smooth muscle cells depends on the Mir143/145 gene cluster. J Clin Invest, 2009.
119(9): p. 2634-47.
Elia, L., et al., The knockout of miR-143 and -145 alters smooth muscle cell
maintenance and vascular homeostasis in mice: correlates with human disease.
Cell Death Differ, 2009. 16(12): p. 1590-8.
Xin, M., et al., MicroRNAs miR-143 and miR-145 modulate cytoskeletal
dynamics and responsiveness of smooth muscle cells to injury. Genes Dev, 2009.
23(18): p. 2166-78.
Cheng, Y., et al., MicroRNA-145, a novel smooth muscle cell phenotypic marker
and modulator, controls vascular neointimal lesion formation. Circ Res, 2009.
105(2): p. 158-66.
Jiang, Y., H. Yin, and X.L. Zheng, MicroRNA-1 inhibits myocardin-induced
contractility of human vascular smooth muscle cells. J Cell Physiol, 2010.
225(2): p. 506-11.
Chen, J., et al., Induction of microRNA-1 by myocardin in smooth muscle cells
inhibits cell proliferation. Arterioscler Thromb Vasc Biol, 2011. 31(2): p.
368-75.
Ueyama, T., et al., Myocardin expression is regulated by Nkx2.5, and its function
is required for cardiomyogenesis. Mol Cell Biol, 2003. 23(24): p. 9222-32.
Shi, N. and S.Y. Chen, Cell division cycle 7 mediates transforming growth
175

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

81.
82.

83.

84.
85.

factor-beta-induced smooth muscle maturation through activation of myocardin
gene transcription. J Biol Chem, 2013. 288(48): p. 34336-42.
Xie, W.B., et al., Smad3-mediated myocardin silencing: a novel mechanism
governing the initiation of smooth muscle differentiation. J Biol Chem, 2011.
286(17): p. 15050-7.
Yang, X., et al., Spry1 and Spry4 differentially regulate human aortic smooth
muscle cell phenotype via Akt/FoxO/myocardin signaling. PLoS One, 2013. 8(3):
p. e58746.
Turner, E.C., et al., Identification of a Klf4-dependent upstream repressor region
mediating transcriptional regulation of the myocardin gene in human smooth
muscle cells. Biochim Biophys Acta, 2013. 1829(11): p. 1191-201.
Molchadsky, A., et al., p53 plays a role in mesenchymal differentiation programs,
in a cell fate dependent manner. PLoS One, 2008. 3(11): p. e3707.
Yoshida, T., M.H. Hoofnagle, and G.K. Owens, Myocardin and Prx1 contribute
to angiotensin II-induced expression of smooth muscle alpha-actin. Circ Res,
2004. 94(8): p. 1075-82.
Wamhoff, B.R., et al., L-type voltage-gated Ca2+ channels modulate expression
of
smooth
muscle
differentiation
marker
genes
via
a
rho
kinase/myocardin/SRF-dependent mechanism. Circ Res, 2004. 95(4): p. 406-14.
Milyavsky, M., et al., Inactivation of myocardin and p16 during malignant
transformation contributes to a differentiation defect. Cancer Cell, 2007. 11(2):
p. 133-46.
Creemers, E.E., et al., Myocardin is a direct transcriptional target of Mef2, Tead
and Foxo proteins during cardiovascular development. Development, 2006.
133(21): p. 4245-56.
Pidkovka, N.A., et al., Oxidized phospholipids induce phenotypic switching of
vascular smooth muscle cells in vivo and in vitro. Circ Res, 2007. 101(8): p.
792-801.
Yu, J., et al., Oxidized low density lipoprotein-induced transdifferentiation of
bone marrow-derived smooth muscle-like cells into foam-like cells in vitro. Int J
Exp Pathol, 2010. 91(1): p. 24-33.
Taurin, S., et al., Phosphorylation of myocardin by extracellular
signal-regulated kinase. J Biol Chem, 2009. 284(49): p. 33789-94.
Li, W., et al., Protein kinase Calpha inhibits myocardin-induced cardiomyocyte
hypertrophy through the promotion of myocardin phosphorylation. Acta
Biochim Biophys Sin (Shanghai), 2015. 47(9): p. 687-95.
Badorff, C., et al., Glycogen synthase kinase 3beta inhibits
myocardin-dependent transcription and hypertrophy induction through
site-specific phosphorylation. Circ Res, 2005. 97(7): p. 645-54.
Wang, J., et al., Myocardin sumoylation transactivates cardiogenic genes in
pluripotent 10T1/2 fibroblasts. Mol Cell Biol, 2007. 27(2): p. 622-32.
Xie, P., et al., CHIP represses myocardin-induced smooth muscle cell
differentiation via ubiquitin-mediated proteasomal degradation. Mol Cell Biol,
2009. 29(9): p. 2398-408.
176

86.
87.

88.
89.

90.
91.
92.
93.
94.
95.
96.

97.

98.

99.

100.

101.

102.
103.

Hu, G., et al., Modulation of myocardin function by the ubiquitin E3 ligase
UBR5. J Biol Chem, 2010. 285(16): p. 11800-9.
Cao, D., et al., Modulation of smooth muscle gene expression by association of
histone acetyltransferases and deacetylases with myocardin. Mol Cell Biol,
2005. 25(1): p. 364-76.
Miano, J.M., et al., Restricted inactivation of serum response factor to the
cardiovascular system. Proc Natl Acad Sci U S A, 2004. 101(49): p. 17132-7.
Yin, H., et al., Proteasomal degradation of myocardin is required for its
transcriptional activity in vascular smooth muscle cells. J Cell Physiol, 2011.
226(7): p. 1897-906.
Cao, D., et al., Acetylation of myocardin is required for the activation of cardiac
and smooth muscle genes. J Biol Chem, 2012. 287(46): p. 38495-504.
Roach, P.J., Glycogen synthase and glycogen synthase kinases. Curr Top Cell
Regul, 1981. 20: p. 45-105.
Woodgett, J.R., Molecular cloning and expression of glycogen synthase
kinase-3/factor A. EMBO J, 1990. 9(8): p. 2431-8.
Woodgett, J.R., cDNA cloning and properties of glycogen synthase kinase-3.
Methods Enzymol, 1991. 200: p. 564-77.
MacAulay, K., et al., Glycogen synthase kinase 3alpha-specific regulation of
murine hepatic glycogen metabolism. Cell Metab, 2007. 6(4): p. 329-37.
Hoeflich, K.P., et al., Requirement for glycogen synthase kinase-3beta in cell
survival and NF-kappaB activation. Nature, 2000. 406(6791): p. 86-90.
Woodgett, J.R. and P. Cohen, Multisite phosphorylation of glycogen synthase.
Molecular basis for the substrate specificity of glycogen synthase kinase-3 and
casein kinase-II (glycogen synthase kinase-5). Biochim Biophys Acta, 1984.
788(3): p. 339-47.
Wang, Y. and P.J. Roach, Inactivation of rabbit muscle glycogen synthase by
glycogen synthase kinase-3. Dominant role of the phosphorylation of Ser-640
(site-3a). J Biol Chem, 1993. 268(32): p. 23876-80.
Li, Y., et al., Glycogen synthase kinase-3beta regulates astrocytic differentiation
of U87-MG human glioblastoma cells. Acta Pharmacol Sin, 2010. 31(3): p.
355-60.
van Weeren, P.C., et al., Essential role for protein kinase B (PKB) in
insulin-induced glycogen synthase kinase 3 inactivation. Characterization of
dominant-negative mutant of PKB. J Biol Chem, 1998. 273(21): p. 13150-6.
Pap, M. and G.M. Cooper, Role of glycogen synthase kinase-3 in the
phosphatidylinositol 3-Kinase/Akt cell survival pathway. J Biol Chem, 1998.
273(32): p. 19929-32.
Dajani, R., et al., Crystal structure of glycogen synthase kinase 3 beta:
structural basis for phosphate-primed substrate specificity and autoinhibition.
Cell, 2001. 105(6): p. 721-32.
ter Haar, E., et al., Structure of GSK3beta reveals a primed phosphorylation
mechanism. Nat Struct Biol, 2001. 8(7): p. 593-6.
Cole, A.R., et al., GSK-3 phosphorylation of the Alzheimer epitope within
177

104.

