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ABSTRACT
Calcific aortic valve disease (CAVD) affects 2-3% of the population age over the age
of 75 years. Surgical replacement remains the only treatment for CAVD, highlighting an
acute need to better understand CAVD biology to develop medical treatments. The
pathological process of CAVD shares phenotypic and transcriptional similarities with the
physiological process of osteogenesis. Since the retinoblastoma protein (pRb) pathway
regulates the activation state of a wide variety of mesenchymal cells and is required for
proper bone development I hypothesized that the pRb pathway regulates development
and progression of aortic valve disease.
To test this hypothesis I generated a mouse model of conditional pRb knockout
(cKO) in the aortic valve by Tie2-Cre mediated excision of floxed Rb1 alleles in the
endothelial lineage. Aortic valve function in Rb1fl/fl;Tie2Cre+ was compared with control
Rb1+/fl;Tie2Cre+ (pRb het) as well as mice with a loss of CDK6 kinase activity (CDK6
K43M; effectively producing a gain of pRb function) by echocardiography. Aged pRb
cKO animals had a significantly higher incidence of aortic valve regurgitation compared
to pRb het controls. By comparison, CDK6 K43M mice had normal aortic valve function.
While overt calcification was not observed, pRb cKO aortic valves did have thicker
leaflets, increased stiffness and altered collagen deposition, all hallmarks of early CAVD.
Furthermore, pRb cKO valves had increased α-SMA compared to controls, consistent
with active valve interstitial cells (VICs) that are likely responsible for the observed
extracellular matrix changes. These results reveal a requirement for pRb in VIC
quiescence and maintenance of valve function.
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To induce vascular calcification, a portion of the mice were aged on a high fat diet
(HFD); while HFD did not promote aortic valve dysfunction, the pRb cKO mice were
found to have reduced weight gain with decreased diet-induced liver steatosis and lower
serum cholesterol levels. These unexpected and novel findings suggest that loss of pRb in
the endothelium protects against obesity, though a mechanism must be further
investigated.
The Tie2 promoter is also active in hematopoietic stem cells (HSCs). pRb was
previously revealed as a critical regulator of HSC quiescence and its loss drives
differentiation into the myeloid lineage. Here, I demonstrate that pRb cKO mice have
expanded hematopoiesis. Additionally, I found that a number of circulating proinflammatory cytokines are elevated in pRb cKO mice, possibly from the increased
proportion of monocytes seen in the bone marrow and spleen of these mice. Taken
together, these findings are consistent with a model in which enhanced systemic
inflammation causes excessive VIC activation in pRb cKO mice leading to aortic valve
matrix disorganization, aortic valve regurgitation and early changes consistent with
CAVD.
In this thesis, I demonstrate a novel mouse model of age-dependent aortic valve
disease and implicate pRb in the differentiation of VICs and maintenance of extracellular
matrix. I further provide evidence that absence of endothelial pRb prevents diet-induced
obesity. Further study of this model will provide greater insight into the role that the pRb
pathway plays in endothelium and diseases relevant to the Tie2 lineage of cells.
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Chapter 1. INTRODUCTION
This thesis brings together two previously unlinked topics: aortic valve disease and
the retinoblastoma protein pathway. Therefore, this introduction will be two pronged: an
in-depth literature review of aortic valve structure, function, and pathology, as well as an
overview of the retinoblastoma protein and its role in cellular proliferation and
differentiation.

1.1. The Aortic Valve
1.1.1. Normal Aortic Valve Structure and Function
The earliest documented study of the aortic valve (AoV) was by Leonardo da Vinci
in his drive to understand the human machine. The AoV is located between the left
ventricle and aorta, where it is responsible for ensuring forward flow of oxygenated blood
through systemic circulation without backflow into the ventricle. This pliable yet strong
tissue opens and closes ~40 million times per year or ~3 billion times in a lifetime due to
hemodynamic pressure gradients (Schoen 2008). In systole, the AoV opens due to
contraction of the left ventricle and then closes in diastole due to backpressure from the
aorta (~80 mmHg typically) (Sacks & Yoganathan 2007; Balachandran et al. 2011).
Because the left ventricle is responsible for generating enough pressure to push blood
through systemic circulation, the aortic valve is exposed to greater hemodynamic stress,
strain, and pressure than any other heart valve. These taxing physiological conditions may
partially explain why the aortic valve is the most susceptible valve to pathology
(Balachandran et al. 2011).
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The aortic valve has three semilunar-shaped leaflets: left coronary, right coronary,
and non-coronary. The leaflets are attached to the fibrous annulus region at the aortic root
and the base of the sinuses of Valsalva. When fully deployed during diastole, the leaflets
press on each other’s free edges at the line of coaptation, creating a seal against backflow
of blood into the left ventricle.
1.1.1.1.

