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Abstract

Elastic arteries smoothen the pulsatile blood flow from cardiac output to nourish
the organs. Elastic fibers in arterial wall form circumferentially wavy microstructure,
contributing to the mechanical functionality. In aged or injured arteries, elastic fibers
undergo morphological and compositional changes, resulting in arterial stiffening and
loss of tissue function. In the arterial wall, contractile vascular smooth muscle cells
(VSMCs) maintain the mechanical functionality of the tissue. During vessel growth,
repair, or pathogenesis, VSMCs become proliferative and synthesize abundant matrix
components, known as the synthetic phenotype. Imbalanced VSMC plasticity induces
adverse arterial remodeling and progression of vascular diseases. Environmental cues
regulate phenotypic flexibility of VSMC, but the roles of matrix organization remain
largely unknown. To address the influence of fiber structure on VSMC phenotype, we
established VSMC culture in straight or wavy scaffold, which structurally mimics the
aged/injured or healthy arteries. Additionally, we used progerin-expressing VSMCs,
which drive vascular alternation in disease model animals, to investigate progerin and
topography interaction. We found that while wavy topography slightly promoted
contractile phenotype of wild-type (WT) VSMC, the effect was more robust in
progerin-expressing VSMC. Our study indicated that wavy fiber structure played
significant roles in regulating VSMC phenotype besides its mechanical contribution.
Identifying regulatory factors involved in arterial homeostasis will help uncover
mechanism of vascular pathology, and our biomimetic scaffold offers a relevant

platform for disease modeling as well as new drug discovery.
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Chapter 1 Introduction

Arterial structure and function
Arterial wall is divided into three layers, tunica intima, tunica media, and tunica
adventitia, with different cell types and composition.

1.1.1 Tunica Intima

The inner-most structure, tunica intima, is composed of luminal endothelial cells (ECs)

and the subendothelial matrix [1]. Luminal lining of ECs forms a hemocompatible surface

to sustain blood flow homeostasis [2, 3]. In response to hemodynamic changes,

endothelium as a endocrine organ actively regulates vascular tone by releasing factors

like nitric oxide (NO) and endothelin, which affect VSMC relaxation and contraction [2,

4]. ECs are also involved in regulation of coagulation and immune response during

vascular injury [2, 5, 6].

1.1.2 Tunica Adventitia

The outermost layer, tunica adventitia, mainly consists of fibroblasts and perivascular

nerves embedded in a collagen-rich matrix [7]. Adventitia with heterogeneous cell

population and the distinct circulation network, vasa vasorum, contributes to the “outside-

in” modulation of arterial remodeling [8]. For example, stress-induced activation of

adventitial fibroblasts (AFs) affects phenotypes of neighboring cells and mediates
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immune responses. Activated AFs elicit paracrine factors in promoting proliferation and

migration of VSMC for neointima formation [9]. Moreover, AF-derived angiogenic

factors promote vasa vasorum expansion, facilitating immune cell influx in adventitia to

exacerbate vasculopathies [8, 10, 11]. Collectively, the diverse composition of adventitia

allows it to be an “injury-responding center” during the arterial remodeling processes [8].

1.1.3 Tunica Media

Centrally located arterial media, composed of multiple lamellar units, serves as the

major load-bearing structure of the artery [12]. Circumferentially oriented elastin and

collagen envelop resident smooth muscle cells to form functional lamellar units [13]. The

passive mechanics of large, elastic arteries are mainly dependent on the amount and

organization of elastic fibers in the wall [14]. Layers of concentric lamellae display

increased waviness gradient toward the inner wall for uniform stress distribution when

subjected to intraluminal distension [15]. The distinct wavy microstructure and matrix

constituents of medial lamellae impart the strain-stiffening behavior of the artery [14, 16-

18]. The nonlinear property is a protective strategy against arterial overstretch [14, 19].

Medial VSMCs not only control vasomotion but also maintain matrix integrity to ensure

the mechanical functionality of arteries. Phenotypic flexibility of VSMC confers it

different functional roles in physiologic as well as pathologic arterial remodeling. VSMCs
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1.2

are typically in a quiescent and contractile phenotype in healthy adult tissue, but they

become proliferative, migratory, and biosynthetic, known as synthetic phenotype, during

embryonic angiogenesis and vessel repair [20]. Once tissue homeostasis is restored,

VSMCs regain the contractile phenotype [21]. Although efforts have been made to reveal

the underlying mechanisms for VSMC phenotype regulation [22], how pathological

changes in the physical environment direct the phenotypic switch of VSMC remains to

be elucidated.

Vascular aging

1.1.4 Endothelial dysfunction

Cardiovascular diseases (CVDs) are the leading cause of death around the world,

and aging presents a major risk factor to CVDs [23, 24]. Vascular aging is characterized

by impaired structural and functional integrity and has deleterious impact on blood supply

for proper organ functions [25]. Excess oxidative stress and chronic low-grade

inflammation are major mechanisms of vascular aging, giving rise to endothelial

dysfunction and structure alternations [26]. Nitric oxide (NO) plays crucial roles for

proper endothelial function including smooth muscle relaxation, inhibition of the

attachment of inflammatory cells to endothelium, and down-regulation of the
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inflammatory cytokines release [27]. On the other hand, reactive oxygen and nitrogen

species (RONS) reduce the NO availability to attenuate the anti-inflammatory and athero-

protective effects of NO [28]. Study also suggests that chronic oxidative stress promotes

senescence-associated secretory phenotype (SASP) of endothelial cells [29]. The

interplays between oxidative stress and inflammation, which not only impair endothelial

functions but also induce phenotypic change of endothelial cells, result in further arterial

remodeling by VSMCs [26].

1.1.5 Arterial stiffening

Another hallmark of vascular aging is arterial stiffening [30]. Elastic arteries

normally smoothen the pulsatile waves generated from cardiac ejection to deliver steady

blood flow [31, 32]. With age, elastic arteries become stiffer due to the morphological

and compositional alternations of the major structural proteins, elastin and collagen [33].

