ABSTRACT

Modulating Glycosaminoglycan Fine Structure
in Valvular Interstitial Cells

by

Fergus Forbes Wong

The effect of glycosaminoglycan (GAG) fine structure on valvular interstitial cell
(VIC) interactions with matrix is poorly understood. In heart valves, proteoglycans (PGs)
and GAGs are differentially expressed across valve types, and become abundant with age
and during disease development. The consequence of maladaptive PG/GAG expression is
unclear and the implications of PG/GAG changes on valvular interstitial cell behavior need
to be explored. However, the complexity of GAG structure has made it difficult to study
the role of fine structural moieties. GAGs may vary in polymer length and each monomer
may undergo modifications, resulting in a highly variable and difficult to analyze structure.
The present work describes the development of a GAG modulation toolkit and an
exploration of how GAG fine structure influences VIC behavior. Adeno-associated virus
(AAV) transduction efficiency is characterized and optimized for VICs, resulting in the
most effective method for VIC gene delivery to date. AAV gene delivery is leveraged to
build a library of vectors to regulate gene expression of GAG biosynthesis enzymes in
order to modulate GAG fine structure. The effect of GAG fine structure on VIC-matrix
interactions is explored using quantitative functional assays to reveal a role for GAG chain
length and sulfation in VIC adhesion, migration, and contraction. Overall, these studies

advance the repertoire of tools used to study and manipulate VICs, and expand the
understanding of how GAG fine structure influences VIC functions.
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CHAPTER 1: Introduction and Background

1.1 Introduction
Valvular cell interaction with extracellular matrix is an integral part of cell function
in tissue. However, the effect of GAG fine structure on VIC interactions with matrix is
poorly understood. In heart valves, PGs and GAGs are present throughout each of the three
stratified layers. Additionally, PG and GAG content are differentially expressed across
valve types,1 increase with age1 and in disease development.2 However, the role of PGs
and GAGs on normal VIC function is mostly unexplored, and the consequence of
maladaptive PG/GAG expression on VIC function is unclear.
GAG-mediated interactions with other macromolecules are dependent on GAG
structure, which is highly complex in order and composition owning to an intricate
biosynthesis process that involves multiple components. GAG structure can vary in chain
length, sulfation pattern, and epimerization. These structural modifications change the
electrostatic properties and structural conformation of the GAG chains and thus affect their
interaction with other macromolecules. However, the regulation of GAG synthesis has not
been explored in the field of heart valves. We sought to manipulate GAG biosynthesis by
gene regulation of GAG biosynthesis enzymes. Each GAG structural modification is
carried out by an enzyme or collection of enzymes that possess a singular role of chain
polymerization, sulfation, or epimerization.3 Moreover, each sulfotransferase enzyme
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responsible for sulfation has a singular role in transferring a sulfate to a specific position
of the GAG repeating disaccharide unit. By regulating the expression of specific GAG
biosynthesis enzymes, the function of each enzyme may be regulated. In order to employ
this strategy, we required an effective gene delivery method for VICs but found no viable
options in the literature. We sought to satisfy this need using AAV, a vector capable of
infecting a broad variety of cell types with persistent expression.4 In Chapter 2, we quantify
and optimize the efficacy of AAV-mediated gene delivery for VICs. In Chapter 3, we build
a toolkit based on AAV to regulate GAG biosynthesis enzyme gene expression in order to
modulate GAG fine structure.
VICs play multiple roles in valve leaflets by assuming different phenotypes. In
healthy valves, VICs are quiescent. In response to tissue damage, VICs can differentiate
from a quiescent state to an activated state characterized by tissue repair processes
including increased matrix synthesis, matrix remodeling, migration, and proliferation.5,6 In
diseased valves, VICs become osteoblast-like and produce bone-related proteins and
deposit mineralized particles.7 The important role of VICs drives research of VIC biology
and the impact of the matrix environment on VIC behavior. Since PG/GAGs provide
matricellular cues that influence cell phenotype and function, it is important to investigate
the capacity of PG/GAGs to affect VIC functions involving cell-matrix interactions. In
Chapter 4, we explore the effect of modulating GAG fine structure on VIC processes such
as adhesion, migration, and matrix contraction.
This dissertation describes three specific aims:
1.

Optimizing gene delivery to VICs using AAV.

2.

Modulating GAG fine structure by regulating GAG biosynthesis.

3
3.

Investigating the role of GAG fine structure in regulating VIC adhesion, migration,

and contraction.

1.2 Aortic Valve
1.2.1

Anatomy
The aortic valve is located at base of the aortic root, where the aorta arises from the

ventricle. The aortic valve is a trileaflet valve comprising three semilunar cusps, or leaflets,
identified as left, right, and posterior cusps (Fig. 1-1a).8 Each leaflet has an undulating
outflow surface facing the aorta and a smooth inflow surface facing the ventricle.8 Each of
these semilunar cusps is joined to the wall of the aortic root at the annulus. The annulus is
shaped as a three-pronged coronet and supports the cusps at fibrous-rich semilunar
contours.9 Along the circumference of the aortic orifice, adjacent cusps are separated by
small regions called the aortic valve commissures.9
Each leaflet has three components: a hinge, a belly, and a coaptation region (where
leaflets join at valve closure) with a thickened central nodule.9 The hinge point, or annular
attachment, is the area of the leaflet that connects to the aortic wall. The coaptation region
of the leaflet meets adjacent leaflets during valve closure. The belly region is bounded by
the hinge area and coaptation regions in the middle of the leaflet. The belly makes up the
majority of the leaflet surface.9
During valve closure, the leaflets form parabolic billowed shapes and coapt with
adjacent leaflets at the free margins of each leaflet to form a sealed closure of the aortic
orifice.10 When the valve is in the open position, the leaflets fold radially and the free
margins are separated.
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Figure 1-3 Aortic valve structure. (A) Aortic valve in open (top) and closed (bottom) configurations (B) Cartoon diagram
of a valve leaflet in systole and diastole, including the structural organization of collagen and elastin. Source: Schoen et
al.14

1.2.2

Physiology
The aortic valve controls the passage of blood from the left ventricle to the aorta

and prevents reflux of blood from the aorta into the left ventricle. The aortic valve opens
during systole, the contractile phase of the cardiac cycle, without obstructing hemodynamic
flow and closes quickly during diastole, the relaxation phase, permitting minimal reverse
flow (Fig. 1-1b).11 The opening and closing of the aortic valve are primarily dictated by
the pressure difference between aortic and ventricular pressures.10 In diastole, the aortic
valve remains closed against a back pressure of 80 mm Hg by stretching the three cusps
such that the free edges coapt and seal the orifice to prevent leakage.12 The aortic valve
avoids regurgitation or cuspal prolapse over a range of high stress conditions due to a
complex microstructural architecture of ECM.13
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1.2.3

Valvular ECM
The aortic valve leaflet has a trilayered architecture that allows the cusp to function

and endure rigorous cyclic pressures during the cardiac cycle (Fig. 1-2). The three layers—
the fibrosa, the spongiosa, and the ventricularis—differ in ECM content and organization
and each layer achieves a specific function due to its high order structures.13–15

Figure 1-4 The three layers of the aortic valve. The fibrosa (F), spongiosa
(S), and ventricularis (V) visualized with a Movat Pentachrome stain, which
colors collagen fibers yellow, glycosaminoglycans and proteoglycans blue,
and elastic fibers black. Source: Chow et al.153

Fibrosa
The arterial layer, on the outflow surface, is the fibrosa. The collagen-rich fibrosa
provides strength and stiffness to the leaflet and is mainly responsible for bearing diastolic
stress.16 Collagen fibers are capable of withstanding high tensile forces and help the cusps
to maintain coaptation. 15
Ventricularis
The ventricularis is the layer at the inflow surface. It is a thin layer with a dense
sheet of radially aligned elastic fibers.17,18 In diastole, the elastic fibers extend. In systole,
the elastic fibers recoil, facilitating tissue folding and minimizing hemodynamic
obstruction by decreasing cuspal surface area. The passive recoil of elastic fibers also
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returns collagen to an unloaded state, restoring collagen crimp.17,18
Spongiosa
The spongiosa is the center layer between the fibrosa and the ventricularis. This
middle layer is abundant with glycosaminoglycans, particularly hyaluronan.19 The highly
anionic properties of non-hyaluronan GAGs attract osmotically active cations, drawing in
large water volumes that are retained in the spongiosa. The high water content allows the
spongiosa to resist compression, serve as a shock dampener during leaflet folding, and act
as a lubricator that attenuates shear between the outer layers.13,20
1.2.4

Valvular Interstitial Cells
Valvular interstitial cells (VICs) are distributed within all interstitial layers of the

heart valve cusp and are the most abundant cell type in heart valves.21 VICs act primarily
in synthesizing and remodeling ECM. VICs synthesize collagen, elastin, hyaluronan, and
proteoglycans such as decorin, biglycan, and versican, among other matrix
macromolecules.2,22–24 VICs also remodel matrix by expressing matrix-degrading enzymes
such as matrix metalloproteinases (MMPs) as well as tissue inhibitors of
metalloproteinases (TIMPs).25
VICs are a heterogeneous population consisting of a variety of phenotypes described
as fibroblast-like in quiescent cells, myofibroblast-like in activated cells, and osteoblastlike cells in calcific valves.5 VICs in native valves are predominantly of the quiescent
phenotype. Quiescent VICs transition to an activated phenotype in response to injury or
disease.6 These activated VICs are more contractile, more proliferative, more motile,
express alpha-smooth muscle actin, increase ECM synthesize and express more MMPs and
TIMPs.5 These characteristics are useful for wound healing. However, disease states may
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induce the activated VIC state, leading to angiogenesis, inflammation, and calcification.26
In diseased valves, VICs become osteoblast-like and produce bone-related proteins and
deposit mineralized particles contributing to disease development.7

1.3 Engineering CS/DS fine structure
1.3.1

CS/DS Biosynthesis
Chondroitin sulfate (CS) consists of alternating residues of N-acetylgalactosamine

(GalNAc) and glucuronic acid (GlcA), while in dermatan sulfate (DS) the glucuronic acid
is converted to iduronic acid (IdoA). The synthesis of CS/DS occurs in the Golgi and is
achieved by multiple enzymes (Fig. 1-3).27

Figure 1-3 Biosynthesis of chondroitin sulfate (CS) and dermatan sulfate (DS).
(Left) The location of biosynthesis enzymes are spatially distributed throughout the
endoplasmic reticulum and Golgi body. (Right) The linkage tetrasaccharide and CS/DS
synthesis are mediated by enzymes in the Golgi as the core protein (green) progresses
from the endoplasmic reticulum through the Golgi. Source: Uyama3
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Sulfated GAGs are synthesized on a GAG-protein linkage tetrasaccharide that is
formed on serine residues of the core protein.28 Synthesis of the linkage tetrasaccharide
begins in the endoplasmic reticulum and cis-Golgi, wherein xylosyltransferase adds a Xyl
residue to a certain serine amino acid. Subsequently, galactosyltransferases (GalTs) GalTI and GalT-II add Gal residues. Then glucuronyltransferase-I finishes the tetrasaccharide
with the addition of glucuronic acid.29
Chondroitin and dermatan sulfate formation is initiated by GalNAcT-I activity—
the addition of GalNAc to the linkage tetrasaccharide. Chain polymerization follows with
the addition of repeating disaccharide units comprising GlcA and GalNAc residues.
Propagation of the GAG chain is performed by a group of enzymes with GlcAT-II and/or
GalNAcT-II activities: chondroitin sulfate synthase-1; chondroitin sulfate synthase 3;
chondroitin polymerizing factor; chondroitin polymerizing factor-2 (formerly chondroitin
sulfate glucuronyltransferase); chondroitin GalNAc transferase-1; and chondroitin
GalNAc transferase-2.27
Table 1-2 Glycosyltransferases responsible for GAG chain polymerization
Gene Name
CHSY1
CHSY3
CHPF
CHPF2
CSGALNACT1

Transferase
Chondroitin sulfate synthase 1

Chondroitin sulfate synthase 3
Chondroitin polymerizing factor
Chondroitin polymerizing factor 2
Chondroitin sulfate Nacetylgalactosaminyltransferase 1
CSGALNACT2
Chondroitin sulfate Nacetylgalactosaminyltransferase 2
GalNAcT: N-acetylgalactosaminyltransferase
GlcAT: glucouronyltransferase

Activity
GalNAcT-I/GalNAcTII/GlcAT-II
GalNAcT-II/GlcAT-II
GalNAcT-II
GalNAcT-II/GlcAT-II
GalNAcT-I/GalNAcT-II