Non-cellular structures

The human aortic valve leaflet is composed of 3 layers: fibrosa (aorta facing),
spongiosa, and ventricularis (ventricle facing) (Figure 1-1D). Recently completed studies
have defined the unique cellular, non-cellular, and biomechanical properties of each layer
(Wirrig et al. 2011; Yip & Simmons 2011; Stella & Sacks 2007; Zhao et al. 2011;
Krishnamurthy et al. 2011). Additional differences between coronary vs non-coronary
cusps have been studied, with the latter being more susceptible to calcific lesions
(Masjedi et al. 2016).
The fibrosa is composed mostly of collagen (74% type I and 24% type III)
oriented circumferentially in highly aligned fiber bundles (Sacks & Yoganathan 2007;
Misfeld & Sievers 2007; Latif et al. 2005). This composition makes the fibrosa
mechanically the strongest layer, which is critical to its requirement to bear the greatest
pressure in diastole. The fibrosa is exposed to oscillatory shear stress from vortexed blood
behind sinus in systole and tensile forces from backflow of blood in diastole (Peacock
1990; Moore & Dasi 2014).
The spongiosa is the middle layer of the aortic valve and it is mostly composed of
loosely arranged proteoglycans (predominantly versican, decorin, and biglycan) with
glycosaminoglycan side chains (GAGs – hyaluronan, dermatin sulfate, and chondroitin
2

sulfate) (Latif et al. 2005; Sacks & Yoganathan 2007). The proposed function of the
spongiosa layer is to defend against bending and compressive stresses transmitted through
the two outer layers, likely due to the ability of proteoglycans and GAGs to bind water
and retain hydration. Decorin and biglycan found throughout the AoV lend some of these
properties to the other layers.
The ventricularis is made of radially oriented elastic fibers and some collagen
(Vesely 1997; Sacks et al. 2009). This side is deformable, meaning it has the ability to
extend and recoil with the heart cycle. It is exposed to high shear stresses from the blood
being ejected from by the left ventricle.
1.1.1.2.

Cellular components of the AoV leaflets
The leaflets contain important cellular elements: valve interstitial cells (VICs),

which make up the bulk of the valve, and valve endothelial cells (VECs) that create a
protective monolayer around the leaflets (Figure 1-1C). VICs are a heterogeneous
population of mesenchymal/fibroblast-like cells (Taylor et al. 2003; Taylor et al. 2000;
Liu et al. 2007). In the normal adult valve, the majority of VICs remain in a quiescent
state.
VICs are dynamic and can undergo phenotype switching (Rabkin-Aikawa et al.
2004): they can be transiently activated, resembling myofibroblasts whose purpose is to
respond to stress and maintain valve homeostasis. Like other fibroblasts, activated VICs
increase contraction and stress fiber formation and express alpha-smooth muscle actin (aSMA), embryonic myosin heavy chain (SMemb) and SM22 (Rabkin-Aikawa et al. 2004;
Olsson, Rosenqvist, et al. 1994; Latif et al. 2015). VIC contractility is layer specific, with
the ability to generate more force in the fibrosa than the ventricularis (Merryman et al.
3

2006). Myofibroblasts increase matrix synthesis and remodeling to repair the valve as
needed (Ku et al. 2006; Gupta et al. 2008; Gupta et al. 2009). This is accomplished by
upregulation of proteolytic enzymes MMP (2 and 9) (Rabkin et al. 2001), ADAMTS (5
and 9), and cathepsins (S,V, and K) (Helske et al. 2006). When VIC activation goes
unchecked, valve homeostasis is disrupted and remodeling can become pathologic.
VECs form a continuous monolayer surrounding the valve leaflets that is
contiguous with the endothelium of the aorta and left ventricle. This endothelium
regulates the adhesion of inflammatory cells and permeability, which can indirectly
regulate valve homeostasis through paracrine signaling to VICs (Butcher & Nerem 2006;
Gould et al. 2014). Furthermore, VECs are able to finely sense their microenvironment to
regulate the mechanical properties of the whole leaflet (El-Hamamsy et al. 2009). An
interesting observation in vitro is that VECs orient perpendicular to flow, in contrast to
other vascular endothelium that is parallel to flow (Butcher et al. 2004). Though VECs
are present from development, they can undergo endothelial-to-mesenchymal
transformation (EMT) in the adult valve, in addition to embryonic valves, to maintain
homeostasis throughout life (reviewed in Bischoff & Aikawa 2011). VECs exhibit side
specific characteristics, including discrete transcriptional profiles, which are likely due to
the vastly different hemodynamic pressures they experience (Simmons et al. 2005).
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Figure 1-1 Aortic valve structure and leaflet architecture.
A) Top: healthy open valve in systole, bottom: closed valve in diastole. B) Schematic of
collagen and elastin dynamics in systole and diastole. C) Schematic of AoV cellular and
extracellular architecture. D) H&E staining of healthy human AoV leaflet, demonstrating
corrugations during systole and distinct tri-layer architecture. From: (Duan et al. 2014)
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1.1.2. Development of the Aortic Valve Leaflets
1.1.2.1.