Elastin fibers, susceptible to mechanical damage and proteolysis, degenerate and reduce

the arterial compliance [14, 31, 34]. Meanwhile, generation of elastin-derived peptides

(EDPs) from degradation triggers adverse arterial remodeling and osteogenic

differentiation of VSMCs to exacerbate elastin degradation and arterial calcification [35,

36]. Furthermore, compensatory collagen deposition reconstitutes the matrix and

contributes to the arterial stiffening [31, 37]. Arterial stiffening and its hemodynamic
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1.3

consequences induce systolic hypertension, coronary artery disease, and heart failure [43].

Homeostasis of matrix integrity and VSMC plasticity are two critical determinants of

arterial stiffening [38]. Identifying aging factors that foster adverse artery remodeling will

provide useful insights into improving cardiovascular health.

Pathogenic roles of VSMC plasticity

The different functions that VSMC can perform translate into phenotypic flexibility,

ranging from contractile to synthetic [22]. VSMC plasticity is involved in a myriad of

vascular adaptations from early vascular development to vascular repair and pathogenesis.

Early vascular aging can be thought of as an inadequate arterial repair to various

mechanical, metabolic and chemical stresses [39]. Age-associated pro-inflammatory

signaling promotes phenotypic change of VSMC and progressive intimal thickening [40,

41]. Matrix remodeling in turn stimulates calcification of VSMC, accelerating arterial

stiffening [42]. VSMC phenotypic transition also facilitates development of

atherosclerosis by synthesizing athero-prone matrix and cytokine production for

inflammation propagation [43]. Proteoglycans (PGs) produced by synthetic VSMCs

promote intimal retention of lipoproteins, which initiates further VSMC proliferation and

synthesis of lipoprotein-attracting PG, driving atherosclerotic lesion formation [44]. In
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advanced atherosclerosis, most atheroma foam cells, characterized by impaired

cholesterol efflux function, originate from VSMC rather than macrophage [45]. Given

diverging roles of VSMC in a broad range of CVDs, targeting mechanism of VSMC

phenotype regulation is crucial to develop strategies against CVDs [46].

Molecular mechanism of VSMC phenotype regulation

Adult VSMCs are generally in the differentiated contractile phenotype, but growth

factors or inflammatory cytokines silence the expression of contractile genes and

potentiate their ability to proliferate, migrate, and synthesize matrix proteins [47].

Transcription and epigenetic modifications are critical mechanisms shaping the plasticity

program [21]. At the transcript level, a 10-base pair CArG-box sequence within the

promoter is conserved among several VSMC contractile markers including a-SMA ( gene

ACTA2), SM22 ( gene TAGLN), Calponin-1 (gene CNNI), and myosin heavy chain 11

(gene MYHI11) [21]. Association of the CArG element with its regulator serum response

factor (SRF) and coactivator myocardin (MYOCD) forms a transcriptional complex and

activates expression of contractile genes for VSMC maturation [21, 48]. On the other

hand, potent repressors such as Kriippel-like factor 4 (KLF4) down-regulates expression

of contractile genes by inhibiting SRF-MYCOD binding to CArG elements [48, 49]. At
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1.5

the epigenetic level, chromatin-modifying enzymes modulate VSMC phenotype by

controlling the accessibility of transcriptional regulators to marker genes [47, 50]. DNA

methylation is a well-studied epigenetic modification linked to gene silencing [50]. In a

vessel-injury murine model and human atherosclerotic samples, up-regulated DNA

methylation enzyme DMNT3A increases methylation of CArG elements in contractile

genes to promote pathogenic transition of VSMCs [51]. In addition, loss of histone H3

lysine 9 di-methylation (H3K9me?2) at inflammation-responsive VSMC genes enhances

vascular remodeling and progression of CVDs [52]. Of note, key environmental cues

affecting VSMC genetic program to modulate the phenotypic transition, remain poorly

understood.

Microenvironmental regulation of VSMC phenotype

VSMC cultured in vitro exhibits phenotypic transition owing to the lack of

environmental cues necessary for phenotype maintenance [53, 54]. ECM with

biochemical and biophysical properties forming three-dimensional microenvironment

affects cell fate [55]. For example, fibronectin promotes the synthetic VSMC phenotype,

while laminin promotes the contractile phenotype [56, 57]. Disruption of elastin-VSMC

connection interrupts cell-matrix signaling and contributes to VSMC phenotype

doi:10.6342/NTU202200741



1.6

transition and arterial occlusion [58]. In addition to regulatory functions mediated by

matrix chemistry, biophysical features of the matrix also affect VSMC plasticity. In a

hydrogel platform with tunable stiffness, VSMCs on the stiffer gel mimicking arterial

stiffening display synthetic phenotype with enhanced response to growth factor [59, 60].

In micro-pattern studies, topography regulates VSMC elongation and alignment, and

promotes the contractile phenotype [54, 61]. Medial lamellae forming three-dimensional

wavy microstructure confer critical mechanical functionality [15, 16]. Besides the

mechanical contribution, the biological role of lamellar waves in VSMC phenotype

regulation remains to be investigated.

Accelerated vascular aging model: Hutchinson-Gilford progeria syndrome

Hutchinson-Gilford progeria syndrome (HGPS) is a rare and fatal premature aging

syndrome caused by the accumulation of a mutant LMNA gene product, progerin [62].