105.

106.
107.
108.

109.
110.

111.
112.
113.

114.
115.

116.

117.

118.

collapsin response mediator proteins regulates axon elongation in primary
neurons. J Biol Chem, 2004. 279(48): p. 50176-80.
Thomas, G.M., et al., A GSK3-binding peptide from FRAT1 selectively inhibits
the GSK3-catalysed phosphorylation of axin and beta-catenin. FEBS Lett, 1999.
458(2): p. 247-51.
Hinoi, T., et al., Complex formation of adenomatous polyposis coli gene product
and axin facilitates glycogen synthase kinase-3 beta-dependent phosphorylation
of beta-catenin and down-regulates beta-catenin. J Biol Chem, 2000. 275(44): p.
34399-406.
Logan, C.Y. and R. Nusse, The Wnt signaling pathway in development and
disease. Annu Rev Cell Dev Biol, 2004. 20: p. 781-810.
Rao, T.P. and M. Kuhl, An updated overview on Wnt signaling pathways: a
prelude for more. Circ Res, 2010. 106(12): p. 1798-806.
Frame, S., P. Cohen, and R.M. Biondi, A common phosphate binding site
explains the unique substrate specificity of GSK3 and its inactivation by
phosphorylation. Mol Cell, 2001. 7(6): p. 1321-7.
Cross, D.A., et al., Inhibition of glycogen synthase kinase-3 by insulin mediated
by protein kinase B. Nature, 1995. 378(6559): p. 785-9.
Brady, M.J., F.J. Bourbonais, and A.R. Saltiel, The activation of glycogen
synthase by insulin switches from kinase inhibition to phosphatase activation
during adipogenesis in 3T3-L1 cells. J Biol Chem, 1998. 273(23): p. 14063-6.
Armstrong, J.L., et al., Regulation of glycogen synthesis by amino acids in
cultured human muscle cells. J Biol Chem, 2001. 276(2): p. 952-6.
Fang, X., et al., Phosphorylation and inactivation of glycogen synthase kinase 3
by protein kinase A. Proc Natl Acad Sci U S A, 2000. 97(22): p. 11960-5.
Fang, X., et al., Convergence of multiple signaling cascades at glycogen
synthase kinase 3: Edg receptor-mediated phosphorylation and inactivation by
lysophosphatidic acid through a protein kinase C-dependent intracellular
pathway. Mol Cell Biol, 2002. 22(7): p. 2099-110.
Hughes, K., et al., Modulation of the glycogen synthase kinase-3 family by
tyrosine phosphorylation. EMBO J, 1993. 12(2): p. 803-8.
Cole, A., Frame, S., Cohen, P., Further evidence that the tyrosine
phosphorylation of glycogen syntase kinase-3 (GSK3) in mammalian cells is an
autophosphorylation event. Biochem J, 2004(337): p. 249-255.
Force, T. and J.R. Woodgett, Unique and overlapping functions of GSK-3
isoforms in cell differentiation and proliferation and cardiovascular
development. J Biol Chem, 2009. 284(15): p. 9643-7.
Cho, J., P. Rameshwar, and J. Sadoshima, Distinct roles of glycogen synthase
kinase (GSK)-3alpha and GSK-3beta in mediating cardiomyocyte differentiation
in murine bone marrow-derived mesenchymal stem cells. J Biol Chem, 2009.
284(52): p. 36647-58.
Shin, M., H. Nagai, and G. Sheng, Notch mediates Wnt and BMP signals in the
early separation of smooth muscle progenitors and blood/endothelial common
progenitors. Development, 2009. 136(4): p. 595-603.
178

119.

120.

121.
122.

123.
124.
125.
126.
127.
128.
129.

130.
131.
132.

133.
134.
135.

136.

Shafer, S.L. and D.A. Towler, Transcriptional regulation of SM22alpha by
Wnt3a: convergence with TGFbeta(1)/Smad signaling at a novel regulatory
element. J Mol Cell Cardiol, 2009. 46(5): p. 621-35.
Charbonney, E., et al., beta-catenin and Smad3 regulate the activity and stability
of myocardin-related transcription factor during epithelial-myofibroblast
transition. Mol Biol Cell, 2011. 22(23): p. 4472-85.
Deng, H., et al., Inhibition of glycogen synthase kinase-3beta is sufficient for
airway smooth muscle hypertrophy. J Biol Chem, 2008. 283(15): p. 10198-207.
Bentley, J.K., et al., Airway smooth muscle hyperplasia and hypertrophy
correlate with glycogen synthase kinase-3(beta) phosphorylation in a mouse
model of asthma. Am J Physiol Lung Cell Mol Physiol, 2009. 296(2): p.
L176-84.
Wang, X., et al., A role for the beta-catenin/T-cell factor signaling cascade in
vascular remodeling. Circ Res, 2002. 90(3): p. 340-7.
Taylor, M.V., Muscle differentiation: how two cells become one. Curr Biol, 2002.
12(6): p. R224-8.
Vignery, A., Osteoclasts and giant cells: macrophage-macrophage fusion
mechanism. Int J Exp Pathol, 2000. 81(5): p. 291-304.
Ravid, K., et al., Roads to polyploidy: the megakaryocyte example. J Cell
Physiol, 2002. 190(1): p. 7-20.
Cahill, D.P., et al., Mutations of mitotic checkpoint genes in human cancers.
Nature, 1998. 392(6673): p. 300-3.
Cross, S.M., et al., A p53-dependent mouse spindle checkpoint. Science, 1995.
267(5202): p. 1353-6.
Gualberto, A., et al., An oncogenic form of p53 confers a dominant,
gain-of-function phenotype that disrupts spindle checkpoint control. Proc Natl
Acad Sci U S A, 1998. 95(9): p. 5166-71.
Walen, K.H., Human diploid fibroblast cells in senescence; cycling through
polyploidy to mitotic cells. In Vitro Cell Dev Biol Anim, 2006. 42(7): p. 216-24.
Kikuchi, I., et al., A decrease in cyclin B1 levels leads to polyploidization in
DNA damage-induced senescence. Cell Biol Int, 2010. 34(6): p. 645-53.
Yang, D., et al., Increased polyploidy in aortic vascular smooth muscle cells
during aging is marked by cellular senescence. Aging Cell, 2007. 6(2): p.
257-60.
Celton-Morizur, S. and C. Desdouets, Polyploidization of liver cells. Adv Exp
Med Biol, 2010. 676: p. 123-35.
Mosieniak, G. and E. Sikora, Polyploidy: the link between senescence and
cancer. Curr Pharm Des, 2010. 16(6): p. 734-40.
Kudryavtsev, B.N., et al., Human hepatocyte polyploidization kinetics in the
course of life cycle. Virchows Arch B Cell Pathol Incl Mol Pathol, 1993. 64(6): p.
387-93.
Wagner, M., et al., Replicative senescence of human endothelial cells in vitro
involves G1 arrest, polyploidization and senescence-associated apoptosis. Exp
Gerontol, 2001. 36(8): p. 1327-47.
179

137.
138.