Origins of AoV cells
The aortic valve begins forming in the primitive heart tube of a developing fetus,

embryonic day 9-10 in mice and day 31-35 in humans (Combs & Yutzey 2009a). The
process begins with formation of the endocardial cushion within the outflow tract (OFT).
This cardiac jelly rich in hyaluronan is overlaid with endothelium, some of which
undergo EMT (Lagendijk et al. 2013). These mesenchymal cells populate the conotruncal
and intercalating cushions of the OFT, secreting extracellular matrix and proliferating to
form the primitive semilunar leaflets (Camenisch et al. 2002; Snarr et al. 2008). After the
formation of primordial leaflets, VIC proliferation decreases and morphogenesis takes
place through extracellular matrix (ECM) remodeling and leaflet elongation (Lincoln et
al. 2004).
Lineage tracing studies in mouse development have provided insights into the
origins of cells contributing the mature AoV VICs. Using the endothelial driver Tie2-cre,
several groups have demonstrated that the majority of VICs present in mature valves are
derived from endothelial cells in the endocardial cushion (Kisanuki et al. 2001; de Lange
et al. 2004; Lincoln et al. 2004; Gomez-Stallons et al. 2016). Mef2c-cre and islet1-cre
studies showed the contribution of second heart field (SHF) to valvulogenesis: SHF
contributes to signaling and support of OFT mesenchyme, but minimally to mature
leaflets (Cai et al. 2003; Verzi et al. 2005). Neural crest cells (NCCs) also contribute to
the mature valve by migrating to the OFT truncal cushion later in development, forming
the smooth muscle aortopulmonary septum where they provide critical signals for the
developing valve (Kirby et al. 1983; Jain et al. 2011). Using Wnt1-cre to trace the fate of

6

NCCs, different groups have reported opposing results regarding their contribution to
adult leaflets, possibly explained by differences in the genetic background strains used. A
study by Jiang and colleagues observed NCC derived cells within the murine AoV leaflets
in embryonic stages but not in adult valves (Jiang et al. 2000). Nakamura et al used two
drivers, Wnt1-cre and P0-cre, to demonstrate substantial NCCs in mature valves;
however, these cells did not colocalize with fibroblast markers but were identified as
melanocytic and neurogenic precursors in embryonic hearts (Nakamura et al. 2006). In
sum, most VICs originate from the Tie2 endothelial lineage, with minor contributions
from NCC and the SHF.
1.1.2.2.

Signaling and transcription pathways
The molecular signaling pathways dominating aortic valve formation are closely

linked to EMT, mesenchymal progenitors, and ECM remodeling. EMT is initiated by
factors secreted by the myocardium underlying the endocardial cushions. These include
bone morphogenic proteins (BMP) 2 and 4, transforming growth factor β (TGFβ) 2 and 3,
and vascular endothelial growth factor (VEGF) (Combs & Yutzey 2009a; Lin et al. 2012).
Endocardial Notch1 is required for TGFβ2-mediated EMT (Timmerman et al. 2004), a
pathway that also requires myocardial BMP2 (Luna-Zurita et al. 2010). Loss of Notch
signaling in the SHF results in abnormal valvulogenesis due to impaired EMT (High et al.
2009). Given the importance of this pathway, it is not surprising that mutations in
NOTCH1 were found to be associated with highly heritable AoV disorders (Garg et al.
2005; Acharya et al. 2011; Garg 2006). BMP2 signaling activates Has2 to produce the
hyaluronic acid that is necessary in the cushion ECM to promote EMT (Rivera-Feliciano
& Tabin 2006). VEGF signaling has a dynamic role in promoting endothelial cell
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proliferation and EMT in the endocardial cushion through Vegf-R1, but inhibiting EMT
through VEGF-A (Combs & Yutzey 2009b; Dor et al. 2001) and later stimulates valve
elongation through Vegf-R2 (Stankunas et al. 2010). Nfatc2/3/4 also promote EMT by
inhibiting VEGF-A, and subsequently Nfatc1 promotes leaflet remodeling and elongation
(Wu et al. 2011; Wu et al. 2013).
Transcription factors including Twist1, Msx1/2, Tbx20, and Sox9 are critical to
the mesenchymal nature of the cells populating the endocardial cushion. BMP2 induces
expression of EMT transcription factors Twist1 and Msx1/2 (Ma et al. 2005; Chen et al.
2008). Twist1 promotes tbx20 expression, leading to proliferation and migration of the
leaflet mesenchyme (Shelton & Yutzey 2008; Chakraborty et al. 2010; Lee & Yutzey
2011). After EMT and the formation of the valve, Twist1 and others are down regulated
leading to reduced cell proliferation (Hinton 2006; Aikawa et al. 2006; Jonathan D. Cheek
et al. 2012). Sox9 is involved in cell expansion prior to elongation, as well as ECM
secretion, proteoglycans in particular, and remodeling during elongation of the leaflet
(Lincoln et al. 2007). Interestingly, many of the pathways required for valve development
become reactivated in diseased valves. (Lincoln et al. 2006; Chakraborty et al. 2008;
Wirrig & Yutzey 2014; Combs & Yutzey 2009a)
1.1.3. Aortic Valve Disease
1.1.3.1.