References

GalNAcT-I/GalNAcT-II

38

29,30

30,31
32–35
36,37
38

The group of glycosyltransferases that propagate the GAG chain possess different
roles. Chondroitin sulfate synthase-1 (CHSY1) and chondroitin sulfate synthase-3
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(CHSY3) demonstrate GlcAT-II and GalNAcT-II activities, but are incapable of
independently polymerizing the GAG chain.35,37 The transferase activity of chondroitin
polymerizing factor (CHPF) is limited to marginal GalNAcT-II activity.35

CHPF2

possesses GalNAcT and GlcAT-II activity, but has no polymerization ability when
expressed alone.37
Chain polymerization is achieved by the association of two enzymes. The
combination of any two enzymes of CHSY1, CHSY3, CHPF, and CHPF2 is sufficient to
achieve polymerization.37 Of these combinations, the enzyme complex of CHSY1 and
CHPF results in the longest chain lengths, indicating greater polymerization activity. 37 It
is hypothesized that the interaction between enzymes may increase protein stability,
increase the affinity for substrates, or induce conformational changes in the proteins to
enable polymerization activity.3 Although the initiation of chain polymerization is
somewhat understood, the cessation of polymerization remains a mystery.
Sato et al. first identified CSGalNAcT-2 and compared its GalNAc transferase
activity with CSGalNAcT-1.38 CSGalNAcT-1 is active in chain initiation (addition of
GalNAc to the linkage tetrasaccharide) and active in polymerization (addition of GalNac
in the repeating disaccharide unit).3 On the other hand, CSGalNAcT-2 shows strong
activity in initiation, but low activity in chain polymerization.3
Epimerization and Sulfation of GAG Repeating Disaccharide Units
After the formation of the polysaccharide backbone, the repeating disaccharide
units may be modified by sulfation and epimerization by sulfotransferases and epimerases,
resulting in a large diversity of possible chondroitin sulfate structures (Fig. 1-4).
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Figure 1-4 Structural modifications of chondroitin/dermatan sulfate. Chain formation initiates on a Ser residue of a
core protein (black circle) in the form of a linkage tetrasaccharide (inverted triangle-circle-circle-diamond). The
chondroitin polymer comprises a repeating disaccharide unit—glucuronic acid (diamond) and N-acetylgalactosamine
(square) shown between brackets (and shown as a chemical structure in the gray box). Epimerization occurs by DSE
(dermatan sulfate epimerase). Sulfation is mediated by: C6ST (chondroitin 6-O-sulfotransferase), C4ST (chondroitin 4O-sulfotranserase), D4ST (dermatan 4-O-sulfotransferase), and GalNAc4-6ST (N-acetylgalactosamine 4-sulfate 6-Osulfotransferase).
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Dermatan sulfate epimerases catalyze epimerization at the 5 position of the uronic
acid, converting the GlcA to IdoA (and thus converting a CS to a DS). The GlcA residue
exists in a rigid chair conformation 4C1, whereas IdoA can exist in multiple conformations
that include chair and skew-boat: 1C44, 4C1, 2S0, 0S2.39,40 The flexibility of the IdoA residue
confers structural flexibility to DS chains, allowing them to bend to better accommodate
substrates.40 To date, two DS epimerases homologs have been cloned and characterized:
DS-epimerase 1 and DS-epimerase-2.41,42 Both are ubiquitously expressed in humans and
demonstrate epimerase activity.42
Sulfation of various positions on the repeating disaccharide unit is performed by
sulfotransferases with singular sulfation functions. Sulfation can occur at the 4-OH position
and 6-OH position of GalNAc, and the 2-OH position of uronic acid. (However, 2-Osulfation is rare in heart valves.43) Chondroitin sulfate 6-O-sulfotransferase 1 (C6ST1),
C6ST2, and N-acetylgalactosamine 4-sulfate 6-O-sulfotransferase (GalNAc4-6ST) sulfate
of the 6-position of GalNAc (the substrate of the latter enzyme is a 4-sulfated
disaccharide).44–46 C6ST1 demonstrates more diverse activity compared to C6ST2, which
only acts on nonsulfated disaccharides.45 GalNAc4-6ST activity results in a bisulfated
disaccharide with sulfate groups at the 4- and 6-position. C4ST1, C4ST2, C4ST3, and
dermatan 4-O-sulfotransferse (D4ST1) sulfate the 4-position.47–50 Despite the
nomenclature, each of C4ST1-3 and D4ST1 will act on both chondroitin and dermatan
sulfates; although the activity of C4ST enzymes on dermatan is low, and the activity of
D4ST on chondroitin is low. Of the four 4-O-sulfotransferases, C4ST1 showed the greatest
sulfotransferase activity on chondroitin sulfates,49,50 and D4ST1 shows the most enzymatic
activity on dermatan sulfates.50
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1.3.2

GAG Structure Regulation Strategies

Regulation of Chondroitin/Dermatan sulfate Synthesis and Structure
The specific modification of GAG fine structure is difficult due to its complex nature,
but is necessary to fully understand PG/GAG interactions. Traditionally, the role of GAG
structure has been studied by adding exogenous purified GAG chains of a particular
structure (chondroitin/dermatan, 4S/6S), or adding exogenous GAG-cleaving enzymes to
remove GAGs from PGs. However, artificially separating the GAG from the protein core
of the PG does not represent most physiologically relevant environments, wherein PGs
have intact GAGs. Therefore, alternative methods are necessary to modulate GAG fine
structure while leaving the GAG chain attached.
Biochemical factors and pharmalogical drugs may be used to stimulate the production
of various GAG structures.51–60 However, the downside of employing these biochemical
factors and drugs is they also trigger signaling pathways other than GAG biosynthesis.
Recently, GAG fine structure has also been regulated by gene regulation of the
enzymes responsible for GAG biosynthesis. Inhibition of chondroitin sulfate has been
performed by downregulating CS glycosyltransferases. A 60% decrease in CHSY3
expression in HeLa cells decreased CS by 18%.30 Downregulation of CHPF expression by
70% in astrocytes reduced CS by 60%.61 Additionally, the knockout and downregulation
of two enzymes CHPF and CHSY1 reduced CS by 85%.32 Also, chondroitin 4-Osulfotransferase-1 (C4ST1) overexpression lead to increased 4-O-sulfation.62 Dermatan
sulfate epimerase 1-deficient mice have reduced epimerization products (idoA).63
Regulation of GAG biosynthesis enzymes appears to be direct and effective way to
modulate GAG fine structure.
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1.4 Gene Delivery Methods for VICs
Efficient, long-term gene delivery to VICs is a challenge, as it is with many types of
primary cells. There are few studies demonstrating methods capable of highly efficient
gene delivery to VICs, though many strategies have been reported. Lipid-based reagents
that have been used for nucleic acid delivery to VICs include: Lipofectamine 2000, a
cationic lipid formulation to deliver DNA,64 siRNA,65–68 and miRNA mimics;66
Dharmafect1, a cationic lipid-based vehicle for siRNA delivery;69 and HiPerfect, a cationic
lipid reagent, for siRNA delivery.70,71 Transfection reagents comprising lipids combined
with other reagents have also been used, such as Oligofectamine, a lipid-polymer blend for
siRNA delivery72 and Turbofectin 8, a lipid-histone blend for DNA delivery. Nonliposomal vehicles have been reported, including nanoparticle-based N-TER for siRNA
transfection73 and electroporation-based Nucleofector siRNA transfection system.74,75
Viral gene delivery vehicles used for VICs include lentivirus for shRNA interference,76
and adenovirus to deliver DNA.77 Although these methods were reportedly used
successfully, these previous studies do not present comparable quantitative measurements
of gene delivery efficiency, so it is difficult to assess which method is best for future
studies. Low efficiency coupled with a low passage number limit (<5) makes gene delivery
a major obstacle for scientists studying VICs.
Adeno-associated Virus
Adeno-associated virus (AAV) is a non-enveloped virus containing a 4.7-kilobase
(kb) single-stranded DNA genome. AAV is a member of the genus Dependovirus of the
Parvoviridae family and requires a helper virus such as adenovirus or herpes simplex virus
in order to replicate. AAV has been used as a gene delivery vector because of its efficacy
in infecting mammalian cells and because it is non-pathogenic, elicits low immune
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response, and cannot self-replicate.4,78 Twelve human AAV serotypes have been
discovered which infect a wide range of human tissues.79,80 Each serotype targets for
specific tissues, demonstrating a range of viral tropism. The different tropisms across
serotypes are afforded by differences in the AAV capsid structure.79
The AAV genome is a linear, single-stranded DNA consisting of two open reading
frames, rep and cap, which encode for proteins involved in virus replication and capsid
formation, respectively.81 The open reading frames are flanked at both ends by inverted
terminal repeats (ITRs), which serve functions in genome replication and packaging.81
Recombinant AAV (rAAV) can be produced such that the native rep and cap sequences
are replaced with a transgene expression cassette. Unlike wild-type AAV, rAAV without
the rep sequences lack the ability to integrate into the host chromosome and instead rAAV
DNA persists as episomes.82,83

1.5 Cell Adhesion, Migration, and Contraction
Focal adhesions (FAs) are macromolecular complexes that mediate cell-substrate
attachment. FAs localize at the termini of actin stress fibers84 and act as a junction,
connecting actin stress fibers to integrins. FAs are elongated structures, FAs integrate
extracellular cues and regulate multiple signaling pathways, affecting cell migration,85 and
cell-generated traction force.86
FAs are integral to cell processes such as cell migration and cell-mediated contraction
of ECM. Cell migration involves dynamic structural changes of actin filaments coordinated
with the assembly and disassembly of FAs. FAs form at the protruding edge of migrating
cells and serve as stable adhesion sites that allow actin-mediated traction forces to pull the
cell forward. As the cell moves forwards, FAs at the cell rear disassemble. To withstand
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actin-generated forces during cell migration, FAs enlarge through structural assembly
involving protein accumulation that can be tracked by imaging focal adhesions and
quantifying their size.87 FA size is a predictor of migration speed in a biphasic manner such
that small FA size corresponds with slow migration and increasing FA size corresponds
with increasing migration speed until a maximum speed is reached, after which increasing
FA size corresponds with decreasing migration speed from the maximum.85 FAs also serve
as sites where cell-generated traction forces are transmitted to the substrate. Tension forces
trigger focal adhesion growth88 such that cell-generated traction force on the substrate is
linearly related to the area of focal adhesions.86
Proteoglycans regulate cell adhesion and adhesion-dependent processes like
migration and contraction through a mechanism dependent on GAG structure. Decorin and
biglycan regulate cell adhesion and migration,89 but the distinct role of the GAG chain, and
more specifically, the role of GAG fine structure, is less studied. Dermatan sulfate
proteoglycans regulate fibroblast adhesion via the GAG chain.89 Decorin inhibits
osteosarcoma cell migration via dermatan sulfate chains,90 and reduced iduronic acid
content diminishes focal adhesion formation and increases migration speed in aortic
smooth muscle cells.91 In addition, cell contraction of collagen gels was shown to be
inhibited in the presence of exogenous chondroitin 6-sulfate chains, but not chondroitin 4sulfate chains.92 Despite these findings, the role of GAG chain length and sulfation in these
processes are unknown.
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1.6 Thesis Overview
This thesis describes the pursuit of developing a toolkit to regulate gene expression
of GAG biosynthesis enzymes in VICs and applying the toolkit to study the role of GAG
fine structure in VIC-substrate interactions. Chapter 2 describes the quantification of AAVmediated gene delivery efficiency to serve as a means to deliver DNA to VICs. AAV
serotypes 1-9 were tested for their ability to deliver a GFP reporter into VICs in vitro. Flow
cytometry results indicate AAV2 and AAV3 are capable of transducing VICs more
efficiently than other serotypes. Furthermore, transduction efficiencies can be optimized
by increasing the multiplicity of infection (MOI) and using self-complementary, doublestranded genomes, yielding up to 98% successfully transduced cells. Transduction of VICs
by AAV2 or AAV3 in the presence of competing soluble heparin significantly reduces
delivery efficiencies, suggesting heparan sulfate proteoglycans act as the primary VIC
receptors of these two serotypes. Overall, this study establishes AAV2 and AAV3 as
efficient gene delivery vehicles for primary VICs. Such effective delivery vectors for valve
cells may be broadly useful for numerous applications, including for the study of valvular
cell biology, development of valve disease therapies, and regulation of genes for tissue
engineering heart valves.
Chapter 3 describes the making of a toolkit for regulating gene expression of GAG
biosynthesis enzymes in order to modulate GAG fine structure.
Chapter 4 describes the application of the GAG modulation toolkit to investigate
the role of GAG fine structure in VIC adhesion, migration, and cell-mediated collagen
contraction. Reduced GAG chain length decreases focal adhesion size, increases cell
migration due to higher directional persistence, and inhibits contraction compared to
controls. Whereas increased 4-sulfation and 6-sulfation similarly decrease focal adhesion
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size, inhibit cell migration due to lower directional persistence, and inhibit contraction
compared to controls. Increased iduronic acid content does not elicit a significant
difference in adhesion, migration, or contraction compared to controls. Overall, these
results show a role for GAG chain length and sulfation in valvular cell adhesion, migration,
and contraction.
Collectively, this work provides useful tools to modulate GAG fine structure in
VICs and uncovers a role for GAG fine structure in VIC adhesion and adhesion-dependent
processes
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CHAPTER 2: Optimizing Gene Delivery to VICs using AAV

2.1 Introduction
Adeno-associated virus (AAV) is a clinically proven, non-pathogenic gene transfer
vehicle capable of long-term gene expression. AAV-mediated gene therapy can persist up
to 6 years in primate models.93 AAV has been shown to deliver genes to many cell types
and tissues, including the heart, brain, and retina,79 but there have been no reports of using
AAV for gene delivery to VICs. The goal of this study was to find an efficient gene delivery
vehicle to VICs and provide a quantitative analysis of its transduction profile. In this work,
a panel of AAV serotypes was screened for transduction in VICs and was further
characterized in terms of dose-dependence and single- versus double-stranded genomes.