139.

140.
141.
142.

143.
144.

145.
146.

147.
148.
149.
150.
151.

152.

153.
154.

Smogorzewska, A. and T. de Lange, Different telomere damage signaling
pathways in human and mouse cells. EMBO J, 2002. 21(16): p. 4338-48.
Adler, C.P. and U. Costabel, Cell number in human heart in atrophy,
hypertrophy, and under the influence of cytostatics. Recent Adv Stud Cardiac
Struct Metab, 1975. 6: p. 343-55.
Staiger, J., H. Stolze, and C.P. Adler, Nuclear deoxyribonucleic acid content in
congenital cardiac malformations. Recent Adv Stud Cardiac Struct Metab, 1975.
6: p. 357-63.
Dominiczak, A.F., et al., Vascular smooth muscle polyploidy and cardiac
hypertrophy in genetic hypertension. Hypertension, 1996. 27(3 Pt 2): p. 752-9.
Gordon, D., L.G. Mohai, and S.M. Schwartz, Induction of polyploidy in cultures
of neonatal rat aortic smooth muscle cells. Circ Res, 1986. 59(6): p. 633-44.
Borradaile, N.M. and J.G. Pickering, Polyploidy impairs human aortic
endothelial
cell
function
and
is
prevented
by
nicotinamide
phosphoribosyltransferase. Am J Physiol Cell Physiol, 2010. 298(1): p. C66-74.
McCrann, D.J., et al., Vascular smooth muscle cell polyploidy: an adaptive or
maladaptive response? J Cell Physiol, 2008. 215(3): p. 588-92.
Metzstein, M.M., G.M. Stanfield, and H.R. Horvitz, Genetics of programmed
cell death in C. elegans: past, present and future. Trends Genet, 1998. 14(10): p.
410-6.
Lundberg, M.S. and M.T. Crow, Age-related changes in the signaling and
function of vascular smooth muscle cells. Exp Gerontol, 1999. 34(4): p. 549-57.
Bennett, M.R., et al., Cooperative interactions between RB and p53 regulate cell
proliferation, cell senescence, and apoptosis in human vascular smooth muscle
cells from atherosclerotic plaques. Circ Res, 1998. 82(6): p. 704-12.
Sawabe, M., Vascular aging: from molecular mechanism to clinical significance.
Geriatr Gerontol Int, 2010. 10 Suppl 1: p. S213-20.
Hamet, P., Proliferation and apoptosis of vascular smooth muscle in
hypertension. Curr Opin Nephrol Hypertens, 1995. 4(1): p. 1-7.
Hamet, P., et al., Apoptosis in target organs of hypertension. Hypertension, 1995.
26(4): p. 642-8.
Chobanian, A.V., et al., Effects of deoxycorticosterone/salt hypertension on cell
ploidy in rat aortic smooth muscle cells. Circulation, 1987. 75(1 Pt 2): p. I102-6.
Owens, G.K. and S.M. Schwartz, Alterations in vascular smooth muscle mass in
the spontaneously hypertensive rat. Role of cellular hypertrophy, hyperploidy,
and hyperplasia. Circ Res, 1982. 51(3): p. 280-9.
Verdoodt, B., et al., Induction of polyploidy and apoptosis after exposure to high
concentrations of the spindle poison nocodazole. Mutagenesis, 1999. 14(5): p.
513-20.
Stepien, A., et al., Taxol-induced polyploidy and cell death in CHO AA8 cells.
Acta Histochem, 2010. 112(1): p. 62-71.
Gui, Y., et al., The GPER agonist G-1 induces mitotic arrest and apoptosis in
human vascular smooth muscle cells independent of GPER. J Cell Physiol, 2015.
230(4): p. 885-95.
180

155.

156.

157.
158.

159.

160.
161.
162.
163.
164.
165.

166.

167.
168.
169.

170.
171.

Gui, Y. and X.L. Zheng, 2-methoxyestradiol induces cell cycle arrest and mitotic
cell apoptosis in human vascular smooth muscle cells. Hypertension, 2006.
47(2): p. 271-80.
Tovar, C., et al., Small-molecule inducer of cancer cell polyploidy promotes
apoptosis or senescence: Implications for therapy. Cell Cycle, 2010. 9(16): p.
3364-75.
Zong, Z.P., et al., Apoptotic cell death of high polyploid cells in a cultured
sarcoma cell line. Cell Struct Funct, 1998. 23(4): p. 231-7.
Gizatullin, F., et al., The Aurora kinase inhibitor VX-680 induces
endoreduplication and apoptosis preferentially in cells with compromised
p53-dependent postmitotic checkpoint function. Cancer Res, 2006. 66(15): p.
7668-77.
Yang, J., et al., AZD1152, a novel and selective aurora B kinase inhibitor,
induces growth arrest, apoptosis, and sensitization for tubulin depolymerizing
agent or topoisomerase II inhibitor in human acute leukemia cells in vitro and in
vivo. Blood, 2007. 110(6): p. 2034-40.
deBlois, D., et al., Smooth muscle apoptosis during vascular regression in
spontaneously hypertensive rats. Hypertension, 1997. 29(1 Pt 2): p. 340-9.
Wullschleger, S., R. Loewith, and M.N. Hall, TOR signaling in growth and
metabolism. Cell, 2006. 124(3): p. 471-84.
Guertin, D.A. and D.M. Sabatini, Defining the role of mTOR in cancer. Cancer
Cell, 2007. 12(1): p. 9-22.
Kim, D.H., et al., mTOR interacts with raptor to form a nutrient-sensitive
complex that signals to the cell growth machinery. Cell, 2002. 110(2): p. 163-75.
Sarbassov, D.D., et al., Prolonged rapamycin treatment inhibits mTORC2
assembly and Akt/PKB. Mol Cell, 2006. 22(2): p. 159-68.
Guerriero, R., et al., Inhibition of TPO-induced MEK or mTOR activity induces
opposite effects on the ploidy of human differentiating megakaryocytes. J Cell
Sci, 2006. 119(Pt 4): p. 744-52.
Raslova, H., et al., Mammalian target of rapamycin (mTOR) regulates both
proliferation of megakaryocyte progenitors and late stages of megakaryocyte
differentiation. Blood, 2006. 107(6): p. 2303-10.
Toyoshima, M., et al., Cellular senescence of angiofibroma stroma cells from
patients with tuberous sclerosis. Brain Dev, 1999. 21(3): p. 184-91.
Black, M.J., et al., Effect of enalapril on aortic smooth muscle cell polyploidy in
the spontaneously hypertensive rat. J Hypertens, 1989. 7(12): p. 997-1003.
Devlin, A.M., et al., The effects of perindopril on vascular smooth muscle
polyploidy in stroke-prone spontaneously hypertensive rats. J Hypertens, 1995.
13(2): p. 211-8.
Hixon, M.L., et al., Akt1/PKB upregulation leads to vascular smooth muscle cell
hypertrophy and polyploidization. J Clin Invest, 2000. 106(8): p. 1011-20.
Yamakawa, T., et al., Phosphatidylinositol 3-kinase in angiotensin II-induced
hypertrophy of vascular smooth muscle cells. Eur J Pharmacol, 2003. 478(1): p.
39-46.
181

172.

173.
174.
175.

176.

177.
178.
179.
180.
181.

182.

183.
184.

185.

186.

187.
188.