Disease background and etiology
Aortic valve disease (AVD) is a broad classification for pathologies resulting in

abnormal valve function. The clinical manifestation of disease is stenosis or regurgitation,
respectively the obstruction of normal forward blood flow or the ineffective closure of
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leaflets causing reverse blood flow. Ultimately these hemodynamic disturbances lead to
compromised ventricular function and, if untreated, heart failure.
A large, population-based study performed in 2006 found that 2.5% of the adult
US population had echocardiographically-determined valvular heart disease, of which
0.5% presented with aortic regurgitation and 0.4% with aortic stenosis (Nkomo et al.
2006). The incidence of AVD rises sharply in adults over the age of 55 (Nkomo et al.
2006). Previously thought of as a degenerative, “wear-and-tear” disease, AVD is now
seen as a progressive, active, regulated process resulting in valve dysfunction. Even
individuals as young as 20 have been observed with non-hemodynamically significant
minor calcific lesions in the AoV, suggesting a slowly progressing disease process
(Kuusisto et al. 2005). While over 90% of octogenarians have thickened (sclerotic)
valves, less than a third show any symptoms of stenosis by echocardiogram, suggesting
that age is not the only risk factor in valvular disease (Tunick et al. 1990). Overall, less
than 1/6th of patients with observed sclerosis progress to stenosis (Cosmi et al. 2002). A
larger and more recent study, the Cardiovascular Health Study, found that 9% of patients
with sclerosis progressed to some stenosis after a 5-year follow up (Novaro et al. 2007).
While some patients never progress to severe disease, it has been reported that
echocardiographic sclerosis can progress to clinical stenosis in as little as 5 years
(Faggiano et al. 2003). Though they might be considered sub-clinical, aortic sclerosis and
mild-moderate stenosis significantly increase odds for negative cardiovascular outcomes
in patients (Otto et al. 1999; Rosenhek et al. 2004). These findings highlight a need to
better understand the molecular etiology of AoV disease to stratify patient risk groups.
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1.1.3.1.1.

Calcific Aortic Valve disease

The most common form of aortic valve disease in the developed world is calcific
aortic valve disease (CAVD). Calcified nodules within the leaflet, sometimes including
fully formed bone with marrow elements, characterize this form of aortic valve disease
(Mohler et al. 2001; Steiner et al. 2007; Wirrig et al. 2011); significant stiffening of the
leaflet prevents complete opening and/or closure of the valve apparatus, causing
hemodynamic perturbations.
CAVD shares similar risk factors with atherosclerosis (hypercholesterolemia,
smoking, hypertension, diabetes, renal disease, male gender, older age) as well as
pathology (chronic inflammation, lipid deposition, and matrix remodeling), but only
~40% of CAVD patients have significant coronary atherosclerosis (Rapp et al. 2001).
Lipoproteins and lipids in CAVD have been of particular interest in the field. Using
genome-wide association studies, a genomic variant of the Lipoprotein(a) locus was
found to be significantly associated with aortic valve calcification (Thanassoulis et al.
2013). Further, patients with elevated levels of circulating Lp(a) are at a higher risk for
developing CAVD (Arsenault et al. 2014; Kamstrup et al. 2014). Unfortunately, lipidlowering therapies showed promise in pre-clinical research, but have not been shown to
definitively mitigate CAVD in humans (Chan et al. 2010; Rossebø et al. 2008; Liebe et al.
2006; Novo et al. 2011). So while the pathologies may be shared, more must be learned
about the unique molecular events that cause CAVD to find an effective therapy.
1.1.3.1.2.

Other forms of AVD

The next most frequent condition disrupting the AoV in younger individuals is a
bicuspid aortic valve (BAV), which is a congenital malformation of the aortic valve
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resulting in a bicuspid valve due to fusion of two leaflets (Roberts & Ko 2005).
Strikingly, while ~1.4% of the population has a BAV, approximately half of aortic valve
replacements are due to BAV. This population of patients presents with clinically
significant valve dysfunction around 65 years of age, a decade sooner than tricuspid
patients; BAV confers a strong risk factor for development of accelerated aortic valve
disease (Della Corte et al. 2014). BAV is a highly heritable condition, linked to
chromosomal regions 5q, 13q, and 18q (Cripe et al. 2004; Horne et al. 2004; Martin et al.
2007). Autosomal-dominant transmission of BAV and tricuspid calcification has been
found in some families with NOTCH1 mutations (Garg et al. 2005), but no single gene
mutation can account for BAV prevalence and heritability (Pierpont et al. 2007; Prakash
et al. 2014). Other valvular diseases have a minimal incidence in the US and other
developed regions, but are still relevant in the developing world: rheumatic heart disease
and endocarditis.