Lamin A/C, the normal protein products of LMNA gene, are nucleoskeleton proteins that

are involved in a broad range of cellular functions, including nuclear mechanical stability

and chromatin organization [63]. Aberrant progerin production leads to irregular nuclear

morphology and gene dysregulation. HGPS patients manifest premature aging features,

such as alopecia, muscular weakness, and osteoporosis, and die of occlusive vascular
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diseases at puberty [63]. Notably, low level of progerin is also present in aged non-HGPS

individuals, suggesting HGPS as a model for physiological aging [63, 64]. Given that

major causes of death in HGPS population are atherosclerosis and myocardial infarction,

issue about how progerin leads to CVDs in HGPS model remains to be addressed. Arteries

of HGPS patients have progressive loss of medial VSMCs and prominent fibrosis and

calcification of arterial wall [62]. Although progerin expression was found in all vascular

cells [62], VSMC-specific progerin expression in a mouse model is sufficient to

accelerate atherosclerosis [65, 66]. Progerin-associated structural and functional

alternations in nuclear lamina underlie the mechanisms of HGPS pathology. In structural

theory, progerin reduces lamin A dynamics and impairs nuclear mechanosensitivity,

rendering cells more susceptible to physical stimuli [67, 68]. In gene regulation theory,

progerin disrupts lamin A/C-chromatin interactions and alters epigenetic modifications,

leading to genome instability [68, 69]. Mechanotransduction bridges structure and gene

regulation theories, suggesting that change in either nuclear mechanoresponsive

structures or genetic outputs impairs mechanotransduction signaling and results in disease

phenotypes [70].
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Vascular tissue engineering

Tissue engineering uses componential and structural imitation to facilitate tissue

regeneration [71]. In the design of tissue-engineered blood vessels (TEBV),

biomechanically competent construct is an important element [72]. In vascular constructs,

diverse fabrication approaches, including 3D printing, electrospinning, and sheet rolling,

are based on tissue structure mimicry [72]. Establishment of physiologically relevant

environment provides a better tissue model for clinical application as well as disease

modeling. Electrospun scaffolds, composed of easily tunable compositions and structures,

closely mimic fibrous tissues [71, 73]. Studies had examined influence of matrix physical

properties on VSMC phenotype by manipulation of fiber diameter and stiffness of the

electrospun scaffolds [74, 75]. Taken advantage the versatility of electrospun scaffolds,

we investigate the effects of fiber topography on VSMC plasticity. Straight scaffolds

recapitulated the fiber structure of aged/injured arteries, and wavy fibrous scaffolds,

obtained from post-processing of straight materials, resembled the non-linear behavior

and fiber organization of the physiologically healthy arteries. To better represent vascular

aging model, we also incorporated progerin-expressing VSMC into these scaffolds to

study the interactive effects of progerin and topography.

10
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Aims of study

Given that phenotype transition or even loss of medial VSMC is accompanied by

altered matrix morphology, we focused on the instructive roles of matrix architecture on

VSMC phenotype. We hypothesized that wavy fiber structure promoted the re-

differentiate of VSMC. To test the hypothesis, we established primary culture of murine

VSMC and characterized VSMC de-differentiation in 2D culture. Next, we produced

straight or crimp scaffold, which structurally and mechanically recapitulated aged/injured

or healthy arteries, as the 3D culture construct, and characterized topographical regulation

of VSMC phenotype.

In addition to topographical manipulation, we established inducible progerin-

expressing VSMC culture. We quantified progerin expression level with passaging and

characterized progerin influence on VSMC phenotype in 2D culture. Finally, we

investigated combined effects of progerin and topography on regulation VSMC by

phenotypic characterization of progerin-expressing VSMCs cultured in biomimetic

scaffolds.

11
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2.2

Chapter 2 Material and methods

Fabrication of electrospun scaffold

Poly-L-lactide solution (PLLA, 6% w/v in hexafluoropropylene) was spun at a flow
rate of 3 ml/hr with an applied voltage of 8kv and gap distance of 13cm. Polyethylene
oxide solution (PEO, 13%w/v in 80% ethanol) was spun at flow rate 0.9ml/hr with an
applied voltage 8kv and gap distance of 13.5cm. The collector voltage and shield voltage
were -4kv and 3kv, respectively. Two polymeric materials were extruded simultaneously
from two nozzles placed on opposite sides and collected on a rotating mandrel (1200rpm)
to form aligned composite PLLA/PEO scaffold at the weight ratio 7:3. For the preparation
of straight scaffolds, composite scaffolds were rinsed in deionized water for an hour to
remove sacrificial PEO fibers and sandwiched between two glass slides for a 15 min-
heating at 48°C on the hot plate. For wavy scaffolds, composite scaffolds were rinsed in
75% ethanol followed by 30 mins of wash in deionized water. Subsequently, scaffolds
were also sandwiched and heated on the hot plate at 85°C for 15 mins.
Mechanical and structure characterization

The thickness of each scaffold (1x4 cm?) was measured using a laser optical sensor

(Micro-Epsilon ILD 1420). Ten different regions of each scaffold were detected to

12
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2.4

estimate the average scaffold thickness. The uniaxial tensile tests were performed using
the test instrument (BOSE ElectroForce 5500) at a strain rate 0.02 mm/sec with a 10kg
load cell.

To quantify fiber structure, air dried scaffolds were imaged at 1000x using a scanning
electron microscope (SEM, Hitachi TM3000). The SEM images were analyzed with the
Neuron J plugin in Fiji to measure fiber crimpness by tracing the fiber trajectory. Fiber
crimpness was defined as 1- (end-to-end distance of a fiber / contour length).

Scaffold sterilization and coating

Large sheets of electrospun mats were cut into small scaffolds (1x2 cm?) with long
axis parallel to fiber orientation. For sterilization, scaffolds were soaked in 75% ethanol
for 1 min followed by immersion in 35% hydrogen peroxide for an hour. For scaffold
coating, scaffolds were pre-coated with dopamine hydrochloride (2mg/ml, ph 8.5) for 15
min. After that, scaffolds were incubated in type 1 collagen solution (90ug/ml, BD354249)
at 37°C overnight.