Hafizi, S., et al., ANG II activates effectors of mTOR via PI3-K signaling in
human coronary smooth muscle cells. Am J Physiol Heart Circ Physiol, 2004.
287(3): p. H1232-8.
Hixon, M.L., et al., Cks1 mediates vascular smooth muscle cell polyploidization.
J Biol Chem, 2000. 275(51): p. 40434-42.
Dal Col, J., et al., Distinct functional significance of Akt and mTOR constitutive
activation in mantle cell lymphoma. Blood, 2008. 111(10): p. 5142-51.
Yeung, R.S., et al., Predisposition to renal carcinoma in the Eker rat is
determined by germ-line mutation of the tuberous sclerosis 2 (TSC2) gene. Proc
Natl Acad Sci U S A, 1994. 91(24): p. 11413-6.
Gui, Y., et al., Predisposition to tetraploidy in pulmonary vascular smooth
muscle cells derived from the Eker rats. Am J Physiol Lung Cell Mol Physiol,
2007. 293(3): p. L702-11.
Demidenko, Z.N. and M.V. Blagosklonny, Growth stimulation leads to cellular
senescence when the cell cycle is blocked. Cell Cycle, 2008. 7(21): p. 3355-61.
Castilho, R.M., et al., mTOR mediates Wnt-induced epidermal stem cell
exhaustion and aging. Cell Stem Cell, 2009. 5(3): p. 279-89.
Demidenko, Z.N., et al., Rapamycin decelerates cellular senescence. Cell Cycle,
2009. 8(12): p. 1888-95.
Kolesnichenko, M., et al., Attenuation of TORC1 signaling delays replicative
and oncogenic RAS-induced senescence. Cell Cycle, 2012. 11(12): p. 2391-401.
Wang, C.Y., et al., Obesity increases vascular senescence and susceptibility to
ischemic injury through chronic activation of Akt and mTOR. Sci Signal, 2009.
2(62): p. ra11.
Fujita, S., et al., Aerobic exercise overcomes the age-related insulin resistance of
muscle protein metabolism by improving endothelial function and
Akt/mammalian target of rapamycin signaling. Diabetes, 2007. 56(6): p.
1615-22.
van der Veer, E., et al., Extension of human cell lifespan by nicotinamide
phosphoribosyltransferase. J Biol Chem, 2007. 282(15): p. 10841-5.
Marton, O., et al., Aging and exercise affect the level of protein acetylation and
SIRT1 activity in cerebellum of male rats. Biogerontology, 2010. 11(6): p.
679-86.
Zhang, J., et al., Effect of tankyrase 1 on autophagy in the corpus cavernosum
smooth muscle cells from ageing rats with erectile dysfunction and its potential
mechanism. Asian J Androl, 2010. 12(5): p. 744-52.
Li, M., et al., Age-related differences in insulin-like growth factor-1 receptor
signaling regulates Akt/FOXO3a and ERK/Fos pathways in vascular smooth
muscle cells. J Cell Physiol, 2008. 217(2): p. 377-87.
Martin-Cano, F.E., et al., mTOR pathway and Ca(2)(+) stores mobilization in
aged smooth muscle cells. Aging (Albany NY), 2013. 5(5): p. 339-46.
A. Houssaini1, E.M., , , M. Saker1, K. Kebe1, F. Wan1, D. Rideau1, M. Latiri1,
M. Breau1, A. Parpaleix1, V. Amsellem1, P. Validire2, A. Caniard3, S. Meiners3,
G. Derumeaux1, S. Adnot1, Senescence of pulmonary vascular cells is related to
182

189.
190.
191.
192.
193.
194.

195.
196.
197.
198.

199.

200.
201.
202.
203.

204.
205.
206.
207.

overactivation of the mTOR signaling pathway in chronic obstructive pulmonary
disease (COPD). Revue des maladies respiratoires, 2015. 32
( 3): p. 306.
Kaeberlein, M., et al., Regulation of yeast replicative life span by TOR and Sch9
in response to nutrients. Science, 2005. 310(5751): p. 1193-6.
Vellai, T., et al., Genetics: influence of TOR kinase on lifespan in C. elegans.
Nature, 2003. 426(6967): p. 620.
Kapahi, P., et al., Regulation of lifespan in Drosophila by modulation of genes in
the TOR signaling pathway. Curr Biol, 2004. 14(10): p. 885-90.
Harrison, D.E., et al., Rapamycin fed late in life extends lifespan in genetically
heterogeneous mice. Nature, 2009. 460(7253): p. 392-5.
Schreiber, M.A., et al., Manipulation of behavioral decline in Caenorhabditis
elegans with the Rag GTPase raga-1. PLoS Genet, 2010. 6(5): p. e1000972.
Jia, K., D. Chen, and D.L. Riddle, The TOR pathway interacts with the insulin
signaling pathway to regulate C. elegans larval development, metabolism and
life span. Development, 2004. 131(16): p. 3897-906.
Fabrizio, P., et al., Regulation of longevity and stress resistance by Sch9 in yeast.
Science, 2001. 292(5515): p. 288-90.
Selman, C., et al., Ribosomal protein S6 kinase 1 signaling regulates mammalian
life span. Science, 2009. 326(5949): p. 140-4.
Zid, B.M., et al., 4E-BP extends lifespan upon dietary restriction by enhancing
mitochondrial activity in Drosophila. Cell, 2009. 139(1): p. 149-60.
Cunningham, J.T., et al., mTOR controls mitochondrial oxidative function
through a YY1-PGC-1alpha transcriptional complex. Nature, 2007. 450(7170):
p. 736-40.
Lerner, C., et al., Reduced mammalian target of rapamycin activity facilitates
mitochondrial retrograde signaling and increases life span in normal human
fibroblasts. Aging Cell, 2013. 12(6): p. 966-77.
Moiseeva, O., et al., Mitochondrial dysfunction contributes to oncogene-induced
senescence. Mol Cell Biol, 2009. 29(16): p. 4495-507.
Passos, J.F., et al., Mitochondrial dysfunction accounts for the stochastic
heterogeneity in telomere-dependent senescence. PLoS Biol, 2007. 5(5): p. e110.
Cuervo, A.M., Autophagy: in sickness and in health. Trends Cell Biol, 2004.
14(2): p. 70-7.
Levine, B. and D.J. Klionsky, Development by self-digestion: molecular
mechanisms and biological functions of autophagy. Dev Cell, 2004. 6(4): p.
463-77.
Shintani, T. and D.J. Klionsky, Autophagy in health and disease: a double-edged
sword. Science, 2004. 306(5698): p. 990-5.
Klionsky, D.J., The molecular machinery of autophagy: unanswered questions. J
Cell Sci, 2005. 118(Pt 1): p. 7-18.
Mizushima, N. and D.J. Klionsky, Protein turnover via autophagy: implications
for metabolism. Annu Rev Nutr, 2007. 27: p. 19-40.
Mizushima, N., The pleiotropic role of autophagy: from protein metabolism to
bactericide. Cell Death Differ, 2005. 12 Suppl 2: p. 1535-41.
183

208.
209.
210.
211.
212.

213.

214.
215.
216.
217.

218.

219.

220.
221.

222.

223.

224.
225.