The only treatment for any aortic valve disease is surgical replacement. The
~$1billion/year cost of AoV replacements in the US is a significant burden on the health
care system (Nalini M. Rajamannan et al. 2003). Further, aortic valve replacement can be
difficult for the patients, who tend to be older with comorbidities. Finally, prosthetic
valve replacements can fail, requiring additional surgery to replace the valve. In an effort
to address these deficiencies in CAVD therapy, research in this area falls into two
categories: (1) understanding molecular and cellular events contributing to CAVD in an
effort to identify drugs to halt or reverse disease, and (2) bioengineering better
replacements and surgical techniques. The remainder of this introduction will focus on the
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molecular details of calcific aortic valve disease to better outline the hypothesis of this
thesis.
1.1.3.2.

Histopathology of CAVD

1.1.3.2.1.

Early lesions: inflammation and lipid infiltration

While aortic valve disease is no longer seen as just a degenerative disease, it is
initiated by general wear and mechanical injury. Micro-tears in the leaflets that occur over
an individual’s lifetime disrupt the valve endothelium and trigger an inflammatory
response (Otto et al. 1994). This is primarily seen on the aortic side of the leaflet - the
fibrosa. Early sub endothelial lesions resemble atherosclerotic plaques, with immune cell
infiltration and deposition of apolipoproteins, oxidized low density lipoproteins (oxLDL),
and microscopic calcification (Otto et al. 1994). The persistence of an immune response is
seen in stenotic valves as well (Olsson, Dalsgaard, et al. 1994). A study of 285 CAVD
patients found that immune cell infiltration adjacent to calcific nodules was associated
with osseous metaplasia (Cote et al. 2013). Aortic valve cells take on pro-inflammatory
states, either in response to immune cell infiltration or preceding it: VICs increase
expression of toll-like receptors (TLR) -2 and -4 (Xiaoping Yang et al. 2009) and increase
signaling through TLR-4 to induce BMP-2 (Venardos et al. 2014); VECs increase
expression of ICAM-1, VCAM-1, and E-selectin: cell-surface molecules important in
immune cell homing (Müller et al. 2000; Mazzone et al. 2004).
The levels of pro-inflammatory cytokines IL-1β and TNFα are higher in stenotic
valves, predominantly co-localizing with leukocyte and macrophage infiltrates and
MMP1-expressing myofibroblasts (Kaden et al. 2003; Kaden et al. 2005). Furthermore, in
vitro stimulation of VICs with TNFα or IL-1β induces expression of MMP1 and cell
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proliferation, suggesting that pro-inflammatory factors actively lead to remodeling of the
valve. Interestingly, disruption of anti-inflammatory mechanisms enhances AoV disease.
In humans, the anti-inflammatory IL-1 receptor agonist (IL-1Ra) is not detected in
stenotic valves while abundant in normal aortic valves (Lee et al. 2011). Furthermore,
VICs isolated from stenotic valves are not able to produce IL-1Ra when stimulated by
TLR agonists, unlike VICs from normal donors. A mouse model of IL-1Ra deficiency
demonstrated that loss of this anti-inflammatory mechanism results in aortic valve
thickening, leukocyte/macrophage infiltration, and echocardiographic stenosis within 16
weeks, which is at least in part attributed to the loss of IL-1Ra in the immune cells
themselves (Isoda et al. 2010). Importantly, this study combined IL-1Ra deficiency with
TNFα deficiency to completely suppress the development of stenosis in mice.
Endothelial disruption also promotes lipid deposition and infiltration, adding to
pathological response as macrophages scavenge the lipids (O’Brien et al. 1996; Olsson et
al. 1999). In humans, circulating LDL levels as well as genetic susceptibility toward
elevated LDL are correlated to aortic valve calcification (Côté et al. 2008; Smith et al.
2014). Large animal studies suggest a disease progression in which lipid infiltration is an
initiator, though these exclusively employ genetic or diet-induced hypercholesterolemia
methodology (Gerrity et al. 1979). Atherogenic rabbit and mouse models have also
provided insights into disease progression due to lipid accumulation. In particular, the
apolipoprotein E (ApoE) deficient mice have been used extensively to study aortic
stenosis and the early immune response and remodeling that occurs in response to
hypercholesterolemia (Tanaka et al. 2005; Aikawa et al. 2007; Weiss et al. 2006; Chu et
al. 2016).
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Oxidative stress has more recently been implicated in CAVD, while it has long
been studied in the context of vascular disease (Heistad et al. 2009; Sage et al. 2010; Yip
& Simmons 2011). Increased reactive oxygen species (ROS) is observed in surrounding
calcific lesions in a rabbit model of hypercholesterolemic CAVD (Liberman et al. 2008).
In humans, evidence of increased oxidative stress through uncoupled nitric oxide synthase
(NOS) and reduced antioxidant expression is seen in early and late stenotic valves (Miller
et al. 2008; Branchetti et al. 2013). Oxidative stress can also contribute to inflammation,
as demonstrated by TNFα release from macrophages stimulated by oxLDL (Jovinge et al.
1996).
These early lesions may or may not have calcification present; when calcification
is observed, it is deeper in the fibrosa with immune and lipid infiltrates above, suggesting
a layered signaling cascade with active progression (Otto et al. 1994). Inflammation can
drive calcification, as evidenced by the ability of TNFα to induce calcification in smooth
muscle cells and VICs (Tintut et al. 2000; Yu et al. 2011). This effect of TNFα may be in
part due to its ability to induce reactive oxygen species (ROS) generation (Lai et al.
2012). Calcification preferentially forms on the fibrosa, which is the stiffer layer of the
valve (Otto et al. 1994; Vesely & Noseworthy 1992). Additionally, calcific lesions
correlate with regions of higher stress, like the hinge region (Thubrikar et al. 1986). These
observations also speak to the degenerative origins of aortic valve disease.
1.1.3.2.2.