Mouse aortic vascular smooth muscle cells (VSMCs) isolation and explant culture

VSMCs were isolated from the thoracic aortas of 8 to 10-week-old mice. Mouse was
euthanized with CO, and immobilized on a styrofoam board in supine position for
dissection. Sterile surgical forceps and scissor were used to open the mouse abdomen and

13
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2.5

remove the visceral organs. Then, the rib cage was opened to expose the heart and thoracic
aorta. Before the thoracic aorta was cut, sterile PBS was injected into the left ventricle to
rinse the aorta. Fat and connective tissues on the aorta were removed by microforceps and
tweezer. The aortic segment below the aortic arch and above the diaphragm was cut for
tissue explant culture. The isolated thoracic aorta segment was transferred to a dish
containing sterile PBS for additional cleaning process visualized with dissecting
microscope. The clean aorta was cut longitudinally and the intima layer was gently
scraped off with a tweezer to eliminate the endothelial cells. In the final step, the aorta
segment was cut into small pieces and distributed evenly to four droplets of media dripped
on a new 6 cm dish. Four coverslips were placed on each drop to press down the floating
aortic pieces. The culture dish was filled with additional 5Sml media and was carefully put
into the incubator. After two-week-incubation, primary VSMCs growing out from the
aortic pieces reached confluence without medium replacement.
Cell culture

Primary VSMCs harvested from tissue explant culture were seeded at 550 cells/cm?
on culture dish in DMEM/F-12 (1:1) (Gibco 11330032) supplemented with 10% FBS and
1% GlutaMAX (Gibco 35050061). Cells were passaged when reaching 90% confluency,
and cell numbers were tracked to calculate cell doubling time. For cell seeding in

14
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2.6

scaffolds, each side received a 70ul aliquot with 7500 P6 cells followed by 1 hour of
incubation for the cells to attach. After a two-hour attachment duration, each scaffold was
transferred into 12-well plate filled with 1.5ml medium for long-term culture. Cre-loxP
mouse model with the inducible progerin gene was obtained from Dr. Ya-hui Chi of NHRI.
Briefly, a mouse was inserted with a vector containing a /oxP-flanked PGK-neo-4xpA
cassette and human progerin tagged with FLAG at the ROSA26 locus. The cassette can
be removed with the expression of Cre recombinase after the treatment of 4-
hydroxytamoxifen (ab141943, 4-OHT). P1 VSMCs were cultured for 3 days and then
treated with 4-OHT (1:2000 in medium at final concentration: 1uM) for 48hr to induce
progerin expression. Afterwards, medium containing 4-OHT was replaced with fresh
medium for further incubation.
AlamarBlue assay

Single scaffold (1x2 cm?) in each well of 12-well plate was incubated in 1.5ml fresh
medium at 37°C overnight. Next day, scaffold cultures were supplemented with
AlamarBlue dye (Invitrogen Cat#DAL1100) in an amount equal to 10% of total volume
into medium and incubated at 37°C for 3 hrs. After incubation, 100ul of culture medium
was aspirated into microplate for fluorescent detection by the plate reader (Synergy HTX,
BioTek) at excitation wavelength of 530 nm and emission wavelength of 590 nm. Signal

15
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2.8

intensity was normalized to the medium control without cells. Scaffolds were washed in

PBS following AlamarBlue incubation and cultured in fresh medium for subsequent

experiments.

Immunofluorescence staining

VSMCs were fixed with 37°C 4% formaldehyde (Macron Fine Chemicals) for 10

mins followed by permeabilization with 0.5% (v/v) Triton X-100 (Sigma) for 20 mins.

Cells were then blocked with 1% (w/v) BSA (Urinogen) in PBS at 4°C overnight. a-SMA,

SM22, Calponin-1, and Progerin (tagged with FLAG) were stained using corresponding

combination of primary antibodies (Table 1) diluted in 1% BSA at room temperature for

an hour. Afterwards, cells were incubated with corresponding secondary antibodies (Table

1) diluted in 1% BSA, and were counterstained with DAPI (5pg/ml, Sigma Cat#D8417)

and Alexa Fluor 568 phalloidin (1:200 in 1% BSA, Invitrogen Cat#A12380) at room

temperature for an hour. Following staining steps, Fluoromount aqueous mounting

medium (Sigma Cat#F4680) was used to embed samples between coverslip and slide.

Microscopy

Fluorescent images were acquired with Nikon Eclipse Ti2 E inverted microscope

equipped with CCD camera (Hamamatsu) and 20X/NAO0.45 air objectives (Nikon).

Confocal images were taken by a Leica SP8 confocal microscope with 20X/NA0.75 and
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2.9

63X/NA1.4 oil immersion objectives.

Fluorescent image analysis

To quantify the expression of VSMC contractile markers and progerin in cell

populations, image contrast was controlled by setting lower and upper limits of the

display range in Fiji. Cell identity was recognized by nucleus and F-actin signals labeled

by DAPI and phalloidin. For determination of minimum values (lower display threshold)

of contractile markers and progerin, values that effectively removing most background

noise were used. For determination of maximum values (upper display threshold) of

contractile markers, the threshold was judged by evaluation of images of early-passage

VSMCs, which showed relatively higher signal intensity of markers compared to late-

passage cells. The ideal threshold values allowed images displaying small portion of

image saturation with the clear filamentous appearance of contractile markers. Given that

VSMC contractile markers were actin isoform (a-SMA) or actin-associated proteins

(SM22 and Calponin-1), cells with signal overlap between marker and F-actin (labelled

by phalloidin) were recognized as positive-expressing cells. For the determination of

maximum value of progerin, the value allowing cells of low progerin expression to be

visible in images was set as the ideal upper threshold. Cells with Progerin-FLAG signals

highly co-localizing with their nuclei (labelled by DAPI) were considered as positive
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progerin-expressing cells.