Levine, B. and G. Kroemer, Autophagy in the pathogenesis of disease. Cell,
2008. 132(1): p. 27-42.
Mizushima, N. and M. Komatsu, Autophagy: renovation of cells and tissues.
Cell, 2011. 147(4): p. 728-41.
Alvers, A.L., et al., Autophagy is required for extension of yeast chronological
life span by rapamycin. Autophagy, 2009. 5(6): p. 847-9.
Melendez, A., et al., Autophagy genes are essential for dauer development and
life-span extension in C. elegans. Science, 2003. 301(5638): p. 1387-91.
Gerland, L.M., et al., Association of increased autophagic inclusions labeled for
beta-galactosidase with fibroblastic aging. Exp Gerontol, 2003. 38(8): p.
887-95.
Sasaki, M., et al., Autophagy mediates the process of cellular senescence
characterizing bile duct damages in primary biliary cirrhosis. Lab Invest, 2010.
90(6): p. 835-43.
Dorr, J.R., et al., Synthetic lethal metabolic targeting of cellular senescence in
cancer therapy. Nature, 2013. 501(7467): p. 421-5.
Kang, H.T., et al., Autophagy impairment induces premature senescence in
primary human fibroblasts. PLoS One, 2011. 6(8): p. e23367.
Taneike, M., et al., Inhibition of autophagy in the heart induces age-related
cardiomyopathy. Autophagy, 2010. 6(5): p. 600-6.
Terman, A., et al., Mitochondrial turnover and aging of long-lived postmitotic
cells: the mitochondrial-lysosomal axis theory of aging. Antioxid Redox Signal,
2010. 12(4): p. 503-35.
Grootaert, M.O., et al., Defective autophagy in vascular smooth muscle cells
accelerates senescence and promotes neointima formation and atherogenesis.
Autophagy, 2015. 11(11): p. 2014-2032.
Hillen, W., et al., Control of expression of the Tn10-encoded tetracycline
resistance genes. Equilibrium and kinetic investigation of the regulatory
reactions. J Mol Biol, 1983. 169(3): p. 707-21.
Hillen, W. and C. Berens, Mechanisms underlying expression of Tn10 encoded
tetracycline resistance. Annu Rev Microbiol, 1994. 48: p. 345-69.
Yao, F., et al., Tetracycline repressor, tetR, rather than the tetR-mammalian cell
transcription factor fusion derivatives, regulates inducible gene expression in
mammalian cells. Hum Gene Ther, 1998. 9(13): p. 1939-50.
Tang, R.H., et al., Myocardin inhibits cellular proliferation by inhibiting
NF-kappaB(p65)-dependent cell cycle progression. Proc Natl Acad Sci U S A,
2008. 105(9): p. 3362-7.
Moon, S.K., B.Y. Cha, and C.H. Kim, In vitro cellular aging is associated with
enhanced proliferative capacity, G1 cell cycle modulation, and matrix
metalloproteinase-9 regulation in mouse aortic smooth muscle cells. Arch
Biochem Biophys, 2003. 418(1): p. 39-48.
Wang, M., et al., MFG-E8 activates proliferation of vascular smooth muscle
cells via integrin signaling. Aging Cell, 2012. 11(3): p. 500-8.
Li, S., et al., The serum response factor coactivator myocardin is required for
184

226.
227.

228.
229.
230.
231.

232.
233.

234.

235.
236.

237.
238.
239.
240.
241.
242.
243.

vascular smooth muscle development. Proc Natl Acad Sci U S A, 2003. 100(16):
p. 9366-70.
Wang, Z., et al., Myocardin is a master regulator of smooth muscle gene
expression. Proc Natl Acad Sci U S A, 2003. 100(12): p. 7129-34.
West, A.G., P. Shore, and A.D. Sharrocks, DNA binding by MADS-box
transcription factors: a molecular mechanism for differential DNA bending. Mol
Cell Biol, 1997. 17(5): p. 2876-87.
Zheng, X.L., Myocardin and smooth muscle differentiation. Arch Biochem
Biophys, 2014. 543: p. 48-56.
Li, Y., et al., Glycogen synthase kinases-3beta controls differentiation of
malignant glioma cells. Int J Cancer, 2010. 127(6): p. 1271-82.
Seo, Y.H., et al., Enhanced glycogenesis is involved in cellular senescence via
GSK3/GS modulation. Aging Cell, 2008. 7(6): p. 894-907.
Bhat, R., et al., Structural insights and biological effects of glycogen synthase
kinase 3-specific inhibitor AR-A014418. J Biol Chem, 2003. 278(46): p.
45937-45.
Ding, S., et al., Synthetic small molecules that control stem cell fate. Proc Natl
Acad Sci U S A, 2003. 100(13): p. 7632-7.
Liu, W., et al., Phospho-GSK-3beta is involved in the high-glucose-mediated
lipid deposition in renal tubular cells in diabetes. Int J Biochem Cell Biol, 2013.
45(9): p. 2066-75.
Yoshida, T., K. Kawai-Kowase, and G.K. Owens, Forced expression of
myocardin is not sufficient for induction of smooth muscle differentiation in
multipotential embryonic cells. Arterioscler Thromb Vasc Biol, 2004. 24(9): p.
1596-601.
Bain, J., et al., The specificities of protein kinase inhibitors: an update. Biochem
J, 2003. 371(Pt 1): p. 199-204.
Wang, Z., et al., Wnt7b activates canonical signaling in epithelial and vascular
smooth muscle cells through interactions with Fzd1, Fzd10, and LRP5. Mol Cell
Biol, 2005. 25(12): p. 5022-30.
Lyon, C., et al., Regulation of VSMC behavior by the cadherin-catenin complex.
Front Biosci (Landmark Ed), 2011. 16: p. 644-57.
Mills, C.N., et al., Emerging roles of glycogen synthase kinase 3 in the treatment
of brain tumors. Front Mol Neurosci, 2011. 4: p. 47.
Li, Z., et al., Age-induced augmentation of p38 MAPK phosphorylation in mouse
lung. Exp Gerontol, 2011. 46(8): p. 694-702.
Kim, H.J., et al., Influence of aging and calorie restriction on MAPKs activity in
rat kidney. Exp Gerontol, 2002. 37(8-9): p. 1041-53.
Ding, Q., et al., Erk associates with and primes GSK-3beta for its inactivation
resulting in upregulation of beta-catenin. Mol Cell, 2005. 19(2): p. 159-70.
Thornton, T.M., et al., Phosphorylation by p38 MAPK as an alternative pathway
for GSK3beta inactivation. Science, 2008. 320(5876): p. 667-70.
Kavurma, M.M. and L.M. Khachigian, ERK, JNK, and p38 MAP kinases
differentially regulate proliferation and migration of phenotypically distinct
185

244.

245.
246.
247.
248.
249.

250.
251.
252.
253.
254.

255.
256.
257.

258.

259.

260.

261.