ECM disruption and fibrosis

ECM disarray is a hallmark of progressive CAVD. Changes in ECM content and
organization are noted in lesions (Wirrig et al. 2011): enhanced collagen turnover and
disorganization (Eriksen et al. 2006; Fondard et al. 2005) driven by increased secretion of
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MMPs from VICs and infiltrating cells (Edep et al. 2000); presence of Col II and X
suggest cartilaginous changes (Chakraborty et al. 2010; Jonathan D. Cheek et al. 2012);
proteoglycan accumulation and changes in distribution (Stephens et al. 2011); and elastin
fragmentation (Latif et al. 2007; Perrotta et al. 2011). The fragmentation of elastins and
collagens by MMPs may be permissive for formation of calcific nodules with the ECM,
as their inhibition reduces calcification in a rabbit model (Qin et al. 2006).
The changes in the ECM associated with CAVD can feed back to VIC status
(Figure 1-2). Matricellular signaling, the induction of signaling within the VIC from ECM
components, can modify their activation. For example, VICs cultured on fibrin have an
increase in α-SMA expression and pro-calcific response involving MAPK/ERK pathway
activation (Gu & Masters 2009). Conversely, growth on collagen 1 and fibronectin
maintains VICs in a more quiescent state (Benton et al. 2009; Rodriguez & Masters
2009). Matricrine signaling is the modulation in bioavailability of growth factors by the
ECM. Though this has not been well studied in VICs, it is known that ECM components
like biglycan and decorin bind TGFβ and TNFα (Macri et al. 2007). In vascular smooth
muscle cells, for example, increased expression of the decorin side chains dermatan
sulfate and chondroitin increases TGFβ availability and activation of osteogenic
differentiation (Yan et al. 2011).
The ECM is also responsible for transmitting mechanical signals to VICs. In vitro
models have demonstrated the effect of pressures and strains on the differentiation status
of VICs. For example, increased pressure induces a pro-inflammatory transcriptional
profile in VICs (Warnock et al. 2011). Conversely, cyclic strain decreases some of these
transcripts (Smith et al. 2010). Furthermore, cyclic strain also induces GAG expression by
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VICs (Gupta et al. 2009), highlighting the complex feedback between ECM, VICs, and
signaling pathways. It is interesting to consider how hemodynamic changes, such as the
increased pressure in hypertension (Linefsky et al. 2011), would contribute to CAVD in
the context of ECM-VIC signaling. Stiffness of the ECM also has profound effects on
VICs. As already noted, AoV lesions preferentially form in the stiff fibrosa layer. Cells
grown on this stiffness (25-30 kPa) have the potential for osteogenic differentiation (Yip
et al. 2009). Cells grown on stiffer substrates, similar to stenotic valves (113 kPa) have an
even higher propensity for differentiation into α-SMA-positive myofibroblasts (Yip et al.
2009). This differentiation is in a dynamic state, as changing the stiffness can return VICs
to a quiescent state (Wang et al. 2012). Taken together, such findings hint at the dynamic
regulation of these cells by the ECM and the need for homeostatic interaction between
VICs and matrix components for healthy valve function.
Neovascularization, a complex process requiring many signaling pathways
resulting in ECM rearrangement allowing for new vessel growth, is frequently found in
areas surrounding AoV calcific nodules (Mazzone et al. 2004; Mohler et al. 2001; Charest
et al. 2006). This process is primarily seen in the thickened spongiosa and ventricularis
below the affected region of the fibrosa (Weind et al. 2002; Hakuno et al. 2010) in
intermediate grade calcified valves (Soini et al. 2003). More recent work has
demonstrated that neovascularization is also associated with immune cell infiltration,
suggesting a positive feedback loop between these processes, further contributing to
leaflet remodeling and calcification (Cote et al. 2013). Importantly, healthy valves
express chondromodulin-1 (chm-1), a potent antiangiogenic factor, but diseased,
vascularized valves have a significant decrease in expression (Yoshioka et al. 2006). This
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observation is expounded in a mouse model: neovascularization, immune cell infiltration
and calcification occurred in the heart valves of 90-week-old chm-1 deficient mice.