2.10 RNA extraction

Total RNA was extracted using RNeasy Plus Micro kit (Qiagen) according to the

manufacturer’s protocol, including the optional addition of 20ng carrier RNA. RNA

quality and quantity were assessed by a Nanodrop spectrophotometer at 260 nm and 280

nm (A260/A280 > 1.80).

2.11 cDNA synthesis and Quantitative Polymerase Chain Reaction (qPCR)

96ng of RNA per sample was reversely transcribed to cDNA in a 20ul volume

reaction using SuperScript™ VILO™ Master Mix (Invitrogen). Reverse transcription

was performed in three steps: 10 min at 25 °C, 10 min at 50 °C, and 5 min at 85 °C. qPCR

reactions were carried out by LightCycler® 96 (Roche) with the use of 96-well plates

(Roche Cat#04729692001). Reaction for each gene was performed in duplicate. Reaction

in each well contained 5pul cDNA template (20ul cDNA was diluted 4x in DI water to give

80ul of cDNA working solution for 16 reactions), 10ul iQTM SYBR® Green Supermix

2x (Bio-Rad), 1pul primer pair, and 4ul DI water. The thermal procedure initiated with pre-

incubation 10min at 95 °C, and a three-step cycle of 10s at 95 °C, 60s at 65 °C, and 1s at

97 °C repeated 40 times. Followed by the amplification process, a melting curve analysis

was performed to verify the specificity of the amplified products. Fold change of gene
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expression levels was analyzed by the AACt method, and mRNA levels were normalized

to reference gene GAPDH. Gene-specific primers were listed in Table 2.

2.12 Western blot

VSMC monolayer was scraped and lysed in ice-cold RIPA buffer (Abcam

Cat#ab156034) supplemented with protease inhibitor (Roche) and phosphatase inhibitor

(Roche). Collected lysate was placed on ice for 30 min and vortexed every ten minutes.

The lysate was then centrifuged at 12000 rpm for 15mins at 4°C, and the supernatant was

collected in new tube for use. Protein content was quantified by Bradford assay. To

increase the sensitivity of Braford assay, samples were measured at dual absorbance

wavelengths (595 nm and 450 nm) for the estimation of protein concentration [76]. Equal

amounts of protein (10ug) were separated at 100V for 90 min in a 4-15% gradient

polyacrylamide gel (BIO-RAD Cat#4561083). Gels further underwent semi-dry transfer

to PVDF membranes at 10V for half an hour. Membranes were blocked with 5% nonfat

dried milk in TBST for one hour at room temperature. Afterwards, membranes were

probed by Anti-GAPDH mouse antibody (Novus Cat#NB300-221) or Anti-FLAG rabbit

antibody (Sigma Cat#F7425) overnight at 4°C followed by incubation with Goat anti-

mouse [gG-HRP (Novus Cat# NBP1-73240) or Goat anti-rabbit [gG-HRP (Santa Cruz

Cat#tsc-2004) for an hour at room temperature. Membranes were then incubated in ECL
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solution (Milipore Cat#WBLUF0500) for a minute and visualized by Bio-Rad

ChemiDocTM XRS+. Protein bands were quantified by Fiji, and were normalized to

GAPDH.

2.13 Statistics

Statistical differences are determined by Fisher’s test or Student’s t-test for data with

two groups. For data containing more than two groups, the analysis of variance (ANOVA)

or Chi-square test was performed. Tukey Kramer test or Holm’s sequential Bonferroni

procedure was used for post hoc pair-wise comparisons. Sample size and p-values were

shown within corresponding figures or figure legends. Results were presented as a mean

+ standard deviation. Statistical analysis was performed using GraphPad Prism or

Microsoft Excel.
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Table 1. list of primary and secondary antibodies

Primary antibody

Secondary antibody

Anti-alpha smooth muscle actin mouse

antibody (1:500, Sigma Cat#A2547) &

Anti-transgelin rabbit antibody (1:300,

Abcam Cat#ab14106)

Alexa Fluor 488 goat anti-mouse IgG
(1:500, Invitrogen Cat#A-11001) &
Alexa Fluor 647 goat anti-rabbit IgG

(1:300, Invitrogen Cat#A-21245)

Anti-alpha smooth muscle actin mouse

antibody (1:500, Sigma Cat#A2547) &

Anti-calponin-1 rabbit antibody (1:200,

Abcam Cat#ab46794)

Alexa Fluor 488 goat anti-mouse IgG
(1:500, Invitrogen Cat#A-11001) &
Alexa Fluor 647 goat anti-rabbit IgG

(1:300, Invitrogen Cat#A-21245)

Anti-FLAG rabbit antibody

(1:300, Sigma Cat#F7425)

Alexa Fluor 647 goat anti-rabbit IgG

(1:300, Invitrogen Cat#A-21245)

Table 2. list of PCR primers

Primer Accession no.

names

Forward (5’ to 3”)

Reverse (5’ to 3°)

Housekeeping gene

GAPDH NM 00128972

CTGCACCACCACCA

GGGCCATCCACAGT
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6.1 ACTGCTTAG CTTCT
Contractile genes
ACTA2 NM 007392.3 | AGAGCAAGAGAGG | GTCGTCCCAGTTGG
GATCCTGA TGATGAT
TAGLN NM 011526.5 | TGAAGAAAGCCCAG | TGCTTCCCCTCCTGC
GAGCAT AGTT
MYHI1 NM 013607.2 | GCAATGCGAAAACC | GATGCGAATGAACT
GTCAA TGCCAAA
CNNI XM 01124238 | TCTGCACATTTTAAA | GCCAGCTTGTTCTTT
8.3 CCGAGGTG ACTTCAGC
Synthetic genes
SPP1 NM 00120420 | AGCAAGAAACTCTT | GTGAGATTCGTCAG
1.1 CCAAGCAA ATTCATCCG
KLF5 NM 009769.4 | CGATTCACAACCCA | GTATGAGTCCTCAG
AATTTACC GTGAGCTTTTA
COLIAl NM _007742.4 | AGAGCATGACCGAT | AGGCCTCGGTGGAC
GGATTC ATTAG