smooth muscle cell subtypes. J Cell Biochem, 2003. 89(2): p. 289-300.
Tamama, K., C.K. Sen, and A. Wells, Differentiation of bone marrow
mesenchymal stem cells into the smooth muscle lineage by blocking ERK/MAPK
signaling pathway. Stem Cells Dev, 2008. 17(5): p. 897-908.
Johnson, S.C., P.S. Rabinovitch, and M. Kaeberlein, mTOR is a key modulator of
ageing and age-related disease. Nature, 2013. 493(7432): p. 338-45.
Cohen, P. and S. Frame, The renaissance of GSK3. Nat Rev Mol Cell Biol, 2001.
2(10): p. 769-76.
Martin, K.A., et al., The mTOR/p70 S6K1 pathway regulates vascular smooth
muscle cell differentiation. Am J Physiol Cell Physiol, 2004. 286(3): p. C507-17.
Adler, C.P. and W. Sandritter, [Polyploidization of the myocardium in cardiac
hypertrophy]. Verh Dtsch Ges Inn Med, 1971. 77: p. 1252-6.
Anatskaia, O.V. and A.E. Vinogradov, [Polyploidy: significance for
cardiomyocyte function and heart aerobic capacity]. Tsitologiia, 2004. 46(2): p.
105-13.
van der Heijden, F.L. and J. James, Polyploidy in the human myometrium. Z
Mikrosk Anat Forsch, 1975. 89(1): p. 18-26.
Hixon, M.L. and A. Gualberto, Vascular smooth muscle polyploidization--from
mitotic checkpoints to hypertension. Cell Cycle, 2003. 2(2): p. 105-10.
Gupta, S., Hepatic polyploidy and liver growth control. Semin Cancer Biol,
2000. 10(3): p. 161-71.
Yamori, Y., et al., Catecholamine-induced polyploidization in vascular smooth
muscle cells. Circulation, 1987. 75(1 Pt 2): p. I92-5.
Devlin, A.M., et al., Vascular smooth muscle cell polyploidy and cardiomyocyte
hypertrophy due to chronic NOS inhibition in vivo. Am J Physiol, 1998. 274(1 Pt
2): p. H52-9.
Owens, G.K. and S.M. Schwartz, Vascular smooth muscle cell hypertrophy and
hyperploidy in the Goldblatt hypertensive rat. Circ Res, 1983. 53(4): p. 491-501.
Bochaton-Piallat, M.L., et al., Apoptosis participates in cellularity regulation
during rat aortic intimal thickening. Am J Pathol, 1995. 146(5): p. 1059-64.
Lopez-Candales, A., et al., Decreased vascular smooth muscle cell density in
medial degeneration of human abdominal aortic aneurysms. Am J Pathol, 1997.
150(3): p. 993-1007.
Bennett, M.R., G.I. Evan, and S.M. Schwartz, Apoptosis of human vascular
smooth muscle cells derived from normal vessels and coronary atherosclerotic
plaques. J Clin Invest, 1995. 95(5): p. 2266-74.
Tan, N.Y., et al., Angiotensin II-inducible smooth muscle cell apoptosis involves
the angiotensin II type 2 receptor, GATA-6 activation, and FasL-Fas engagement.
Circ Res, 2009. 105(5): p. 422-30.
Wang, J., et al., Aging-induced collateral dysfunction: impaired responsiveness
of collaterals and susceptibility to apoptosis via dysfunctional eNOS signaling. J
Cardiovasc Transl Res, 2011. 4(6): p. 779-89.
Rapino, F., I. Naumann, and S. Fulda, Bortezomib antagonizes
microtubule-interfering drug-induced apoptosis by inhibiting G2/M transition
186

262.

263.
264.
265.
266.
267.

268.

269.

270.
271.
272.
273.
274.

275.

276.

277.
278.

and MCL-1 degradation. Cell Death Dis, 2013. 4: p. e925.
Jordan, M.A., et al., Mitotic block induced in HeLa cells by low concentrations
of paclitaxel (Taxol) results in abnormal mitotic exit and apoptotic cell death.
Cancer Res, 1996. 56(4): p. 816-25.
Zhivotovsky, B. and G. Kroemer, Apoptosis and genomic instability. Nat Rev
Mol Cell Biol, 2004. 5(9): p. 752-62.
Vousden, K.H. and X. Lu, Live or let die: the cell's response to p53. Nat Rev
Cancer, 2002. 2(8): p. 594-604.
McCrann, D.J., et al., Upregulation of Nox4 in the aging vasculature and its
association with smooth muscle cell polyploidy. Cell Cycle, 2009. 8(6): p. 902-8.
Calastretti, A., et al., Damaged microtubules can inactivate BCL-2 by means of
the mTOR kinase. Oncogene, 2001. 20(43): p. 6172-80.
Goldberg, I.D., et al., Isolation and culture of a tetraploid subpopulation of
smooth muscle cells from the normal rat aorta. Science, 1984. 226(4674): p.
559-61.
Gui, Y. and X.L. Zheng, Epidermal growth factor induction of
phenotype-dependent cell cycle arrest in vascular smooth muscle cells is through
the mitogen-activated protein kinase pathway. J Biol Chem, 2003. 278(52): p.
53017-25.
Epifanova, O.I., M.K. Abuladze, and A.I. Zosimovskaya, Effects of low
concentrations of actinomycin D on the initiation of DNA synthesis in rapidly
proliferating and stimulated cell cultures. Exp Cell Res, 1975. 92(1): p. 23-30.
Umeda, T., et al., Effect of actinomycin D on DNA synthesis in liver. Nature,
1973. 244(5416): p. 420-2.
Kobayashi, Y. and M. Kondo, Human megakaryocyte ploidy. Histol Histopathol,
1999. 14(4): p. 1223-9.
Kamentsky, L.A., et al., Slide-based laser scanning cytometry. Acta Cytol, 1997.
41(1): p. 123-43.
Sobell, H.M., Actinomycin and DNA transcription. Proc Natl Acad Sci U S A,
1985. 82(16): p. 5328-31.
Taneja, N., et al., Histone H2AX phosphorylation as a predictor of
radiosensitivity and target for radiotherapy. J Biol Chem, 2004. 279(3): p.
2273-80.
Yaba, A., et al., A putative mitotic checkpoint dependent on mTOR function
controls cell proliferation and survival in ovarian granulosa cells. Reprod Sci,
2008. 15(2): p. 128-38.
Demidenko, Z.N., M. Shtutman, and M.V. Blagosklonny, Pharmacologic
inhibition of MEK and PI-3K converges on the mTOR/S6 pathway to decelerate
cellular senescence. Cell Cycle, 2009. 8(12): p. 1896-900.
Barrett, T.B., et al., Polyploid nuclei in human artery wall smooth muscle cells.
Proc Natl Acad Sci U S A, 1983. 80(3): p. 882-5.
Wang, J., et al., Vascular Smooth Muscle Cell Senescence Promotes
Atherosclerosis and Features of Plaque Vulnerability. Circulation, 2015. 132(20):
p. 1909-19.
187

279.

280.

281.
282.
283.
284.

285.
286.

287.
288.

289.

290.
291.
292.

293.

294.

Noureddine H, G.-B.G., Alifano M, Marcos E, Saker M, Vienney N, Amsellem
V, Maitre B, Chaouat A, Chouaid C, Dubois-Rande JL, Damotte D, Adnot S.,
Pulmonary artery smooth muscle cell senescence is a pathogenic mechanism for
pulmonary hypertension in chronic lung disease. Circ Res., 2011: p.
109(5):543-53.
Liao, S., et al., Accelerated replicative senescence of medial smooth muscle cells
derived from abdominal aortic aneurysms compared to the adjacent inferior
mesenteric artery. J Surg Res, 2000. 92(1): p. 85-95.
Mosieniak G, S.E., Poliploidy: the link between senescence and cancer. Curr
Pharm Des, (16(6):734-740).
Hansen, M., et al., A role for autophagy in the extension of lifespan by dietary
restriction in C. elegans. PLoS Genet, 2008. 4(2): p. e24.
Toth, M.L., et al., Longevity pathways converge on autophagy genes to regulate
life span in Caenorhabditis elegans. Autophagy, 2008. 4(3): p. 330-8.
Sharma, S., et al., Prevention of BMS-777607-induced polyploidy/senescence by
mTOR inhibitor AZD8055 sensitizes breast cancer cells to cytotoxic
chemotherapeutics. Mol Oncol, 2014. 8(3): p. 469-82.
Proud, C.G., mTORC1 signalling and mRNA translation. Biochem Soc Trans,
2009. 37(Pt 1): p. 227-31.
Zhang, X., et al., Predominant nuclear localization of mammalian target of
rapamycin in normal and malignant cells in culture. J Biol Chem, 2002. 277(31):
p. 28127-34.
Rosner, M. and M. Hengstschlager, Detection of cytoplasmic and nuclear
functions of mTOR by fractionation. Methods Mol Biol, 2012. 821: p. 105-24.
Kim,
J.E.
and
J.
Chen,
Cytoplasmic-nuclear
shuttling
of
FKBP12-rapamycin-associated protein is involved in rapamycin-sensitive
signaling and translation initiation. Proc Natl Acad Sci U S A, 2000. 97(26): p.
14340-5.
Yadav, R.B., et al., mTOR direct interactions with Rheb-GTPase and raptor:
sub-cellular localization using fluorescence lifetime imaging. BMC Cell Biol,
2013. 14: p. 3.
Kim, S.J. and C.R. Kahn, Insulin stimulates p70 S6 kinase in the nucleus of cells.
Biochem Biophys Res Commun, 1997. 234(3): p. 681-5.
Minamino, T. and I. Komuro, Vascular cell senescence: contribution to
atherosclerosis. Circ Res, 2007. 100(1): p. 15-26.
Stein, G.H., et al., Differential roles for cyclin-dependent kinase inhibitors p21
and p16 in the mechanisms of senescence and differentiation in human
fibroblasts. Mol Cell Biol, 1999. 19(3): p. 2109-17.
Sigal, S.H., et al., Partial hepatectomy-induced polyploidy attenuates hepatocyte
replication and activates cell aging events. Am J Physiol, 1999. 276(5 Pt 1): p.
G1260-72.
Uryvaeva, I.V., et al., Changes of chromosomes and cell cycle
(endoreduplication, somatic crossing-over, and robertsonian fusions) in
hepatocytes of senescence accelerated SAMR1 mice. Dokl Biol Sci, 2004. 395: p.
188