2.2 Methods
Cell Isolation
VICs were harvested from suckling pig aortic valves within 24 h postmortem from
tissues obtained from a local commercial abattoir (Fisher Ham and Meats, TX) as
previously described.94 Cells were harvested on two separate occasions from three to six
aortic valves each harvest. The aortic valve leaflets were surgically removed and rinsed in
PBS containing 5% v/v antibiotic/antimycotic solution (ABAM, Cellgro). The leaflets
were transferred into a collagenase-II solution (492 U/ml; Worthington) and placed in a
 Parts of this chapter have been adapted from Wong et al., Tissue Engineering Part C: Methods. 2015.154
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shaking incubator for 30 min at 37°C to catalyze endothelial cell detachment. The surfaces
of the leaflets were gently swabbed to remove the endothelial layer, and then leaflets were
minced using surgical blades. The minced tissue was transferred to a collagenase-III
solution (298 U/ml; Worthington) and incubated for 4 h at 37°C. The lower protease
activity of collagenase III minimizes cell damage while providing complete
disaggregation.94 Cells were filtered through a 40 µm strainer, pelleted by centrifugation,
and resuspended in growth media (DMEM:F12, 10% v/v bovine growth serum, 1% v/v
ABAM, 1% v/v 1M HEPES) and seeded in tissue culture flasks. Growth media was
replaced every 2-3 days. VICs used for experiments were limited to 2 to 5 passages.
Virus Production
Adeno-associated viruses were produced as described previously.95 AAV1 to
AAV9 containing a GFP transgene driven by cytomegalovirus (CMV) promoter were
produced by polyethylenimine-mediated triple plasmid transfection of a GFP transgene
(single-stranded: pITR-GFP, double-stranded: scAAV-CMV-GFP), helper plasmid
(pXX6-80), and AAV cap gene plasmid (pXR1, pXX2, pXR3, pXR4, pXR5, pXR6, pXR7,
pXR8, pXR9) into HEK293T cells cultured in 15 cm dishes precoated with 0.001% polyL-lysine (Sigma). Viruses were harvested and purified via iodixanol step gradient and
ultracentrifugation as described previously.95 Helper-dependent serotype 5 adenoviral
vectors (HDAd) were generously provided by Dr. M. Suzuki (Baylor College of Medicine,
Houston, Texas).
Quantification of Genomic Titers
Virus genomic titers were measured with quantitative polymerase chain reaction
(qPCR) involving SYBR Green dye and primers against the CMV promoter, as described
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previously.95 Three independent experiments were performed in duplicate.
Viral Transduction Assay
VICs were seeded on 24-well plates at a seeding density of 80,000 cells/well. After
24 h, viral vectors were added to the cells in serum-free media. (A pilot study showed no
discernable difference between serum-free and serum-containing media during this
incubation step. Data not shown.) Media was replaced with complete serum-containing
medium 16 h post-transduction. 48 h post-transduction, cells were harvested by
trypsinization for flow cytometry using FACSCanto II (BD Biosciences) to measure GFPexpression. Flow cytometry data was analyzed using FlowJo software (Tree Star Inc).
Transduction efficiency was measured by calculating transduction index [TI = % GFP +
cells x geometric mean fluorescence intensity (GMFI)].
AAV transduction was initially assessed by screening serotypes 1-9, with a
multiplicity of infection (MOI) of 5 × 103 viruses per cell. Optimization of AAV2 and
AAV3 transduction was performed at MOI values of 5 × 103, 1 × 104, 2.5 × 104, and 5 ×
104. Additionally, single-stranded (ssAAV) and double-stranded (dsAAV) vectors were
compared.
Helper-dependent adenovirus transduction was performed with MOIs of 101 to 104
(calculated as viral particles per cell) which span the typical range of adenoviral MOI
values.
MTT Assay for Cell Viability
To assess cell viability through metabolic activity after viral transduction, VICs
seeded on a 96-well plate at a density of 40,000 cells/well were transduced at MOIs of 1 ×
104, 2.5 × 104, and 5 × 104. 48 h post-transduction, medium was replaced with fresh
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medium containing 10% w/v thiazolyl blue tetrazolium (0.5 mg/ml; Sigma) and incubated
for 3 h at 37°C. A negative control consisted of untreated cells exposed to 0.1% v/v Triton
X-100 (Roche) for 3 min before adding the MTT reagent. Media was replaced with 0.1 N
HCl in isopropanol (Sigma) and incubated at room temperature for 15 min to dissolve the
formazan crystals. Absorbance measurements were read at 570 nm and subtracted by
absorbance at 690 nm using a Spectramax M2 microplate reader (Molecular Devices).
VIC Phenotype
VIC phenotype was measured through expression of cytoskeleton marker α-smooth
muscle actin (α-SMA). VICs were seeded in 24-well plates as described above and
transduced with dsAAV3 (MOI = 104). 48 h post-transduction, cells were harvested by
trypsinization, fixed with paraformaldehyde, and permeabilized with methanol. α-SMA
expression was measured with flow cytometry after immunostaining with 1:100 dilution
of anti-SMA (ab7817, abcam) and 1:1000 dilution of anti-MS conjugated with AlexaFluor
647 (Life Technologies). For the negative control, mouse IgG (Vector Labs) served as the
primary antibody.
Non-viral Transfection Assay
Transfection with Lipofectamine LTX (Life Technologies), a cationic lipid
formulation modified for primary cell transfection, was performed according to
manufacturer’s instructions using 200 ng plasmid DNA with LTX reagent volumes of 0.4,
0.7, and 1µl. Permissive HEK293T cells were used as a positive control. VICs were seeded
on 48-well plates at a density of 6.0 × 104 cells per well, 20 h before transfection.
HEK293T cells were seeded at 1.7 × 105 cells per well. Transfection with linear
polyethylenimine (PEI) (MW 25,000, Polysciences, Inc.) was performed at various
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nitrogen to phosphate (NP) ratios (15, 20, and 30) and 500 ng DNA with VICs seeded on
12-well plates, at seeding densities of 1.5 × 105 VICs/well and 5.5 × 105 293T/well. 20 h
post-transfection, media was replaced with fresh media. 48 h post-transfection, cells were
harvested for flow cytometry analysis. Plasmids used for transfections were purified with
Zyppy Plasmid Miniprep Kit (Zymo Research).
Heparin Competition Assay
VICs were prepared and analyzed as described in AAV Transduction Assay
subsection above with the addition of an incubation step prior to transduction: virus at an
MOI of 1.5 x 104 was incubated in various concentrations (log-fold increments from 0 to
5 mg/ml) of soluble heparin (Sigma) in serum-free medium for 1 h at room temperature.
48 hours post-transduction, cells were harvested and analyzed for gene expression using
flow cytometry.
AAV Internalization Assay
Internalization of AAV in VICs was assessed by measuring viral genomes using
qPCR. Untreated cells were used as a control. For each experimental group, VICs were
seeded in 10 wells on 24 well plates with 80,000 cells/well. After 24 h, virus was added to
cells in serum-free media at an MOI of 104. 4 h post-transduction, cells were harvested by
trypsinization and centrifugation, then washed twice with PBS and pooled together. DNA
was extracted with EZNA Tissue DNA kit (Omega). Viral genomes were measured using
qPCR with primers targeting the CMV promoter.
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2.3 Results
Transduction of Primary Valvular Interstitial Cells by Different AAV Serotypes
To determine whether any AAV serotypes, or variants, are capable of efficiently
transducing VICs, we performed in vitro transduction assays using primary VICs obtained
from porcine aortic valves with nine different AAV serotypes (1-9) packaging a GFP
transgene. VICs were incubated for 16 h with the viruses (multiplicity of infection, or MOI,
of 5 × 103 viruses per cell) and harvested 48 h post-transduction to measure GFP
expression with flow cytometry (Fig. 2-1). Gene delivery efficiency was quantified by
calculating the transduction index (TI), the percentage of GFP-positive cells (%GFP+)
multiplied by the geometric mean fluorescence intensity (GMFI). The TI parameter is a
linear indicator of viral transduction capacity and, thus, is better than the %GFP+ cells
parameter alone which saturates quickly with increased MOIs.96
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Figure 2-1. Transduction efficiency of AAV serotypes 1-9 in primary VICs. VICs were transduced at
an MOI of 5,000 with AAV serotype variants packaging GFP and analyzed with flow cytometry to
measure (a) percentage of GFP-positive cells, (b) geometric mean fluorescence intensity (geom. MFI),
and (c) transduction index (TI). AAV2 and AAV3 are the most efficient transducing vectors. U indicates
untreated group. Error bars indicate the standard error of the mean (SEM) of four independent
experiments. Significant differences compared to untreated: *, p < 0.05 ***, p < 0.001.
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Of the serotypes tested, AAV serotype 2 (AAV2) and serotype 3 (AAV3) are most
effective. While the AAV3 transduction efficiency is higher than AAV2, the difference is
not statistically significant (p = 0.34). AAV5 and AAV6 also demonstrate GFP expression
levels above background, but their TI values are substantially lower (5-14x lower) than
AAV2 and AAV3 (p < 0.01 for all comparisons). The GMFI of AAV5 and AAV6 are
similar to the GMFI of AAV2 and AAV3, however the %GFP+ cells are much lower in
AAV5 and AAV6, leading to lower TI values. None of the other serotypes tested lead to
gene delivery levels above the untreated cells. Additionally, AAV cytotoxicity was
assessed with an MTT assay for mitochondrial activity. Viabilities of VICs exposed to
viruses at all tested MOIs are not statistically different than untreated cells (Fig. 2-2).
Moreover, AAV transduction has no effect on VIC phenotype, as measured by α-smooth
muscle actin expression (p = 0.7, Fig. 2-3). α-SMA expression in both untreated and treated
VICs is within the typical range (50-65%) for porcine VICs cultured on plastic.64 In
summary, the results thus far demonstrate AAV2 and AAV3 transduce VICs more
efficiently than other serotypes.

26

Figure 2-2 AAV2 cytotoxicity in VICs. VICs were transduced at various MOI. 48 h posttransduction, cell viability was measured using an MTT assay. Values were normalized such
that the untreated group is 100%. NS indicates not statistically significant. U indicates
untreated group. Triton indicates cells treated with 0.1% Triton X-100 prior to MTT assay.
Error bars represent SEM from four independent experiments.