22

doi:10.6342/NTU202200741




3.1

Chapter 3 Results

Establish primary VSMC culture and phenotype characterization

Compelling research had demonstrated that serial passaging promoted the
phenotypic transformation of primary VSMCs, characterized by down-regulation of
contractile genes and enhanced proliferation [54]. The first aim of the study was to
establish primary VSMC culture and validate phenotypic changes of VSMC with serial
passaging. We characterized phenotypes of P2 (early-passage) and PS5 (late-passage)
VSMCs by immunochemical analysis with VSMC contractile markers, including a-SMA,
SM22, and Calponin-1. Fluorescent images showed that great majority of P2 VSMCs
expressed the contractile markers, demonstrating the establishment of primary VSMC
culture. Moreover, P5 VSMCs exhibited smaller spreading area with reduced proportion
of cells expressing the lineage markers compared to their P2 counterparts, indicating
passage-dependent phenotypic switch (Fig 1AB). Meanwhile, P5 VSMCs had much
shorter population doubling time (Fig 1C), representing phenotypic transition of VSMC
as well. Taken together, we established primary VSMC culture and validated passage-

dependent loss of contractile phenotype in 2D culture.
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Figure 1. Primary VSMCs exhibit passage-dependent dedifferentiation in 2D
cultures. (A) Immunofluorescence images of primary VSMCs (B) Passaging reduced
proportion of cells staining positive for contractile markers (n>299) (C) Population
doubling time reduced with subculture (P2 and P5: n=7)
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3.2 Characterization of biomimetic fibrous scaffolds and cell morphology

Given the correlation between VSMC phenotypic change and matrix structure

during vascular pathogenesis [77], we applied electrospun 3D scaffolds to investigate

structural influence of fibers on VSMC phenotype. We produced straight or wavy fibrous

scaffolds to mimic the matrix architecture and mechanical behavior of disease/aged or

healthy arteries (Fig 2A). Wavy scaffolds featured undulating fiber structure, and the fiber

crimpness statistically differed from the straight counterpart (Fig 2B). Straight fiber

structure exhibited linear mechanical behavior with higher elastic modulus while wavy

structure conferred non-linear stress-strain behavior with longer toe region (Fig 2C).

Straight and wavy scaffolds both provided contact guidance to modulate cell morphology

(Fig 2D). In the straight scaffold, VSMC displayed elongated morphology with parallel

actin filaments through the cell length. In crimp scaffold, VSMC had wavy and

discontinuous actin bundles around cell periphery.
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Figure 2. Electrospun straight (S) and crimp (C) fibrous scaffolds and VSMC
morphology in the scaffolds. (A) SEM images of the fibrous scaffolds (B) Quantification
of fiber structure (n=96) (C) Representative tensile stress-strain relationships of the
scaffolds (D) Representative micrograph of VSMC morphology in the scaffolds.
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3.3

Phenotypic assessment: VSMC Proliferation

Based on the morphological adaptation of VSMC in different topography, we studied

the topographical regulation on P6 (late-passage) WT VSMC phenotype. Enhanced

proliferation is a hallmark of VSMC dedifferentiation. We evaluated the proliferation

potential of P6 VSMCs cultured in the straight and crimp scaffolds to investigate

topographical influence on VSMC phenotype during the 4-week culture. By weekly

monitoring cell metabolic activity with AlamarBlue assay, we indirectly accessed the

growth rate of the VSMCs in the three-dimensional scaffolds. During the one-month

culture period, VSMCs displayed steady growth in both scaffolds (Fig 3). Although

VSMCs had the lower proliferation potential in the crimp scaffold culture, similar trends

were observed in both straight and wavy scaffolds.
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Figure 3. Real-time monitoring of WT VSMC proliferation in fibrous scaffold.
(Data was normalized to the day 2 baseline ; W1, W2, and W3: n=14 in the straight group,
n=16 in the crimp group ; W4: n=10 in the straight group, n=8 in the crimp group)
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3.4 Phenotypic assessment: Gene expression profile

We further examined topographical regulation of VSMC plasticity at the transcript
level. Expression levels of phenotype-relevant genes were assessed by RT-qPCR. mRNA
levels of contractile markers showed no differences between straight and crimp groups
(Fig 4A). We also evaluated mRNA levels of synthetic markers, including matrix proteins
osteopontin (gene SPPI), collagen type I (gene COLIAI), as well as the key
transcriptional factor KLF5 (gene KLF5) (Fig 4B). PCR results suggested that there was

no distinguishable effect between straight and crimp scaffolds.
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Figure 4. Topography-dependent phenotype regulation of WT VSMC at transcript
level. (A) mRNA expression levels of contractile genes (mRNA levels of crimp group
were normalized to the averages of straight counterparts, ACTA2, TAGLN, and MYH11:
n=12 in the straight group, n=11 in crimp group ; CNNI: n=8 in the straight group, n=7
in the crimp group) (B) mRNA expression levels of synthetic genes (n=8 in the straight
group, n=7 in the crimp group)
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3.5

Phenotypic assessment: Immuno-characterization

We assessed contractile markers to better elucidate topographical regulation of

VSMC phenotype by immunochemical analysis. Confocal images revealed that structural

guidance of the scaffolds affected cell orientation. Cells in straight scaffolds formed

VSMC sheet that was highly aligned, while cells in the crimp scaffolds conformed to the

wavy topography with higher dispersion in cell orientation (Fig SAB). We noticed that

more VSMCs cultured in 3D scaffolds expressed contractile markers compared to 2D

tissue dish culture (Fig 5C vs. 1B). However, comparison between straight and crimp

scaffolds found no statistical differences (Fig 5C), suggesting weak effect of fiber

structure on WT VSMC phenotype.
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Figure 5. Immunochemical analysis of topographical influence on VSMC phenotype.
(AB) Representative confocal images of WT VSMCs cultured in straight and crimp

scaffolds (C) Quantification of marker-positive VSMCs in straight and crimp scaffolds
(n>350)
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3.6 Progerin induction in VSMCs