295.
296.

297.

298.
299.

300.
301.
302.

303.

304.
305.

306.
307.

308.

309.

173-6.
Vellai, T., Autophagy genes and ageing. Cell Death Differ, 2009. 16(1): p.
94-102.
Simonsen, A., et al., Promoting basal levels of autophagy in the nervous system
enhances longevity and oxidant resistance in adult Drosophila. Autophagy, 2008.
4(2): p. 176-84.
Zheng, S., et al., Deletion of the huntingtin polyglutamine stretch enhances
neuronal autophagy and longevity in mice. PLoS Genet, 2010. 6(2): p.
e1000838.
Ma, X.M. and J. Blenis, Molecular mechanisms of mTOR-mediated translational
control. Nat Rev Mol Cell Biol, 2009. 10(5): p. 307-18.
Shah, O.J., S. Ghosh, and T. Hunter, Mitotic regulation of ribosomal S6 kinase 1
involves Ser/Thr, Pro phosphorylation of consensus and non-consensus sites by
Cdc2. J Biol Chem, 2003. 278(18): p. 16433-42.
Boyer, D., R. Quintanilla, and K.K. Lee-Fruman, Regulation of catalytic activity
of S6 kinase 2 during cell cycle. Mol Cell Biochem, 2008. 307(1-2): p. 59-64.
Ma, X., et al., Decidual cell polyploidization necessitates mitochondrial activity.
PLoS One, 2011. 6(10): p. e26774.
Gangloff, Y.G., et al., Disruption of the mouse mTOR gene leads to early
postimplantation lethality and prohibits embryonic stem cell development. Mol
Cell Biol, 2004. 24(21): p. 9508-16.
Murakami, M., et al., mTOR is essential for growth and proliferation in early
mouse embryos and embryonic stem cells. Mol Cell Biol, 2004. 24(15): p.
6710-8.
Polak, P., et al., Adipose-specific knockout of raptor results in lean mice with
enhanced mitochondrial respiration. Cell Metab, 2008. 8(5): p. 399-410.
Kumar, A., et al., Fat cell-specific ablation of rictor in mice impairs
insulin-regulated fat cell and whole-body glucose and lipid metabolism.
Diabetes, 2010. 59(6): p. 1397-406.
Risson, V., et al., Muscle inactivation of mTOR causes metabolic and dystrophin
defects leading to severe myopathy. J Cell Biol, 2009. 187(6): p. 859-74.
Bentzinger, C.F., et al., Skeletal muscle-specific ablation of raptor, but not of
rictor, causes metabolic changes and results in muscle dystrophy. Cell Metab,
2008. 8(5): p. 411-24.
Siuta, M.A., et al., Dysregulation of the norepinephrine transporter sustains
cortical hypodopaminergia and schizophrenia-like behaviors in neuronal rictor
null mice. PLoS Biol, 2010. 8(6): p. e1000393.
Sengupta, S., et al., mTORC1 controls fasting-induced ketogenesis and its
modulation by ageing. Nature, 2010. 468(7327): p. 1100-4.

189

APPENDIX A: COPYRIGHT PERMISSIONS

190

JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS
Jul 12, 2016

This Agreement between Zhan Shi ("You") and John Wiley and Sons ("John Wiley and
Sons") consists of your license details and the terms and conditions provided by John
Wiley and Sons and Copyright Clearance Center.
License Number

3906140750698

License date

Jul 11, 2016

Licensed Content Publisher John Wiley and Sons
Licensed Content

Journal of Cellular Physiology

Publication
Licensed Content Title

Potential Role of Glycogen Synthase Kinase-3β in Regulation of
Myocardin Activity in Human Vascular Smooth Muscle Cells

Licensed Content Author

Yi-Xia Zhou,Zhan Shi,Pavneet Singh,Hao Yin,Yan-ni Yu,Long
Li,Michael P. Walsh,Yu Gui,Xi-Long Zheng

Licensed Content Date

Oct 22, 2015

Licensed Content Pages

10

Type of use

Dissertation/Thesis

Requestor type

Author of this Wiley article

Format

Electronic

Portion

Full article

Will you be translating?

No

Title of your thesis /

Vascular Aging: from Smooth Muscle Cell Differentiation to

dissertation

Polyploidization

Expected completion date

Jul 2016

Expected size (number of

198

pages)
Terms and Conditions

TERMS AND CONDITIONS
This copyrighted material is owned by or exclusively licensed to John Wiley
& Sons, Inc. or one of its group companies (each a"Wiley Company") or handled
on behalf of a society with which a Wiley Company has exclusive publishing
rights in relation to a particular work (collectively "WILEY"). By clicking
191

"accept" in connection with completing this licensing transaction, you
agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by
the Copyright Clearance Center Inc., ("CCC's Billing and Payment terms and
conditions"), at the time that you opened your RightsLink account (these
are available at any time athttp://myaccount.copyright.com).
Terms and Conditions


The materials you have requested permission to reproduce or reuse
(the "Wiley Materials") are protected by copyright.



You are hereby granted a personal, non-exclusive, non-sub licensable
(on a stand-alone basis), non-transferable, worldwide, limited
license to reproduce the Wiley Materials for the purpose specified
in the licensing process. This license, and any CONTENT (PDF or
image file) purchased as part of your order, is for a one-time use
only and limited to any maximum distribution number specified in the
license. The first instance of republication or reuse granted by this
license must be completed within two years of the date of the grant
of this license (although copies prepared before the end date may
be distributed thereafter). The Wiley Materials shall not be used
in any other manner or for any other purpose, beyond what is granted
in the license. Permission is granted subject to an appropriate
acknowledgement given to the author, title of the
material/book/journal and the publisher. You shall also duplicate
the copyright notice that appears in the Wiley publication in your
use of the Wiley Material. Permission is also granted on the
understanding that nowhere in the text is a previously published
source acknowledged for all or part of this Wiley Material. Any third
party content is expressly excluded from this permission.