Figure 2-3 AAV effect on VIC phenotype. VICs were transduced with dsAAV3 (MOI 1 ×
104) and harvested 48 h post-transduction. VIC phenotype was assessed through expression
of α-smooth muscle actin (α-SMA) using flow cytometry. Exposure to AAV produces no
significant difference in VIC phenotype. U indicates untreated group. Error bars represent
SEM from three independent experiments.
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Optimization of AAV2 and AAV3 Transduction Efficiencies in VICs
To determine the maximum transduction output of AAV2 and AAV3 in VICs, a
transduction assay was performed using a range of increasing MOIs. The transduction
profile of single-stranded AAV2 (ssAAV2) increases as MOI increases from 5 × 103 to 5
× 104 (Fig. 2-4), reaching up to 45% of the cell population expressing GFP.
AAV transduction has been shown to be more efficient and rapid with selfcomplementary, or double-stranded, genomes versus single-stranded genomes.97 Singlestranded genomes require a rate-limiting step of second-strand synthesis before
transcription occurs. In contrast, self-complementary genomes bypass second-strand
synthesis by self-annealing to form double-stranded molecules. Thus, we sought to
optimize transduction in VICs by using self-complementary vectors. Using dsAAV2, the
%GFP+ cells plateaus at an MOI of 2.5 × 104, but GMFI continues to increase as MOI
increases. As such, the TI increases with MOI. Compared to ssAAV2, dsAAV2 results in
a 2.6-fold increase in TI and 2.2-fold increase in %GFP+ cells (98%) at an MOI of 5 × 104.
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Figure 2-4 Optimization of AAV2 transduction in VICs. Single-stranded AAV2 (ss) and double-stranded,
self-complementary AAV2 (ds) were compared at a range of MOI values. Flow cytometry was used to
quantify (a) percentage of GFP-positive cells, (b) geometric mean fluorescence intensity (geom. MFI), and
(c) transduction index (TI). Transduction efficiency is improved with dsAAV2 compared to ssAAV2. U
indicates untreated group. Error bars indicate SEM from three and two independent experiments for ssAAV2
and dsAAV2, respectively. *, p < 0.05 **, p < 0.01 ***, p < 0.001.
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Figure 2-5 Optimization of AAV3 transduction in VICs. Single-stranded AAV2 (ss) and doublestranded, self-complementary AAV2 (ds) were compared at a range of MOI values. Flow cytometry
was used to quantify (a) percentage of GFP-positive cells, (b) geometric mean fluorescence intensity
(geom. MFI), and (c) transduction index (TI). Transduction efficiency is improved with dsAAV3
compared to ssAAV3. U indicates untreated group. Error bars indicate SEM from three independent
experiments for ssAAV3 and dsAAV3. *, p < 0.05 **, p < 0.01 ***, p < 0.001.
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AAV3 transduction is similarly dependent on the MOI and ssAAV versus dsAAV vectors
(Fig. 2-5). ssAAV3-mediated gene delivery results in a maximum GFP expression in 38%
of the cell population. In contrast, self-complementary AAV3 transduces 90% of cells and
displays a 3.1-fold increase in TI. The transduction levels achieved with AAV2 versus
AAV3 are comparable across the range of MOIs tested and with ssAAV and dsAAV
vectors. These results show that dsAAV2 and dsAAV3 promote efficient transduction of
VICs in higher levels than ssAAV vectors.

Figure 2-6 Transduction efficiency of adenovirus in primary VICs. VICs were transduced at MOIs of 101 to 104 using
helper-dependent serotype 5 adenovirus (HDAd) packaging GFP controlled by CMV promoter. Flow cytometry was
used to quantify (a) percentage of GFP-positive cells, (b) geometric mean fluorescence intensity (geom. MFI), and (c)
transduction index (TI). U indicates untreated group. HDAd yields moderate transduction levels. Error bars indicate SEM
from two independent experiments. *, p < 0.05 †, p < 0.05 compared to every other group. ‡, p < 0.01 compared to every
other group.
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AAV-mediated gene delivery was compared to adenoviral vector gene delivery and nonviral transfection methods. Helper-dependent adenoviral gene delivery at an MOI of 104 is
of moderate efficiency, resulting in 53% GFP+ cells (Fig. 2-6). With additional
optimization, adenovirus may also be a very effective vector for gene delivery to valvular
cells. However, adenoviral vectors are recognized to exhibit substantial adverse
immunogenicity,98–101 which may need to be addressed depending on the needs of the
application. In comparison to AAV-mediated gene delivery, Lipofectamine LTX and
polyethylenimine (PEI) demonstrates substantially lower gene delivery efficiencies in
VICs, yielding 3% GFP+ cells using Lipofectamine LTX and 1% GFP+ cells using PEI
(Fig. 2-7).
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Figure 2-7 Transfection of VICs with Lipofectamine LTX and linear polyethylenimine. (a-c) Lipofectamine LTX
transfection was performed using LTX reagent volumes of 0.4, 0.7, and 1 µl. Permissive HEK293T cells were used as a
positive control. (a) Percentage of GFP-positive cells (%GFP+) (b) geometric mean fluorescence intensity (geom. MFI)
(c) transfection index (TI). (d-f) Linear polyethylenimine-mediated transfection was performed using a range of
nitrogen:phosphate (NP) ratios. Flow cytometry was used to measure GFP expression 48 h post-transfection in terms of
(d) %GFP+ cells, (e) geom. MFI, and (f) TI. Error bars represent SEM from three independent experiments.

33
Heparan Sulfate Proteoglycan-dependent Transduction
AAV2 and AAV3 both use heparan sulfate proteoglycans (HSPG) as their primary
cell receptor.102,103 Thus, a heparin competition assay was performed to verify if AAV2
and AAV3 transduction of VICs are also HSPG-dependent as expected (Fig. 2-8). Prior
to transduction, AAV2 and AAV3 were incubated with increasing concentrations of
soluble heparin for 1 h. For AAV2, transduction efficiency dropped to baseline levels with
0.05 mg/ml heparin (p < 0.01), whereas 0.5 mg/ml heparin was necessary to reduce AAV3
to baseline levels (p < 0.01). In summary, these observations demonstrate AAV2 and
AAV3 transduction of primary VICs in vitro are HSPG-dependent.

Figure 2-8 AAV2 and AAV3 transduction of VICs is HSPG-dependent. AAV2 and AAV3 were
added to VICs (MOI = 15,000) in the presence of increasing concentrations of soluble heparin. Flow
cytometry analysis of (a) percentage of GFP-positive cells and (b) normalized transduction index
(nTI), calculated by normalizing values to the 0 mg/ml heparin condition, show decreasing GFP
expression with increasing heparin concentrations. Error bars represent SEM of three and two
independent experiments for AAV2 and AAV3, respectively.
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AAV internalization in VICs
One obstacle of gene delivery is vector internalization into target cells. Differences
in AAV transduction efficiencies may be explained by the ability of various serotypes to
enter target cells. AAV internalization was measured by quantifying viral genomes from
total cell DNA extractions of transduced VICs. AAV2 and AAV3, which had the highest
transduction efficiencies, are internalized over 3 log-fold greater than AAV9 at the same
MOI, although the differences are not statistically different (p = 0.13 and p = 0.1, Fig. 29). These results suggest that AAV2 and AAV3 are internalized by VICs more efficiently
than AAV9 (and likely other serotypes), leading to enhanced transgene expression.

Figure 2-9 Internalization of AAV vectors in VICs. dsAAV2, dsAAV3, and dsAAV9 were added to
VICs (MOI = 104) for 4 h, then harvested for extraction of genomic DNA. Viral genomes were
determined with qPCR. Values are reported as viral genomes normalized to total mass of DNA. AAV2
and AAV3 vectors were internalized 3 log-fold more than AAV9. U indicates untreated group. Error
bars represent SEM of three independent experiments.
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2.4 Discussion
This study presents AAV as an efficient vehicle for gene delivery to VICs. Different
AAV serotypes were compared and optimized for transduction efficiency. The data show
AAV2 and AAV3 are capable of efficiently transducing primary porcine VICs in vitro.
Furthermore, results from the soluble heparin competition assay suggest that these
serotypes bind and enter VICs via HSPG, which comprise 3-7% of total
glycosaminoglycan content in adult aortic valves.19 The similar transduction profiles of
AAV2 and AAV3 may be explained by their high level of homology: AAV2 and AAV3
share 82% DNA sequence homology and 87% protein sequence homology of capsid
proteins.104 The primary cell receptor for both AAV2 and AAV3 is HSPG102,103 and a recent
study suggests that AAV2 binds 6-O and N-sulfated heparin while AAV3 binds 2-O and
N-sulfated heparin.105 AAV2 and AAV3 are reported to bind the same co-receptors,
including human fibroblast growth factor receptor,106,107 hepatocyte growth factor
receptor,108,109 and laminin receptor.110 AAV2 also binds αVβ5 integrin.111 Although
AAV2 and AAV3 have high homology and share common cellular receptors, several
studies show that AAV2 displays a broad tropism while AAV3 is poor at transducing most
cells and tissues.112 Future studies will be needed to elucidate the mechanisms behind
cellular internalization of AAV2 and AAV3 into VICs.
AAV is the most effective gene delivery vehicle for VICs compared to synthetic
vectors Lipofectamine LTX and PEI. Recombinant viral vectors are generally efficient
because viruses have evolved in nature to circumvent several barriers to gene delivery that
include cell binding and uptake, endosomal escape, and nuclear localization. On the other
hand, synthetic vectors may be unsuccessful at gene delivery if they lack the means to
navigate this series of obstacles.113
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It is difficult to compare quantitatively the results of this study to previous findings
reported in the literature as few studies present quantitative functional gene delivery to
VICs. siRNA delivery by Lipofectamine and N-TER were reported to reach ~90-100% of
VICs, measured by the presence of non-targeting fluorophore-labeled siRNA.65,73
However, the efficiency of siRNA uptake is misleading because it does not correlate with
functional siRNA-mediated RNA interference.114
Gene delivery by ssAAV involves a rate-limiting step of second-strand synthesis
before transgene expression can occur. A self-complementary AAV construct overcomes
this limitation because it is designed to self-assemble into a double-stranded form.97,115 A
double-stranded construct has the benefits of faster onset of transgene expression and
higher transduction efficiency, which are critical features when culturing VICs within the
limit of five passages. Moreover, we show that the percentage of cells transduced by
dsAAV plateaus at a lower MOI than by ssAAV, and the transduction efficiency of dsAAV
is about 3-fold greater than that of ssAAV. However, scAAV has the drawback of half the
packaging capacity of ssAAV (~2.3 kb vs. ~4.7 kb).116 This limit does not preclude scAAV
from being used to deliver shRNA or microRNA. Small protein-coding cDNA such as
transforming growth factor-β1 (TGF-β1) may also be accommodated. Gene delivery of
TGF-β1 could facilitate future research of the cytokine’s role in valve disease, which has
thus far shown to induce myofibroblast activation, pathological calcific phenotypes, and
glycosaminoglycan elongation that corresponds with increased lipid binding in early
phases of calcific aortic valve disease.54,64,117,118 Additionally, AAV may be used as an
efficient vehicle to deliver CRISPR/Cas systems for genome engineering with precise and
multiplexed gene targeting.119
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Based on our finding that AAV2 and AAV3 use HSPGs as VIC receptors, it would
be interesting to identify which type of HSPG binds these AAV serotypes. To date, there
is no report of which specific HSPG AAV2 or AAV3 bind to in any cell type. Investigation
of membrane-bound HSPGs such as syndecans and glypicans would be a logical starting
point. In the context of valves, syndecan expression in VICs has not been found, but
syndecan-1 and syndecan-4 were not detected in VICs.120 Previously, a syndecan-1 ligand
derived from laminin improved the adhesion of valvular endothelial cells to poly(ethylene
glycol) diacrylate hydrogel.121 Currently, there are no reports of glypican expression in
VICs. Future investigation of AAV VIC receptors should examine syndecan-2, syndecan3, and the six glypican family members as potential candidates.
The findings reported here suggest AAV is a promising tool for in vitro gene delivery,
which will be valuable for ex vivo applications where valve cells are genetically
manipulated prior to seeding tissue engineering scaffolds or reinjection into the body. To
carry out in situ genetic manipulation of valve cells, however, further studies are necessary
to confirm the efficacy of in vivo gene delivery with AAV to valvular cells. Numerous
barriers to gene delivery, including adverse interaction with blood components and target
tissue specificity, will greatly impact the potential applicability of AAV vectors via in vivo
administration.