Progerin expression in HGPS patients results in severe arterial remodeling, similar

to geriatric cardiovascular pathology [62]. In HGPS models, VSMC is shown to be

responsible for the cardiovascular dysfunction [78]. We thus investigated progerin-

dependent phenotypic regulation of VSMC. Aortic VSMCs from inducible Cre/loxP

mouse model carrying Progerin-FLAG sequence were activated by in vitro treatment of

4-Hydroxy-tamoxifen (4-OHT) at P1 to induce progerin production. VSMC without 4-

OHT treatment was considered the transgenic control (Tc) against the 4-OHT induced

VSMC (Ti). We validated induction efficiency by immunochemical analysis. Fluorescent

images revealed that progerin was distributed around the nuclear rim (Progerin-FLAG

staining in yellow, Fig 6A). Majority of P2 and P5 Ti VSMCs were progerin-positive (Fig

6AB). Low level of Cre leakage was observed in P2 and P5 Tc populations (Fig 6AB).

Since studies had indicated that progerin accumulated with cell passaging [79], we

examined progerin protein content in early and late-passage cells. Immunoblot revealed

that progerin bands were not visible in WT and Tc populations while progerin signals

enhanced in Ti populations with passaging (Fig 6C). Quantification confirmed that

progerin levels of Ti populations elevated in a passage-dependent manner (Fig 6D). Taken

together, 4-OHT treatment effectively induced progerin expression, which accumulated
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in VSMCs with passaging.
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Figure 6. In vitro treatment of 4-OHT induced progerin expression in primary
VSMCs. (A) Immunofluorescence images of progerin-expressing VSMCs (B)
Percentage of progerin-positive VSMCs (n> 190) (C) Immunoblots of Progerin-FLAG
(D) Protein abundance of Progerin-FLAG (normalized to the loading control GAPDH ;
P6 WT, Tc, and Ti: n=2)
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3.7 Phenotypic characterization of progerin-positive cells

In line with the characterization results of WT VSMCs, Tc and Ti populations

exhibited passage-dependent phenotypic switch, featured by reduced cell size and the

expression level of contractile markers (Fig 7). P5 Ti population showed further decline

in percentage of cells expressing the cytoskeleton marker a-SMA compared to the P5 Tc

population (Fig 7B). Moreover, Tc and Ti populations displayed decline in population

doubling time with passaging, suggesting increased proliferation and changed phenotype

(Fig 7E). Overall, VSMCs of Tc and Ti groups consistently displayed phenotypic switch

in passage-dependent manner, but progerin had only minor effect in PS5 VSMC de-

differentiation in 2D culture.
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Figure 7. Phenotypic characterization of progerin-positive VSMCs in 2D cultures.

(A) Immunofluorescence images of early and late-passage VSMCs without 4-OHT
treated (Tc) and 4-OHT induced (T1) (B) Percentage of a-SMA-positive cells (n>560) (C)
Percentage of SM22-positive cells (n>330) (D) Percentage of Calponin-1-positive cells

(n>197) (E) Population doubling time of Tc and Ti VSMCs (P2 Tc and P5 Ti: n=5 ; P2
Ti and P5 Tc: n=4)
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3.8

Effect of progerin expression on VSMC proliferation in scaffold cultures

We performed AlamarBlue assay to examine combined effects of scaffold

topography and progerin expression on P6 VSMC proliferation. Increase in metabolic

activity among different groups revealed steady VSMC expansion during scaffold

cultures (Fig 8). The only statistical difference was found between Tc and Ti in the straight

scaffold culture in the first week. Generally, topographical cues and progerin expression

did not affect the proliferation of VSMCs.

Normalized absorbance

W1 w2 W3

Figure 8. Real-time proliferation monitoring of progerin-expressing VSMCs in
scaffold cultures. (Data was normalized to the day 2 baseline ; Straight TC, Ti and Crimp
Ti: n=4 ; Crimp Tc: n=3)
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3.9

Effect of progerin expression on VSMC gene and protein expression in scaffold

cultures

When Ti was compared to Tc within the same topographical feature, Ti populations

showed consistently higher mRNA levels of all contractile genes (Fig 9). There was a

small but consistent trend of further increase on the wavy scaffolds in both Tc and Ti

groups. Distinct differences were also observed between Tc and Ti populations in

synthetic gene profiles. Wavy scaffold culture up-regulated KLF5 expression in Tc, but

not in Ti VSMCs (Fig 9EF). We also evaluated protein levels of contractile markers by

immunochemical analysis. Confocal images demonstrated elongated actin organization

of Tc population in straight scaffold and curved actin arrangement in crimp scaffold (Fig

10A). Few VSMCs of Tc populations expressed contractile markers over three-week

straight or crimp scaffold culture (Fig 10A). Ti population in straight scaffold exhibited

spindle morphology with mild expression of contractile markers, similar to those seen in

Tc group (Fig 10BDE). In the wavy scaffolds, Ti VSMCs adapted to branched actin

arrangement and displayed higher levels of contractile markers (Fig l0BCDE). Combined

with gene profiling and immunofluorescence results, crimp fiber structure promoted re-

differentiation of progerin-expressing VSMCs.
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Figure 9. Gene profiles of progerin-expressing VSMCs over three-week scaffold
cultures. (ABCD) mRNA levels of contractile genes (mMRNA levels of different groups
were normalized to the average of Straight Tc, Straight Tc, Ti, and Crimp Tc: n=3 ; Crimp

Ti: n=4) (EFG) mRNA levels of synthetic genes
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Chapter 4 Discussion

Tunica media, the main load-bearing structure of artery, remodels during growth or
aging to achieve a homeostatic stress state [80, 81]. Adverse arterial remodeling
exacerbates pathogenic transformation of VSMC that further forms vicious cycle in
vascular pathogenesis [58, 82]. In this study, we investigate the regulatory role of matrix
architecture on VSMC.