Figure 1-2 ECM regulation of VICs
From: (Chen & Simmons 2011)

1.1.3.2.3.

Stenosis and calcification

Ultimately, severe AoV disease is characterized by significant calcification that
impairs function of the valve. The most commonly seen form of calcification is
dystrophic calcification, which is mineralization around necrotic tissue in reaction to
tissue damage. In contrast, up to 13% of stenotic valves have mature bone formation
complete with marrow elements and active bone remodeling, and occasionally cartilage
formation independent of calcification (Mohler et al. 2001; Steiner et al. 2007).
Osteogenic and chondrogenic signaling pathways are upregulated in CAVD
(Alfieri et al. 2010; Nalini M Rajamannan et al. 2003; Wirrig et al. 2011; Wirrig &
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Yutzey 2014; Chakraborty et al. 2008). The master bone-specific transcription factor
Runx2 is expressed in stenotic valves (Nalini M Rajamannan et al. 2003; Wirrig et al.
2011; Alexopoulos et al. 2010; Bertazzo & Gentleman 2016). The bone program is turned
on in diseased valves, as evidenced by expression of downstream targets of Runx2: bone
sialoprotein (Nalini M Rajamannan et al. 2003; Kaden et al. 2004), osteocalcin (Nalini M
Rajamannan et al. 2003; Aikawa et al. 2007), osteonectin (Perrotta et al. 2011; Srivatsa et
al. 1997), and osteopontin (X Yang et al. 2009; Mohler et al. 1997; Grau et al. 2012;
Srivatsa et al. 1997). Interestingly, osteopontin in mineralizing valves colocalizes with
macrophages (O’Brien et al. 1995; Mohler 3rd et al. 1997), suggesting that early immune
infiltration drives later calcification. Furthermore, signaling molecules essential for bone
development are also found in CAVD samples and animal models. These include BMP-2
and -4 as well as their downstream effectors phospho-Smad1/5/8 (Kaden et al. 2004;
Nalini M Rajamannan et al. 2003; Song et al. 2014; Mohler et al. 2001; Gomez-Stallons
et al. 2016; X Yang et al. 2009; Yamamoto et al. 1997).
Other factors, which are key in development of the AoV, are aberrantly activated
in disease. Msx2, which is important for proliferation of mesenchymal cells, including
fibroblasts and osteogenic progenitor cells, is expressed in calcified human valves (Wirrig
et al. 2011; Wirrig & Yutzey 2014). Sox9, a transcription factor important for
chondrocyte-specific genes, is re-expressed in adult and pediatric diseased valves (Wirrig
et al. 2011). Interestingly, heterozygous loss of Sox9 in mice results in thickened leaflets
and calcific lesions, suggesting that Sox9 may actually be protective against calcification
(Lincoln et al. 2007; Peacock et al. 2010). In line with these observations, it has been
suggested that Sox9 functions to regulate the balance between osteogenic and
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chondrogenic pathways in diseased valves. Other key players include: Mefc2, necessary
for endochondral bone formation; NFATc1, regulator of osteoclasts and osteoblasts;
osterix, important for terminal differentiation of osteoblasts.
Dystrophic calcification is the predominant form of calcification across CAVD
stages. Mineralization of this form is thought to originate from apoptotic aggregates with
necrotic cores, which increase the inflammatory response and provide nucleation sites for
hydroxyapatite (Mohler et al. 1999). In human valves, both dystrophic and heterotrophic
forms can be present simultaneously, but given the limitations of obtaining time courses
from human valves it is difficult to determine if one form precedes the other. Clinically,
there is a correlation between lower circulating fetuin-A, an inhibitor of vascular
calcification (Jahnen-Dechent et al. 2011), and valvular calcification (Ix et al. 2007;
Kaden et al. 2007). Additionally, individuals with high circulating phosphate and calcium,
commonly from chronic kidney disease, also have a high incidence of ectopic
calcification of the AoV (Linefsky et al. 2014). Cultured VICs have the potential for
calcification through activation of the bone transcription program and through apoptosis.
There is a preference for one form or the other depending on the stage of disease that
human VICs are isolated from as well as the physical and molecular stimuli that the cells
are cultured in. The addition of biochemical stimuli can further effect the state of VICs:
TGFβ increased VIC apoptosis in culture while promoting calcification, which is
abrogated by caspase inhibitors (Jian et al. 2003).
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Figure 1-3: Summary of risk factors and potential cellular mechanisms contributing
to CAVD
Risk factors associated with CAVD incidence converge to initiate disease through
endothelial disruption. Circulating factors and inflammatory cells then gain access to the
interior of the leaflet, creating conditions favorable for inflammation, VIC activation,
osteogenic differentiation, and VIC death. These cellular processes lead to calcification
and fibrosis of the aortic valve leaflets, ultimately causing valve dysfunction.
Modified from (Miller et al. 2011)