2.5 Conclusion
scAAV2 and scAAV3 are effective vectors for gene delivery to primary VICs. By
optimizing the MOI used and packaging self-complementary genomes, high levels of gene
delivery can be achieved under ex vivo experimental conditions. High efficiency is
especially important when working with primary VICs, which are restricted to low passage
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numbers. In the future, the genetically manipulated VICs can be used to test the efficacy
of gene therapies, incorporated into tissue engineered valve constructs, or used to study
basic questions regarding the pathophysiology of valve diseases.
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CHAPTER 3: Modulating GAG fine structure by
regulating GAG biosynthesis enzyme expression

3.1 Introduction
To modulate the fine structure of cell-synthesized GAGs, we targeted gene
expression of GAG biosynthesis enzymes. We selected genes encoding two chain
polymerization enzymes, CHSY1 and CHPF; four sulfotransferases, CHST3, CHST11,
CHST14, and CHST15; and the epimerase DSE1 (Table 3-1). To overexpress transgenes,
we built AAV2 vectors containing a CMV promoter upstream of the transgene cDNA. To
knockdown mRNA expression, we built AAV2 vectors containing self-complementary
genomes with an H1 promoter and an shRNA oligo insert. shRNA sequences against Homo
sapiens and Sus scrofa were designed to target sites within the coding sequence (CDS)
region of each gene. Of all the genes of interest, only CHSY1 had a validated S.scrofa
sequence available on NCBI GenBank, but all gene sequences were available as H.sapiens.
Thus, our shRNA library against S.scrofa genes was limited. Successfully cloned
overexpression and S.scrofa-targeting shRNA constructs were packaged into AAV and
screened for knockdown efficiency in porcine VICs. shRNA targeting H.sapiens genes
were screened by transfecting human 293T cells using PEI. To test shRNA knockdown of
H.sapiens mRNA, 293T cells were used instead of VICs, because the limited availability
of human valve tissue made testing in human VICs infeasible. shRNA target screening was
performed by co-transfecting shRNA and cDNA overexpression plasmids to challenge the
shRNA ability to knockdown high mRNA levels.
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3.2 Methods
Adeno-associated virus production
Recombinant adeno-associated viruses were produced by polyethyleniminemediated triple-transfection of 293T as described previously.1 Cells were harvested 48
hours post-transfection and lysed by flash freezing. Lysate was separated by centrifugation
and purified by a 15-54% v/v iodixanol step gradient centrifugation. Viral genomic titers
were quantified with qPCR using Power SYBR Green Master Mix (Thermo Scientific)
with

primers

against

CMV

promoter

(TACCGGGGATTTCCAAGTCTC

and

AATGGGGCGGAGTTGTTACGA).
Virus transduction
Porcine valvular interstitial cells were transduced with double-stranded AAV
serotype 2 (dsAAV2) at a multiplicity of infection 1.5E4 in serum free medium. Eighteen
hours post-transduction, medium was replaced with normal growth serum media.
mRNA expression
48 h post-transduction, VIC RNA was harvested using RNA MiniPrep (Zymo) and
converted to cDNA using Verso cDNA (Thermo Scientific). mRNA levels were
determined with qPCR using Power SYBR Green Master Mix (Thermo Scientific) and
normalized to GAPDH expression. Primers for each gene are listed in Table 3-1.
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Table 3-1 QPCR primers for each gene of interest. All primers target human genome unless stated otherwise.

Gene
CHSY
CHPF
CHST3
CHST11
CHST14
CHST15
DSE1
S.scrofa
CHSY1

Forward primer

Reverse Primer

CCTACAGAACATGGTCCAAGAC
GAACGCACGTACCAGGAGAT
TCAAGCAGCTCTTCCTGTGC
AGTACGAGACACTGGAAGAGG
GCCTGCATTACCACTTGTGC
CTACGACAACAGCACGGATG
TGGCAATGTTCTGTGTGCTG

AGTGGCACTACTGGAATTGG
ATGGTGCTGGAATACCCACG
TGAACTGAGTCAGGTGGTCC
GCTCTGAGCTGATGTTCTGG
CGCCTCCTTGGTGACATTAG

GGTCTTACGAGATGCAGCAG

TCTGAGTACAACCTCTCCACAG
TTCACCAACCAACTAGGCTGC

TAGGGTGGGTTCTTGTTGGG

Western Blotting
48 h post-transduction, VIC lysate was harvested, denatured by heating at 95 °C for
10 min, loaded into 7% Tris-Acetate NuPAGE gels (Life Technologies), and run at 110 V
for 80 min under reducing conditions, then transferred to nitrocellulose membranes at 30
V for 90 min at 4 °C. Membranes were blocked with 5% w/v milk in PBS-T for 1 h at RT,
washed with 0.1% v/v Tween-20 PBS (PBS-T), incubated with primary antibody against
CHSY1 (1:500, Proteintech 14420-1-AP) in 3% w/v BSA overnight at 4 °C, washed with
PBS-T three times, and incubated with goat anti-mouse HRP-conjugated secondary
antibody (1:2000) in 5% w/v milk in PBS-T for 2 h RT, and washed with PBS-T three
times. Blots were treated with Lumi-Light Western Blotting Substrate (Roche Applied
Science) and imaged with Fuji LAS-4000 Imager.
Fluorescence-assisted carbohydrate electrophoresis
Proteoglycans in conditioned media were purified with ion exchange
chromatography using Q-Sepharose Fast Flow and ethanol precipitation, followed by
resuspension in 100 mM ammonium acetate. Each sample was separated into two fractions
to be digested with chondroitinase ABC or chondroitinase ACII for 3 h at 37°C, then dried
with a vacuum concentrator. Digests were derivatized by adding 12.5 mM 2-aminoacridone
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in 85% v/v DMSO/15% v/v acetic acid for 15 m at room temperature before adding 1.25
M sodium cyanoborohydride and incubating for 16 h at 37°C. Glycerol was added to each
sample to achieve a final concentration of 20% v/v glycerol. Derivatized samples were
separated by gel electrophoresis using 15% v/v polyacrylamide gels and TAE running
buffer for 80 m at a constant 500 V at 4°C.

3.3 Plasmids
Overexpression constructs (pAAV2-GOI) were produced by subcloning the coding
sequence (CDS) of each gene of interest (GOI) into a pITR-GFP backbone using AgeI and
XhoI (CHSY1, CHST14, CHST15, DSE1) or BspE1 (CHPF, CHST3, CHST11). PCR
products of each CDS with appropriate restriction sites were produced using templates
vectors (Harvard PlasmID Database) containing the H.sapiens CDS (Table 3-2). The
commercial CDS sequences were compared to current sequences on NCBI GenBank and
some contained mutations (Table 3-3). Where missense mutations were found, corrections
were made using site-directed mutagenesis.
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Table 3-2 Plasmid identification and PCR primer sequences for CDS amplification. Plasmids containing the
H.sapiens CDS of genes of interest were purchased from Harvard PlasmID. PCR primers were designed to amplify the
CDS regions and add appropriate cut sites for ligation into a pAAV2 backbone.

Gene

Enzyme
Function

Plasmid
clone ID

PCR Primers
(forward and reverse)

CHSY1

Polymerization

00338571

cgtaccggtcgccaccatggccgcgcgc
gcactcgagatcttaggctgtcctcactgagc

CHPF

Polymerization

00329356

cgtaccggtcgccaccatgcgggcatcgc
gcatccggatcaggtgctgttgccct

CHST3

6-sulfation

00340858

cgtaccggtcgccaccatggagaaaggactcactttg
gcatccggactacgtgacccagaaggtgc

CHST11

4-sulfation

00328692

cgtaccggtcgccaccatgaagccagcgctg
gcatccggattattccaatttcaggtagcttg

CHST14

Dermatan
4-sulfation

00340118

cgtaccggtcgccaccatgttcccccgc
gcactcgagatctcactgctgacacgcct

CHST15

4-sulfate
6-sulfation

00335761

cgtaccggtcgccaccatgaggcactgcattaattgc
gcatccggatcacgtcgtcttccacgcaaac

DSE1

Epimerization

00337002

cgtaccggtcgccaccatgaggactcacacacgg
gcactcgagatcctaacactgtgattgggaacaag
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Table 3-3 List of mutations in cDNA plasmids. For some genes of interest, the genome sequence reported on NCBI
GenBank has changed since the initial cloning of the CDS. Silent mutations were left unchanged.
*Missense mutations were corrected with site-directed mutagenesis prior to PCR amplification of the CDS insert.

Gene

Mutation

Mutation Type

CHSY1
CHPF

2805C to A
731A to G
2279T to C
1119G to A
2122T to C

Silent
Silent
Silent
Missense*
Missense*

CHST3
DSE1

pscAAV2×pSL was created by subcloning the shRNA expression module from
pSUPERLike into a pscAAV2 backbone using EcoRI and HindIII. An shRNA target
sequence oligo was inserted into pscAAV2×pSL using BglII and HindIII sties to produce
pAAV2-sc×shGOI plasmids. shRNA insert oligos were designed to transcribe a 19-base
pair stem-loop structure. shRNA target sequences were chosen by reviewing published
sequences in literature or using The RNAi Consortium shRNA (TRCN) design tool to pick
sequences with high predicted knockdown efficiency (Table 3-4).
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Table 3-4 shRNA target sequences.

Gene

Sequence

CHSY1
H. sapiens

S. scrofa

CHPF
H. sapiens

gtccgtatacaaggatatatt
tcagcgatgtcgagcaaatac
acatgctgagccgcaagatat
gatgagagattaccgcattaa
cccagtttaacaatgaatctt
ccaccgcaccatccagctg*
ccagcgatgccgagcaaatac§
catgcgagattaccgcatcaa
acatgctcagccgcaagatag
tcggcattacttgtatttata
cttgatcccagacagtataaa
gagtcatgaccgcccagaaat
agaacatgtcccaagacaatt

gcgtggagatcttgcctgt
agctccctgcctttaataa
aggctgccgcaacgacatcgt

CHST3
H. sapiens

gactggatccaaaagaaca§

CHST11
H. sapiens

agtctacgagaactactgatt

DSE1
H. sapiens

cagaaagaactacccatagat§
cagcaaagcaagtcaaagaaa§
ccaattagtgttccttgataa

* Derived from Tuinstra 2013
§ means shRNA shows significant knockdown
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3.4 Results
CHSY1
Overexpression
We were not successful in cloning pAAV2-CHSY1. The CHSY1 CDS was a
difficult template for generating specific PCR products due to non-specific primer binding.
The PCR forward primer includes the GC-rich start of the CHSY1 CDS
(ATGGCCGCGCGC) at the 3’ end (CGTACCGGTCGCCACCATGGCCGCGCGC).
This GC rich sequence is likely to bind non-specific GC-rich regions. Unfortunately, the
first 250 bp of the CDS is over 80% GC, containing multiple potential primer binding sites
throughout. The potential for non-specific priming so close to the target binding site made
it difficult to purify out the correctly sized PCR product from the similarly sized nonspecific products. An alternate strategy could be to design PCR primers to bind more
upstream of the CDS, thereby including excess bases from the donor vector. This comes
with a risk of disrupting the Kozak consensus sequence due to including extra bases.
Another alternative is to subclone the region spanning CMV and CHSY1 into a pSUB201
backbone. Non-traditional cloning methods may also be pursued.
shRNA interference
Plasmids were successfully cloned and sequence verified for 5 shCHSY1 against
H.sapiens mRNA and 8 shCHSY1 against S.scrofa mRNA. None of the H.sapienstargeting shCHSY1 AAV showed an effect on CHSY1 expression in hDFN cells. On the
other hand, screening the S.scrofa shCHSY1 AAV showed vectors capable of 73%
knockdown (shCHSY1-II), 49% knockdown (shCHSY1-III), and 60% knockdown
(shCHSY1-IV) (Fig. 3-1). shRNAs with varying efficacies may be useful for
demonstrating dose dependency in functional studies. The most effective shRNA target
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sequences corresponded to the highest TRCN shRNA design algorithm score. Furthermore,
Western blot showed a 65% decrease in CHSY1 protein expression in shCHSY1-treated
VICs (Fig 3-1b).