With respect to the Wiley Materials, all rights are reserved. Except
as expressly granted by the terms of the license, no part of the Wiley
Materials may be copied, modified, adapted (except for minor
reformatting required by the new Publication), translated,
reproduced, transferred or distributed, in any form or by any means,
and no derivative works may be made based on the Wiley Materials
without the prior permission of the respective copyright owner.For
STM Signatory Publishers clearing permission under the terms of
the STM Permissions Guidelines only, the terms of the license are
extended to include subsequent editions and for editions in other
languages, provided such editions are for the work as a whole in situ
and does not involve the separate exploitation of the permitted
figures or extracts,You may not alter, remove or suppress in any
192

manner any copyright, trademark or other notices displayed by the
Wiley Materials. You may not license, rent, sell, loan, lease, pledge,
offer as security, transfer or assign the Wiley Materials on a
stand-alone basis, or any of the rights granted to you hereunder to
any other person.


The Wiley Materials and all of the intellectual property rights
therein shall at all times remain the exclusive property of John Wiley
& Sons Inc, the Wiley Companies, or their respective licensors, and
your interest therein is only that of having possession of and the
right to reproduce the Wiley Materials pursuant to Section 2 herein
during the continuance of this Agreement. You agree that you own no
right, title or interest in or to the Wiley Materials or any of the
intellectual property rights therein. You shall have no rights
hereunder other than the license as provided for above in Section
2. No right, license or interest to any trademark, trade name, service
mark or other branding ("Marks") of WILEY or its licensors is granted
hereunder, and you agree that you shall not assert any such right,
license or interest with respect thereto



NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR REPRESENTATION
OF ANY KIND TO YOU OR ANY THIRD PARTY, EXPRESS, IMPLIED OR STATUTORY,
WITH RESPECT TO THE MATERIALS OR THE ACCURACY OF ANY INFORMATION
CONTAINED IN THE MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY
IMPLIED WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY,
FITNESS FOR A PARTICULAR PURPOSE, USABILITY, INTEGRATION OR
NON-INFRINGEMENT AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY WILEY
AND ITS LICENSORS AND WAIVED BY YOU.



WILEY shall have the right to terminate this Agreement immediately
upon breach of this Agreement by you.



You shall indemnify, defend and hold harmless WILEY, its Licensors
and their respective directors, officers, agents and employees, from
and against any actual or threatened claims, demands, causes of
action or proceedings arising from any breach of this Agreement by
you.



IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY OTHER
PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL, CONSEQUENTIAL,
INCIDENTAL, INDIRECT, EXEMPLARY OR PUNITIVE DAMAGES, HOWEVER CAUSED,
ARISING OUT OF OR IN CONNECTION WITH THE DOWNLOADING, PROVISIONING,
VIEWING OR USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE,
INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES
193

BASED ON LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR
CLAIMS OF THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN
ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL
APPLY NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED
REMEDY PROVIDED HEREIN.


Should any provision of this Agreement be held by a court of competent
jurisdiction to be illegal, invalid, or unenforceable, that
provision shall be deemed amended to achieve as nearly as possible
the same economic effect as the original provision, and the legality,
validity and enforceability of the remaining provisions of this
Agreement shall not be affected or impaired thereby.



The failure of either party to enforce any term or condition of this
Agreement shall not constitute a waiver of either party's right to
enforce each and every term and condition of this Agreement. No breach
under this agreement shall be deemed waived or excused by either party
unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party
to a breach of any provision of this Agreement shall not operate or
be construed as a waiver of or consent to any other or subsequent
breach by such other party.



This Agreement may not be assigned (including by operation of law
or otherwise) by you without WILEY's prior written consent.



Any fee required for this permission shall be non-refundable after
thirty (30) days from receipt by the CCC.



These terms and conditions together with CCC's Billing and Payment
terms and conditions (which are incorporated herein) form the entire
agreement between you and WILEY concerning this licensing
transaction and (in the absence of fraud) supersedes all prior
agreements and representations of the parties, oral or written. This
Agreement may not be amended except in writing signed by both parties.
This Agreement shall be binding upon and inure to the benefit of the
parties' successors, legal representatives, and authorized
assigns.



In the event of any conflict between your obligations established
by these terms and conditions and those established by CCC's Billing
and Payment terms and conditions, these terms and conditions shall
prevail.



WILEY expressly reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted
194

in the course of this licensing transaction, (ii) these terms and
conditions and (iii) CCC's Billing and Payment terms and conditions.


This Agreement will be void if the Type of Use, Format, Circulation,
or Requestor Type was misrepresented during the licensing process.



This Agreement shall be governed by and construed in accordance with
the laws of the State of New York, USA, without regards to such state's
conflict of law rules. Any legal action, suit or proceeding arising
out of or relating to these Terms and Conditions or the breach thereof
shall be instituted in a court of competent jurisdiction in New York
County in the State of New York in the United States of America and
each party hereby consents and submits to the personal jurisdiction
of such court, waives any objection to venue in such court and
consents to service of process by registered or certified mail,
return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in
Subscription journals offering Online Open. Although most of the fully Open
Access journals publish open access articles under the terms of the Creative
Commons Attribution (CC BY) License only, the subscription journals and
a few of the Open Access Journals offer a choice of Creative Commons Licenses.
The license type is clearly identified on the article.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy,
distribute and transmit an article, adapt the article and make commercial
use of the article. The CC-BY license permits commercial and nonCreative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial
(CC-BY-NC)License permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for
commercial purposes.(see below)
Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs
License (CC-BY-NC-ND) permits use, distribution and reproduction in any
medium, provided the original work is properly cited, is not used for
commercial purposes and no modifications or adaptations are made. (see
below)
Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing
purposes requires further explicit permission from Wiley and will be
subject to a fee.
195

Further details can be found on Wiley Online
Libraryhttp://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015
Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US)
or +1-978-646-2777.

196

Re: Copyright permission for my thesis
Yu Gui
Thu 7/14/2016 10:50 AM
To:Zhan Shi

Hello, Zhan Shi:
In response to your request for using some of my unpublished work, here I give you my copyright
permission for using those results in your Ph. D thesis as detailed in your email. The permission
is under the terms of exclusivity and "one-time-use". Please indicate "Results originally
from Gui's unpublished work with permission" in the individual figure legends.

Regards,
Yu Gui Ph. D
Dept. of Biochemistry & Molecular Biology
Cumming School of Medicine
University of Calgary
3330 Hospital Drive NW
T2N 4N1

>>>>>>On Thu, July 14, 2016 10:21 am, Zhan Shi wrote:
Hello Dr. Gui,

In the preface of my thesis, I indicated your work of cell culture and LSC analysis in Chapter
Four, which contribute to Figure 4.1 "Microtubule disruption by nocodazole induces
polyploidization and apoptosis of vascular smooth muscle cells" and Figure 4.2 "Polyploid vascular
smooth muscle cells undergo apoptosis". I would like to ask for the copyright permission to use
these unpublished work.

Cheers,
Cecilia
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Re: Copyright permission for my thesis
Shi Tai
Wed 7/13/2016 6:32 PM
Inbox
To:Zhan Shi

Hello Zhan,

Yes, I give the copyright permission to include my work in your thesis.

Cheers,
Shi Tai
On Thu, Jul 14, 2016 at 6:59 AM, Zhan Shi wrote:

Hello Dr. Gui and Shi,

I have included some work of you in my thesis: Vascular Aging: from Smooth Muscle
Cell Differentiation and Polyploidization. Gui's work is in Chapter Four and Tai's work is
in Chapter Five. I would like to ask for the copyright permission of your work.

Cheers,
Cecilia
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