We isolated murine thoracic VSMCs and established primary culture. Due to
heterogeneity of primary cell population, we used immunostaining with three
differentiation markers to determine the VSMC purity at early passage number (P2). More
than 60% of cells expressed differentiation markers, indicating the majority of the isolated
cells were VSMCs. Passaged cells demonstrated loss expression of contractile markers,
reduced cell size, and enhanced proliferation, indicating VSMC de-differentiation or
phenotypic switch. While we could not exclude the contribution of cell type fluctuation
to the overall phenotypic changes in late-passage population, our characterization results
were consistent with findings of previous studies [54, 83].

In wild-type dedifferentiated VSMC:s, straight or wavy fiber structure did not change

VSMC phenotypic gene expression (Fig 4A). At the protein level and cell proliferation
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results, wavy topography had limited effects on contractile marker expression (Fig 5C)

and retained VSMC in a quiescent state (Fig 3). These results suggested that the wavy

topography had minimal effects on WT VSMC. According to immunostaining results,

both straight and crimp 3D scaffolds largely improved VSMC contractile phenotype

compared to the 2D, indicating the beneficial effect of 3D fibrous cultures (Fig 5C vs.

1B). Meanwhile, contractile marker increase in 3D scaffold cultures can be attributed to

VSMC re-differentiation, indicating that majority of the cells are dedifferentiated VSMC

rather than fibroblasts. Previous study in 3D had shown that VSMCs under cyclic strain

exhibited better cell alignment and higher protein expression of contractile markers

compared to static cultures [84]. In addition to structural mimicry, our crimp scaffolds

recapitulated the non-linear mechanical behavior of healthy arteries [16, 18]. We

speculate that dynamic scaffold culture would sensitize VSMC response to matrix

structure and function, and may strengthen the influence of wavy topography on VSMC

re-differentiation.

Since VSMC phenotypic switch, depletion, and vascular remodeling are the

hallmarks of HGPS [62, 85, 86], we investigated the effect of progerin on VSMC

phenotype. We established primary culture of transgenic VSMC and employed a

40

doi:10.6342/NTU202200741



tamoxifen-inducible system to control progerin expression. High efficiency progerin

induction and passage-dependent progerin accumulation were confirmed (Fig 6).

Phenotypic characterization at PS5 revealed decline of a-SMA in progerin-expressing

population compared to the transgenic control (Fig 7), indicating a mild influence of

progerin on VSMC phenotype. We cultured progerin-expressing VSMCs in 3D scaffolds

to examine how these cells reacted to aged/injured or healthy structures. Similar to WT

cultures, progerin expression and fiber structure had no effects on VSMC proliferation

(Fig 8). In transcript analysis, progerin-expressing Ti VSMCs had higher levels of

contractile and lower levels of synthetic phenotype markers (Fig 9). In comparison with

2D results, progerin expression enhanced VSMC sensitivity to substrate dimensionality.

Moreover, immunofluorescence revealed further enhancement of contractile markers

when the progerin-expressing cells were cultured in the wavy scaffolds (Fig 10). Overall,

these experiments demonstrated that progerin-expressing VSMCs are more sensitive to

topographical regulation, and wavy fiber structure substantially promotes their re-

differentiation. Our finding is similar to previous reports on the altered

mechanotransduction of progerin-expressing cells [87-89].

VSMC plays an essential role in the development of CVDs [90], and matrix
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topography is recognized as a major biophysical regulator of cell behavior and function

[91]. To our knowledge, few studies emphasized the roles of wavy fiber structure on

arterial function or VSMC phenotype. Our study indicated that progerin-expressing

VSMCs are sensitive to fiber structure. Studies in our lab had demonstrated that wavy

micro-pattern induced nuclear deformation, uneven distribution of focal adhesion,

reorganization of actin structure, and increased cell tension [92, 93]. Linker of

Nucleoskeleton and Cytoskeleton (LINC) complex actively remodels nucleus and nuclear

lamina in response to external mechanical inputs. Abnormal expression of LINC complex

member, SUNI, contributes to the nuclear defects in HGPS fibroblasts [94] As

competition between inner nuclear envelope protein SUN1-microtubule coupling and

SUN2-actomyosin coupling mediated homeostatic nuclear movement [95], progerin-

dependent SUNI accumulation contributed to imbalanced nucleo-cytoskeletal

connections and abnormal nuclear shape [96, 97]. SUN2 and actin coupling is suggested

to protect nuclear morphology under cell stretch [98], and regulates actomyosin activity

and morphology of VSMCs [99]. We speculate that wavy topography regulates progerin-

expressing VSMC by reinforcing SUN2-actin coupling to ameliorate nuclear defects and

promote contractile phenotype. To further elucidate the structure to function link of wavy

microstructure, future studies will analyze fiber waviness of aged/progeric mice aortae,
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and focus on molecular pathway underlying interactions between progerin and fiber

structure. In summary, our study suggests that matrix topography acts as a significant

regulator of progerin-expressing VSMC, which implies that VSMC mechanotransduction

is altered in disease state or in accelerated aging model. Mechanotransduction translates

mechanical inputs into VSMC cytoskeletal adaptation and regulates the contractile

function [100]. Our fibrous scaffolds with mechanical and structural resemblance to

healthy or aged arteries offer a physiologically relevant platform for VSMC culture.

Combination with mechanical stimulation will help understand how disease or aging-

driven alternations such as progerin accumulation and matrix structural remodeling affect

VSMC mechanosensing, and provides useful insights for the development and

management of CVDs.
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