Figure 3-1. Chain polymerization
CHSY1 knockdown by shRNA. (a)
shRNA AAV2 vectors were added to VIC
(MOI: 5,000); 48 h post-transduction,
cells were harvested and CHSY1
expression was quantified with QPCR. Of
eight shRNA sequences (I-VIII) targeting
s.scrofa CHSY1, shCHSY1-II shows 73%
decrease in mRNA expression versus
untreated (U). (b) Western blot with
CHSY1 antibody shows 65% reduction in
expression in shCHSY1 cells versus
untreated (U). Error bars correspond to
SD from three independent experiments
performed in duplicate. *, p < 0.05; **, p
< 0.01, ***, p < 0.001; compared to
untreated (U).
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CHPF
Overexpression
We were unable to clone pAAV2-CHPF. The PCR product inserts consistently had
missense mutations present, as shown by DNA sequencing. These mutations generally
appear in GC-rich (>70%) regions, wherein DNA polymerases are error-prone.
Optimization of PCR fidelity could be performed by adjusting DMSO concentrations or
trying alternate polymerases.
shRNA interference
Three plasmids were successfully cloned and sequence verified for shCHPF against
H.sapiens mRNA. However, QPCR measurement of CHPF mRNA expression in
transfected 293T cells does not show a significant difference from controls.
CHST3
Overexpression
pAAV2-CHST3 was successfully cloned and verified with DNA sequencing. VICs
transduced with AAV2-CHST3 express 14-fold more CHST3 mRNA than control (Fig. 32a). FACE shows CHST3 overexpression increases 6-sulfation of GAGs purified from
conditioned media. (Fig. 3-2b).
shRNA interference
pAAV2-sc×shCHST3

was

successfully

created

and

sequence

verified.

Transfection of 293T cells shows a 40% knockdown in mRNA (Fig. 3-2c).
CHST11
Overexpression
pAAV2-CHST11 was successfully cloned and sequenced verified. AAV-mediated
delivery of CHST11 to VICs increases CHST11 mRNA expression 51-fold (Fig. 3-2c).
FACE shows CHST11 overexpression increases 4-sulfation of GAGs purified from
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conditioned media. (Fig. 3-2d).
shRNA interference
pAAV2-sc×shCHST11 was cloned and sequence verified. CHST11 mRNA
expression in transfected 293T cells does not show a significant difference from controls.

Figure 3-2. Gene regulation of CHST family of sulfotransferases. (a, c, e, f) Transgene AAV2 vectors were added to
VICs at an MOI of 15,000. 48 h post-transduction, cells were harvested and mRNA expression was quantified with qPCR.
CHST3, CHST11, CHST14, and CHST15 transgene delivery increased mRNA expression compared to controls. FACE
characterization of GAG sulfation shows (b) increased 6-sulfation in CHST3 VICs and (d) increased 4-sulfation in
CHST11 VICs. (g) 293T cells transfected with shRNA plasmid targeting CHST3 (s18148) were harvested 48 h posttransfection. QPCR measuring CHST3 mRNA expression shows a 40% knockdown. Error bars correspond to SD from
three independent experiments performed in duplicate (some do not appear due to being small). *, p < 0.05; **, p < 0.01,
***, p < 0.001; compared to untreated (U) for transgene overexpression (a-d,f,g) or to cDNA only (-) for shRNA
knockdown (e).

CHST14
Overexpression
pAAV2-CHST14 was successfully cloned and sequenced verified. VICs
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transduced with AAV expressed a 31-fold increase in CHST14 mRNA (Fig. 3-2e).
CHST15
Overexpression
pAAV2-CHST15 was successfully cloned and sequenced verified. VICs
transduced with AAV expressed a 45-fold increase in CHST15 mRNA (Fig. 3-2f)
DSE1
Overexpression
pAAV2-DSE1 was successfully cloned and sequenced verified. VICs transduced
with AAV expressed 93-fold more DSE1 mRNA compared to control (Fig. 3-3a)
shRNA interference
Two of three attempted plasmids were cloned and sequence verified. DSE1 mRNA
expression in transfected 293T cells shows a 30% and 27% decrease with shDSE1-I and
shDSE1-II, respectively (Fig. 3-3b).

Figure 3-3. Gene regulation of DSE1. (a) For transgene overexpression, VICs were transduced with AAV2-DSE1
(MOI: 15,000). Transgene delivery increased DSE1 mRNA expression 93-fold compared to untreated (U). For shRNA
knockdown, 293T cells were transfected with pAAV2-shDSE1 plasmids containing different shRNA targets and cotransfected with a DSE1 cDNA overexpression plasmid. shDSE1-I and shDSE1-II reduced DSE1 mRNA expression by
30% and 27%, respectively, compared to cDNA only. DSE1 mRNA was measured with QPCR after harvesting cells 48
h post-transduction or post-transfection. Error bars represent SD from three (a) and two (b) independent experiments
performed in duplicate. **, p < 0.01; compared to untreated (U).
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3.5 Conclusion
We produced AAV vectors that upregulate CHST3, CHST11, CHST14, CHST15,
and DSE1. We also made AAV containing shRNA targeting S.scrofa CHSY1 capable of
73% knockdown, and shRNA targeting H.sapiens CHST3 and DSE1 with more moderate
knockdown of 40% and 30%, respectively. Future work is necessary to validate the
modulation of GAG fine structure (using FACE or other biochemical assays).
Unfortunately, we were unsuccessful in building effective CHSY1, CHPF, shCHPF,
shCHST11 constructs. Cloning CHSY1 and CHPF may be more successful using methods
other than traditional cloning techniques. Additional screening for effective shRNA target
sequences against CHPF and CHST11 may employ alternative predictive algorithms other
than TRC.
This gene modulation toolkit may be used to study the role of GAG structure in
valvular interstitial cell behavior. Moreover, due to the broad tropism of AAV, cells types
from different tissues may also be studied with this toolkit.

52

CHAPTER 4: GAG fine structure regulates
VIC adhesion, migration, and contraction

4.1 Introduction
The important role of VICs in valve maintenance and disease development drives
research of VIC biology and of the impact of extracellular matrix on VIC behavior.
However, the role of PGs and GAGs on normal VIC function is mostly unexplored, and
the consequence of maladaptive PG/GAG expression on VIC function is unclear. Since
PG/GAGs provide matricellular cues that influence cell phenotype and function, it is
important to explore the capacity of PG/GAGs to affect VIC functions involving cellmatrix interactions. We sought to examine the role of GAG fine structure in these
relationships because the structural composition of GAGs determines GAG interaction
with other macromolecules.
PGs regulate cell-matrix interactions through a mechanism dependent on GAG
structure. Small leucine-rich PGs decorin and biglycan regulate cell adhesion and
migration,90,91,122 but the distinct role of the GAG chain, and more specifically, the role of
each GAG fine structure element, is less studied. Previous research has identified a role
for iduronic acid content. Decorin inhibits osteosarcoma cell migration via dermatan
sulfate chains,90 and reduced iduronic acid content diminishes focal adhesion formation
and increases migration speed in aortic smooth muscle cells.91 However, the role of GAG
chain length and sulfation in these processes are unknown. We hypothesized that high
negative charge contributed by the chain backbone and sulfate groups would dictate GAG
interactions in adhesion and adhesion-related processes. To test our hypothesis, we
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modulated GAG fine structural composition and measured the effects on VIC adhesion,
migration, and matrix contraction.
Our strategy to study the role of GAG fine structure in VIC was to regulate the gene
expression of GAG biosynthesis enzymes in VICs because these enzymes are responsible
for the manufacturing of GAGs. We focused on chondroitin sulfate and dermatan sulfate
because these GAGs are the most common sulfated GAGs in heart valves. Chain
polymerization enzymes, called glycosyltransferases, extend chain length by attaching
amino sugars and uronic acids in an alternating fashion. Chondroitin glycosyltransferase1 (encoded by CHSY1) is the most active polymerization enzyme and therefore a prime
candidate for gene regulation.29,37 After the formation of the backbone, the CHST family
of chondroitin sulfotransferases may catalyze the transfer of sulfate on the 4- and 6positions of the amino sugar (CHST3 and CHST11, respectively).45,47,123 Additionally,
dermatan sulfate epimerases (DSEs) catalyze the conversion of uronic acid to iduronic acid.
Within the DSE family, DSE1 is the more active and broadly expressed member.42
Our goal was to explore the role of GAG fine structure in VIC interactions with
extracellular matrix. In this study we investigate the effect of suppressing CHSY1
expression on VIC adhesion, migration, and matrix contraction. After discovering the chain
backbone plays a role in cell-matrix related processes, we follow up by characterizing the
effect of 4-sulfation, 6-sulfation, and epimerization on the same VIC functions by
overexpressing CHST3, CHST11, and DSE1.

4.2 Methods
Cell isolation
VICs were harvested from adult pig aortic valves within 24 h postmortem from
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tissues obtained from a local commercial abattoir (Fisher Ham and Meats, TX) as described
above in Chapter 2 Methods.
Immunostaining
48 h post-transduction, VICs were seeded into Nunc Lab-Tek II chamber slides
(Thermo Scientific) for 12 h, fixed with 4% w/v paraformaldehyde in PBS, permeabilized
with 0.1% v/v Triton X-100 in PBS, blocked with 5% w/v BSA in PBS for 30 m, incubated
with primary antibody anti-vinculin (1:1000, abcam ab73412) or anti-FAK pY397 (1:500,
abcam ab39967) overnight at 4 °C, incubated with secondary anti-rabbit AlexaFluor-488
(1:2000, Thermo Fisher Scientific) for 2 h RT, incubated with Alex Fluor 633 phalloidin
(1:500, Thermo Fisher Scientific) for 20 m RT, stained with DAPI, and stored in
Fluoromount-G (SouthernBiotech). Images were taken with a Nikon A1 RSI Confocal with
a 63x objective.
Image Processing
Focal adhesion staining images were processed by methods developed by Zamir et
al.124 and Berginkski et al.87 Each image was subject to high pass filtering (11 pixel radius),
thresholding by calculating two standard deviations above the mean pixel intensity, water
segmentation to separate connected focal adhesions, and fill holes in objects. Area of
ellipses fitted to focal adhesions were measured with ImageJ.
Cell tracking
48 h post-transduction, VICs were seeded on CELLSTAR 96 well µClear plates for
12 h, then labeled with CellTracker Orange CMRA Dye according to manufacturer
instructions (Thermo Fisher). Images were taken at 15 min intervals for 9 h using a Nikon
A1 RSI Confocal. Cell tracking was automatically computed by Nikon NIS-Element
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software to measure (i) mean squared displacement (MSD), a measure of the area explored
by cells over time, (ii) cell speed, and (iii) directionality, a measure of the straightness of
cell tracks. Ensemble MSD, <MSD>, is calculated as:
⟨𝑀𝑆𝐷(𝛥𝑡)⟩ = ⟨[(𝑥(𝑡 + 𝑡0 ) − 𝑥(𝑡0 )]2 + [𝑦(𝑡 + 𝑡0 ) − 𝑦(𝑡0 )]2 ⟩𝑡,𝑁 ⟩𝐸 ,
where inner brackets indicate averages of all starting times to and all cells from each
experiment N, and outer brackets indicate an average of all independent experiments E.
To evaluate a biphasic relationship between mean focal adhesion size and cell
migration speed, Gaussian distributions were fitted to the data using Prism (Graphpad
Software).
Collagen gel contraction
48 h post-transduction, VICs were encapsulated in collagen 1 gels. The collagen
solution consisted of 1x DMEM, 0.2% w/v NaOH, 2 mg/mL rat tail collagen 1, and 2E5
cells/mL in a total gel volume of 0.5 mL. Following seeding in a 48 well plate, encapsulated
cells were incubated at 37ºC for 30 m before adding normal VIC growth media containing
10% v/v bovine growth serum. Four hours post-seeding, media was replaced with media
containing 1% v/v bovine growth serum and the gels were mechanically released from the
well edges using a pipette tip. Top-down images were taken every 24 h using a LAS-4000
imager. The cross-sectional area was measured using ImageJ and presented as a percentage
of the initial area at t = 0.
To examine the correlation between focal adhesion size and contraction, linear
regressions were performed with Prism (Graphpad Software).
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4.3 Results
GAG fine structure regulates focal adhesion size
Focal adhesions are macromolecular complexes that mediate cell-substrate
attachment by serving as anchor sites. Bundles of actin, called stress fibers, span across
focal adhesions and enact traction force on the substratum. To withstand actin-generated
forces during cell migration, focal adhesions enlarge through structural assembly involving
protein accumulation that can be tracked by imaging focal adhesions and quantifying their
size.87 To examine whether GAG fine structure regulates cell adhesion, focal adhesion
proteins vinculin and focal adhesion kinase were immunostained (Fig. 4-1 a-b). Focal
adhesion size was quantified by automated detection and data extraction of confocal
microscopy images (Fig. 4-1c). Controls of sham-treated, shGFP, and GFP were similar to
untreated (Fig. 4-2). Knocking down CHSY1 expression yields smaller focal adhesions
compared to controls, suggesting GAG chain length is important for focal adhesion
maturation into large structures. Both CHST3 and CHST11 overexpression also yield
smaller focal adhesions, suggesting sulfate groups inhibit focal adhesion assembly.
Comparing CHST3 and CHST11 overexpression, focal adhesion sizes are similar,
suggesting sulfation positioning does not impact sulfation-mediated inhibition of focal
adhesion formation. Conversely, DSE1 overexpression yields focal adhesion size similar
to sham-treated cells, suggesting increased dermatan sulfate content does not affect focal
adhesion formation. Compared to sham, F-actin in CHST3 and CHST11 overexpressed
cells is less bundled, appearing thinner and sparser, indicating a lesser ability to exert
traction forces. Overall, these results suggest shorter GAG chain length and increased
sulfation, but not increased dermatan sulfate content, decrease focal adhesion size in VICs.
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Figure 4-1. Focal adhesion characteristics and F-actin structure is regulated by GAG chain
length and sulfation. (a-b) Transduced VICs were immunostained for (a) vinculin (Vin), (b) focal
adhesion kinase (FAK), and F-actin and imaged with confocal microscopy. Arrows identify
individual focal adhesions. Scale bars: 10 µm. (c) Quantification of focal adhesion size displayed in
box and whisker plots shows fewer large (>3 µm2) focal adhesions in shCHSY1, CHST3, and
CHST11 compared to sham-treated, but no statistical difference in DSE1 compared to controls. Data
shown from three independent experiments, with n=30 cells per group. ** compared to sham. † p <
0.05 compared to DSE1 ‡ p < 0.05 compared to shCHSY1

Figure 4-2. Focal adhesion characteristics of control groups. Quantification of focal adhesion
size displayed as a box and whisker plot shows similar distributions between untreated (U), sham
(DPBS), AAV containing shRNA against GFP (shGFP), and AAV containing GFP (GFP).
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GAG fine structure governs cell migration
Cell migration is dependent on the formation and disassembly of focal adhesions,
so we also expected GAG fine structure to regulate cell motility. To measure the role of
GAG fine structure in cell migration, we tracked cells with timelapse microscopy (Fig. 43). Cell tracks were analyzed to calculate mean squared displacement (Fig 4-3a), a measure
of area explored by cells over time. Ensemble MSD, <MSD>, was calculated as
⟨𝑀𝑆𝐷(𝛥𝑡)⟩ = ⟨⟨[(𝑥(𝑡 + 𝑡0 ) − 𝑥(𝑡0 )]2 + [𝑦(𝑡 + 𝑡0 ) − 𝑦(𝑡0 )]2 ⟩𝑡,𝑁 ⟩𝐸 ,
where inner brackets indicate averages of all starting times to and all cells from each
experiment N, and outer brackets indicate an average of all independent experiments E.
MSD is an expression of migration efficiency, and is influenced by cell speed and
directional persistence (straightness of cell track). Directional persistence was evaluated
by two indices, directionality ratio and α-value. Directionality ratio was calculated as the
ratio of the distance between the start and end points and the distance of the cell track.
MSD α-value, an indicator of directionality, was calculated as the slope of log(MSD) vs.
log(time interval) plots.125 For all parameters, negative controls sham-treated, shGFP, and
GFP were similar to untreated (Fig. 4-4). shCHSY1-treated cells explore a greater area
than sham-treated cells, due to 25% increased cell speed and 25% higher directionality
ratio (Fig. 4-3 a-c). On the contrary, CHST3 and CHST11 cells covered a similarly smaller
area than sham, due to 10% and 8% slower migration speed and 9% and 8% lower
directionality ratio, respectively. α-values corroborate the same trends seen with
directionality ratio (Fig. 4-3 d).
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Figure 4-3. GAG fine structure regulates cell migration. Time-lapse microscopy and cell tracking
was used to calculate (a) ensemble mean squared displacement to compare the area explored by cells
for a given time interval, (b) cell speed, (c) directionality ratio, a measure of the straightness of a cell
track, and (d) α-value, another indicator of directional persistence, was calculated as the slope of
MSD log-log plots. shCHSY1 VICs migrate over a larger area than controls, due to increased speed
and increased directional persistence, while CHST3 and CHST11 VICs migrate over a smaller area
than controls, due to reduced speeds and less directional persistence. DSE1 migrates similarly to
controls. (e-f) Gaussian distribution models of focal adhesion size of each condition versus (e) cell
speed and (f) directionality confirm a biphasic relationship between focal adhesion size and cell
migration, suggesting GAG fine structure governs migration by changing focal adhesion structure.
(g) Cell tracks shown with starting points at the center. Error bars are SEM from three independent
experiments performed in triplicate. MSD statistically tested using two-way ANOVA with time and
conditions as factors. n = 73, 69, 79, 84 (total number of cells for sham, shCHSY1, CHST3, CHST11,
DSE1, respectively). * p <0.05, *** p <0.001 vs. sham. † p < 0.05 vs. DSE1. ‡ p < 0.05 vs. shCHSY1
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Figure 4-4. Cell migration of control groups. Mean squared displacement of control groups untreated (U), sham
(DPBS), AAV containing shRNA against GFP (shGFP), and AAV containing GFP (GFP) are similar. MSD was
calculated as described in Fig 3. Error bars are SEM from three independent experiments performed in triplicate.
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We hypothesized that the various GAG-dependent changes in focal adhesion
structure would differentially affect cell migration. We find the focal adhesion sizes of each
condition have a non-linear relationship with cell speed (Fig. 4-3 e-f). This finding may be
explained by previous research showing focal adhesion size predicts cell migration speed
in a biphasic relationship.85 The biphasic relationship between focal adhesion size and
migration speed suggests shCHSY1-treated cells migrate faster than controls owning to
having fewer large and difficult to detach focal adhesions, whereas CHST3 and CHST11
overexpressing cells migrate slower than all other groups due to having small, unstable
focal adhesions incapable of facilitating forward traction. A biphasic relationship between
focal adhesion size and directional persistence is a novel finding, and one that warrants
further research to determine if this relationship is caused by focal adhesion size or a
separate signaling pathway triggered by PG/GAGs.
GAG fine structure influences cell contraction
Cell adhesion to matrix through focal adhesions also impacts cell-generated traction
force. We hypothesized that GAG-dependent changes in focal adhesion structure would
similarly affect cell contraction of collagen gels. To test the role of GAG fine structure on
cell-matrix contraction, transduced VICs were encapsulated in 3D rat tail collagen type 1
gels and reduction in gel size was measured over time (Fig 4-5).
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Figure 4-5. Collagen contraction time course and side profile of cultured gels. (a) Treated and control cells
encapsulated in collagen gels were cultured for 72 h and imaged every 24 h to measure percentage of initial surface area.
The general trend of contraction rates substantiates the final timepoint results from Figure 4. (b) Side profile of collagen
gels removed from well plates after 72 h incubation. Error bars indicate the standard error of the mean (SEM) of three
independent experiments.

Gel contraction after 3 days shows shCHSY1, CHST3, and CHST11 cells were
less able to contract the collagen gel than sham-treated and DSE1, whereas DSE1 cells
were not significantly different than controls (Fig. 4-6 a-b).
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Figure 4-6. GAG fine structure regulates VIC collagen gel contraction. VICs transduced with
various GAG toolkit vectors were encapsulated in 3D collagen gels and cultured for 3 days. (a) Topdown view of collagen gels after 3 day culture shows inhibition of contraction in shCHSY1, CHST3,
and CHST11 cells compared to controls, and no difference in DSE1 cells compared to controls. (b)
Percentage of initial area represents ratio of collagen gel surface area at day 3 over surface area at
day 0. (c) Linear regression of focal adhesion size of each condition versus contraction shows a linear
trend, suggesting GAG fine structure governs cell contractility in a FA size-dependent manner. Error
bars indicate the standard error of the mean (SEM) of three independent experiments. ** p < 0.01
compared to sham. † p < 0.05 compared to DSE1
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We expected contraction to increase linearly with focal adhesion size, based on a
prior model demonstrating a linear relationship between cell-generated traction force and
focal adhesion size.86 We find a linear trend (R2 = 0.83) between the mean area of focal
adhesions of each condition and degree of collagen gel contraction (Fig. 4-6c). It is worth
noting that we did not directly measure cell-generated traction force, so collagen gel
contraction may not be ideal for correlating a linear relationship with focal adhesion size.

4.4 Discussion
This study demonstrates a role of GAG fine structure in VIC-matrix interactions.
GAG chain shortening, increased sulfation, and increased iduronic acid content were
analyzed for their effects on VIC adhesion, migration, and contraction. The data
demonstrate GAG chain shortening decreases focal adhesion formation, increases cell
migration, and inhibits contraction compared to controls, and increased 4-sulfation and 6sulfation GAG decrease focal adhesion formation, decrease cell migration, and inhibit
contraction compared to controls. In contrast, increased iduronic acid content had no
significant effect on adhesion, migration, or contraction. Although we did not observe an
effect of DSE1 overexpression on focal adhesion formation, DSE1 knockout aortic smooth
muscle cells has been reported to express less focal adhesion activity. Likewise, DSE1
overexpression does not affect migration, whereas DSE1 knockout in smooth muscle cells
was reported to increase cell migration speed.
The role of sulfation of intact GAGs on VIC-matrix interactions has been unknown.
Prior to this study, researchers showed that exogenous addition of purified chondroitin 6sulfate chains (separated from the PG core protein), but not chondroitin 4-sulfate chains,
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inhibited collagen contraction in dermal fibroblasts.92 In contrast, we find that increasing
either 6-sulfation or 4-sulfation of GAG chains of cell-secreted proteoglycans inhibits
collagen contraction. The difference in findings between these studies is likely due to the
dissociation of the purified GAG from the PG. Studies involving PGs with intact GAGs
versus exogenous GAG chains or PGs enzymatically digested to remove GAG chains do
not show correlative results on the role of GAGs. Enzymatic digestion of decorin showed
dermatan sulfate chains are responsible for inhibiting cell migration,90 and reduced
dermatan sulfate content in DSE1 knockout cells increased migration speed,91 however
exogenous addition of chondroitin sulfate or dermatan sulfate chains had no effect on
migration.122

Separating GAGs from PGs may not reflect GAG function in a

physiologically relevant manner. Thus it is important to study the role of GAGs in an intact
state.
A limitation of this study is the lack of a quantitative measurement of cell-generated
contraction. Although collagen gel contraction assays provide a 3D scaffold to examine
macroscale matrix contraction, measurement of cell traction force is a more direct method
of studying cell function. An additional limitation is the use of confocal microscopy rather
than total internal resonance fluorescence microscopy, which is capable of higher spatial
resolution imaging that enables more accurate quantification of focal adhesion size.
The regulatory role of GAG fine structure in VIC cell-matrix interactions has
implications in valve biology and tissue engineering. Cell differentiation depends on cell
adhesion to the ECM,126 however focal adhesion expression across VIC phenotypes is not
well understood. Our findings that GAG fine structure influences VIC functions suggests
that studying the role GAG fine structure on VIC phenotype is worth pursuing in the future.
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Additionally, we find GAG fine structure governs VIC migration. Since VIC migration is
important for tissue repair, altered matrix PG/GAG expression seen with aging and valve
disease may govern VIC ability to migrate and repair tissue.1,43 Moreover, the inhibition of
matrix contraction through GAG fine structure may be applied to tissue engineered heart
valves (TEHV) to address an issue wherein cell-seeded constructs are contracted by cells,
deforming the tissue dimensions in unpredictable ways.127,128 Excessive contractive
remodeling in TEHVs may shorten the leaflets, creating a defective coaptation that results
in regurgitation.

The mechanism of how GAGs are involved in the process of these cell-matrix
interactions remains unclear. Future studies could discover the GAG binding partner(s)
involved in cell adhesion to better understand the mechanism of PG/GAG regulation of
cell adhesion, migration, and contraction. Furthermore, future studies may identify the
types of PGs involved and types of integrins involved in GAG-related cell adhesion. These
studies would allow for better understanding of how GAGs affect processes involving actin
cytoskeleton organization, and explain the relationships between focal adhesions and
migration and contraction.

4.5 Conclusion
Based on our findings and previous studies, cell adhesion and migration are
influenced by all categories of GAG fine structure: chain length, sulfation, and
epimerization, and cell contraction is dependent on GAG chain length and sulfation.
Further understanding the role of GAG fine structure in focal adhesion formation,
migration, and contraction remains a future challenge.
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CHAPTER 5: Summary and Future Work

This dissertation describes the development of a toolkit to regulate gene expression
of GAG biosynthesis enzymes in VICs and an application of the toolkit to study the role
of GAG fine structure in VIC-substrate interactions. We discovered AAV2 and AAV3 to
be efficient gene delivery vehicles for primary VICs. This work embodies the first
quantitative study of gene delivery methods in VICs and provides a much improved tool
for researchers studying valve biology and pathobiology. Future studies may examine the
ability of AAV to transduce valvular interstitial cells in vivo as a means to deliver
therapeutics to prevent or cure valve disease. Moreover, the overexpression of MMP2 and
MMP9 in diseased valves129 may allow for specific targeting of diseased valves using
protease-activatable AAV that are designed to infect cells only when exposed to specific
matrix metalloproteinases (MMPs).130 Targeting protease activity is a particularly useful
strategy because targeting valve cell markers is not possible due to a lack of markers unique
to valve cells. In addition to gene therapy, AAV-mediated gene delivery may be applied to
tissue engineering of heart valves to optimize matrix synthesis and organization in order to
create functionally viable constructs. To this end, inducible expression may be a useful
strategy for controlling growth factor expression in order to drive VIC differentiation
towards an activated, matrix-producing phenotype during construct development.
We developed a library of GAG biosynthesis enzyme gene regulation vectors to
modulate GAG fine structure. This toolkit successfully regulates gene expression of target
biosynthesis enzymes, but future work is required to confirm a change in GAG fine
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structure. This library enables the control of each GAG fine structural element on intact
GAGs, which are found in native tissue. Future studies of GAGs may use this method to
deconstruct the role of each fine structural element in specific cell processes in any cell
types that can be infected by AAV. For example, this toolkit may be used to evaluate GAG
modulation as a preventive measure against GAG-mediated low-density lipoprotein
retention during valve disease development. The pathogenesis of calcific aortic valve
disease is an active process that begins with the accumulation of plasma lipids in aortic
valve lesions, similar to the deposition of lipoproteins in plaques that initiates
atherosclerosis.131,132 Lipid retention is mediated by proteoglycans such as decorin and
biglycan via ionic interactions between the negatively charged GAGs on the proteoglycans
and the basic amino acids on apolipoproteins.133,134 The importance of electrostatic
interactions between PGs and LDLs was demonstrated in an in vivo study wherein the basic
amino acids in the PG-binding site of apoplipoproteins were mutated to neutral acids. Mice
expressing mutant LDLs showed less early onset of atherosclerosis due to the elimination
of proteoglycan-LDL interactions and therefore less LDL retention.132 Moreover, the
binding affinity of LDLs to GAGs were shown to be dependent on GAG fine structure.
Previous studies have demonstrated that proteoglycan-LDL binding is increased with
longer GAG chains.51 GAG-LDL binding affinity is also increased with higher net
sulfation, a higher C6S-to-C4S ratio of sulfation, and increased idoA content.135,136 These
studies show that the mechanism of GAG-LDL binding is dictated in part by GAG structure
and present potential targets for CAVD therapies. An important consideration when
modifying GAG fine structure is the enzymatic degradation of GAGs. Enzymes that
depolymerize or cleave GAG chains bind to specific GAG structural motifs.137 Modifying
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GAG fine structure may enhance or inhibit the ability of enzymes to bind and degrade
GAGs, thereby altering the persistence and physiological effect of GAGs. Future
investigation that identifies which GAG-degrading lyases or hydrolases are expressed in
valves would be helpful in understanding how specific changes in GAG fine structure
would impact the GAG degradation.
We explored a role for GAG chain length and sulfation in valvular cell adhesion,
migration, and contraction. This work presents new findings on the relationship between
focal adhesion expression and GAG fine structure. This relationship allowed us to compare
our results from modulating GAG fine structure with the relationship models for adhesionmigration and adhesion-traction force. Future mechanistic studies of PG/GAG regulation
of cell adhesion may identify the type of PG and type of integrin involved, and shed light
on how PG/GAG governs cell migration directionality. In addition, it would be interesting
to study whether GAG fine structure regulates VIC phenotype owning to altered adhesion
characteristics. VIC differentiation into activated or osteoblast-like phenotypes affect valve
maintenance and disease development and have crucial implications for studying and
developing therapies for valve disease and manufacturing tissue engineered heart valves.
Moreover, this study has implications for cytokine signaling in valve disease. Diseased
valves express elevated levels of TGF-β1 in calcified lesions.138 TGF-β1 induces VIC
differentiation into an activated myofibroblast phenotype that is more contractile, possibly
causing pathological valve matrix remodeling.64 Decorin and biglycan bind and sequester
TGF-β1 and neutralize the bioactivity of this growth factor.139,140 This binding interaction
occurs through the core protein and not the GAG side chain.139,140 Removal of decorin and
biglycan GAG chains increases TGF-β1 activity, suggesting that GAG chains block the
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interaction between the core protein and TGF-β1.140 This suggests that shorter GAG chain
length would also enable TGF-β1 neutralization by decorin and biglycan core proteins,
thereby decreasing the stimulation of matrix contraction in VICs. Our finding that shorter
GAG chains leads to inhibited contraction seems to support this theory.
GAG chain length has been proposed as a target for preventing low-density
lipoprotein retention in early valve disease development.141 A useful future study could
investigate whether gene knockdown of GAG polymerization enzymes could reduce GAG
chain length in the presence of elevated TGF-β1, which promotes GAG chain elongation.
The efficiency of RNA interference would be an important parameter to optimize.
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Appendix: Attempts to study elastic fiber formation in vitro.

Introduction
One of our initially proposed aims was to promote elastic matrix assembly by
shortening GAG chain length. Glycosaminoglycans play an inhibitory role in elastogenesis
by interfering with the tropoelastin chaperone protein called elastin binding protein (EBP).
Tropoelastin molecules secreted by cells bind to a membrane-bound EBP which protects
them from degradation. The EBP also has a galactolectin binding site with an affinity for
microfibrillar glycoproteins that serve as elastic fiber scaffolds Upon binding to the
microfibril, EBP releases tropoelastin, allowing this elastin precursor to be deposited onto
the scaffold where it is crosslinked to an elongating elastic fiber. However, the EBP
galactolectin binding site also possesses an affinity for glycosaminoglycans. Upon GAG
binding, EBP is released from the cell membrane and tropoelastin is prematurely released
from EBP, resulting in poor tropoelastin deposition on microfibrillar scaffolds.142
GAG structure has previously been implicated in impaired elastogenesis due to
EBP deficiency. In cardiovascular studies, the overexpression of GAG-deficient versican
and biglycan stimulated elastic fiber assembly, suggesting that reducing CS/DS content
around the cell improves elastin deposition.143–145 Moreover, in Hurlers disease and
Costello syndrome, the pathological accumulation of chondroitin 6-sulfate (C6S) or
dermatan sulfates lead to a functional deficiency of EBP and impaired elastogenesis.146,147
Further evidence of CS/DS involvement in the elastogenic pathway is shown by the
improvement of skin elastogenesis with hyperthermia-mediated reduction of C6S.148
These studies suggest that CS/DS chain length, sulfation pattern, and epimerization
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play a role in EBP interaction. The structural biology of CS/DS suggests that C6S is more
sterically accessible than C4S because 6-sulfation occurs on an exocyclic carbon,
compared to the endocyclic carbon of the 4-position. Moreover, epimerization of
glucuronic acid into iduronic acid in dermatan sulfate results in greater structural
flexibility, possibly increasing binding diversity. These structural details may consequently
influence GAG-EBP interactions. Our goal was to investigate the functional role of GAG
fine structure in elastin assembly involving EBP.
In order pursue this aim, we decided to use immunofluorescence imaging to
visualize the formation and organization of elastic fibers. Since our goal was to investigate
methods to produce mature elastic fiber assembly, we needed to develop a positive control
that displayed a mature, branched fiber network with an organized aggregation of elastin.
We found it difficult to visualize elastic fiber organization in VICs and were
unsuccessful in detecting elastin with immunostaining. This led us to try other cell types
instead: human dermal fibroblasts, which have been used as VIC substitutes in tissue
engineered heart valve constructs, and vascular smooth muscle cells, which could be used
to develop engineered vasculature with adequate elasticity.

Methods
Cell culture
VICs were harvested from suckling pig aortic valves within 24 h postmortem from
tissues obtained from a local commercial abattoir (Fisher Ham and Meats, TX) as described
above in Chapter 2 Methods.
Neonatal human dermal fibroblasts (HDFn) purchased from ATCC and cultured
in growth media containing 1:1 DMEM:F12, 10% v/v bovine growth serum, 1% v/v
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ABAM, 1% v/v 1M HEPES. Passage numbers were limited to below 10.
Human aortic smooth muscle cells (T/G HA-VSMC CRL-1999, ATCC) were
cultured in F-12K medium (ATCC) containing 10% v/v bovine growth serum, 1% v/v
ABAM. Passage numbers were limited to below 10.
Elastin immunostaining
Cells were washed with PBS, fixed with ice cold methanol for 10 m or with 4%
w/v paraformaldehyde in PBS for 15 m, washed with PBS, permeabilized with 0.25% v/v
Triton X-100 in PBS for 10 m, blocked with 10% v/v goat serum in PBS for 30 m,
incubated with primary antibody anti-elastin (1:200 in PBS, abcam BA-4) overnight at 4
°C, incubated with secondary goat anti-mouse AlexaFluor-488 (1:2000, Thermo Fisher
Scientific) for 2 h RT, stained with DAPI (1:500 in PBS), and washed with PBS. Images
were taken with a Nikon epifluorescence microscope.
Copper sulfate supplement
0.1 M Copper sulfate (CuSO4, Sigma) in growth media, as reported by the
Ramamurthi group,149 does not fully dissolve. In this study, the 0.1 M copper sulfate
solution used to treat cells was not fully dissolved. After first dissolving the copper sulfate
in distilled water, the dilution of this water-based solution in growth media led the copper
sulfate to precipitate. A large fraction of the copper sulfate was filtered out during the sterile
filtering process. Thus, the solution used was not a 0.1 M copper sulfate solution, but a
saturated copper sulfate solution in growth media.
Recombinant tropoelastin supplement
Lyophilized recombinant tropoelastin (Advanced Biomatrix) was dissolved in 0.1
HCl before diluting with PBS to a final concentration of 1 mg/ml and stored at 4ºC.
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Immediately before cells were supplemented with tropoelastin, the stock tropoelastin
solution was diluted in media such that each well contained 20 µg total recombinant
tropoelastin.

Results and Discussion
Our goal was to produce a positive control showing mature elastic fiber formation
by visualizing elastin immunostaining. We were unable to detect visible elastin signal
above background in VICs cultured up to 21 days. We attempted to promote elastic fiber
formation by supplementing VICs with copper sulfate, which was reported to promote
elastin deposition and crosslinking, 150 but this strategy was unsuccessful.
As an alternative to VICs, we experimented with vascular smooth muscle cells
(VSMCs) and neonatal human dermal fibroblasts (HDFn). Immunostaining elastin in 10day VSMC cultures produced a detectable signal, but did not show elastin organization in
the form of a branched network (Fig A1a). Moreover, sample fixation with
paraformaldehyde (Fig A1a) versus methanol (Fig A1b) did not improve the visualization
of elastin.

Figure A1. Fluorescence microscopy of VSMCs. Cells were cultured for 10 d and immunostained for elastin
(green) and DAPI (blue) using separate protocols involving fixation with (a) 4% w/v paraformaldehyde and (b) ice
cold methanol. Mature elastic fiber organization in the form of branched networks is not seen. Scale bar = 50 µm.
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Ten-day long cultures of HDFn did not display organized elastic fibers (Fig A2a).
Based on a study by Yeo et al.,151 supplementing 10-day HDFn cultures with recombinant
tropoelastin produces a network of elastic fibers. We attempted to replicate these results
but did not observe the same fiber network despite an overall increase in signal (Fig. A2b).

Figure A2. Fluorescence microscopy of HDFn. Cells were cultured for 10 d and immunostained for elastin (white).
Neither (a) untreated or (b) cells treated with 20 µg recombinant tropoelastin produced mature, organized elastic
fiber networks. High-signal aggregates of fibers seen in (b) are likely insoluble aggregates of recombinant
tropoelastin. Scale bar = 100 µm.

Conclusion
In vitro efforts to stimulate mature elastic fiber assembly is a major challenge.
Without a positive control that displayed a mature elastic fiber network, we were unable to
proceed with testing strategies to improve elastogenesis in primary cell lines. Long culture
times of 3 to 4 weeks may be necessary before organized elastin deposition can be
visualized. An alternative is to use mesenchymal stem cell-derived smooth muscle cells to
stimulate elastin matrix synthesis and assembly.152
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