20

1.1.3.3.

Contribution of circulating cells
An emerging hypothesis within the field is that circulating progenitor cells home

to the leaflet and may be primed for myofibroblast or osteoblast fates. Several lines of
evidence from observations in humans and experimentation in mice support this view.
Data from gender-mismatch bone marrow transplantation demonstrated that human
valves also have evidence of bone marrow-derived VICs (Deb et al. 2005). In mice, bone
marrow transplantation from an EGFP reporter mouse to a 59-week-old ApoE-deficient
mouse demonstrated that within 34 weeks donor cells could be seen in the ApoE valves.
These cells co-stained with α-SMA, CD31, and osteopontin/osteocalcin. This homing of
EGFP+ cells was seen in WT transplant, but appeared to be macrophages (Tanaka et al.
2005). Another study with hematopoietic stem cells (HSCs) isolated from EGFP mice
demonstrated that they can home to the valve and produce collagen (Visconti et al. 2006).
An additional study showed that BM–derived circulating cells, predominantly HSC and
not mesenchymal stem cells (MSCs), become resident valvular cells: VIC-like cells and
dendritic cells, but not CD31+ endothelial cells or other immune cells (Hajdu et al. 2011).
Support for BM-derived cells directly contributing to calcification of the AoV leaflets is
demonstrated by the presence of CD45+ OCN+ or CD45+ Col1+ circulating
osteoprogenitor cells in stenotic valves with heterotrophic calcification (Egan et al. 2011).
Interestingly, a clinical study found that patients with aortic valve stenosis also
had a reduction in circulating endothelial progenitor cells (EPC; CD3neg/ CD34pos/KDRpos
cells) with less migratory potential (Matsumoto et al. 2009). Given that endothelial
disruption is thought to initiate AoV disease, this finding suggests that reduced EPC could
identify patients at a higher risk for CAVD. This association has been noted previously in
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atherosclerosis (Hill et al. 2003). A more recent and larger study found that low levels of
EPCs correlate with increased incidence of cardiovascular death; however, they found a
contradictory increase in EPC number in stenotic patients (Shimoni et al. 2016). Perhaps
this could be connected to the contribution of neovascularization to CAVD, as explained
by the role of circulating cells in angiogenesis (Tepper et al. 2005).
1.1.3.4.

Animal models
Many groups have attempted to create a mouse model of CAVD through genetic

and diet manipulation. Table 1 summarizes these findings, in addition to what has been
described above. Several pitfalls exist in the current models to make them bona fide
representatives of age-dependent aortic valve dysfunction. Some models lack
hemodynamic alterations despite significant morphological changes (Nigam & Srivastava
2009; Hakuno et al. 2010; Wirrig et al. 2015b; El Accaoui et al. 2014; Fang et al. 2014).
Others models include abnormal embryonic valve development, which is not likely to be
a major contributor to an age-dependent disease in humans (Lincoln et al. 2007; Jain et al.
2011; Odelin et al. 2014). Much of the work in CAVD models has been based on ApoE
and Ldl-receptor deficiency, creating a disease state dependent on hypercholesterolemia
(Tanaka et al. 2005; Weiss et al. 2006; Drolet et al. 2006; Aikawa et al. 2007). Further,
most have used full body knock-out, making it difficult to discern systemic effects from
valve-intrinsic effects (Sider et al. 2011; Miller et al. 2011; Weiss et al. 2013). While
these models provide insight into potential mechanisms underlying CAVD, there is still a
need for better model to study age-dependent mechanism contributing to early and late
stage CAVD with the potential to test therapies.
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Table 1-1: Mouse models of Aortic Valve Disease
HF/HC: high fat/high cholesterol diet; PG: proteoglycan; AS: aortic valve stenosis; AR:
aortic valve regurgitations; BAV: bicuspid aortic valve; GAG: glycosaminoglycans
Strain
Driver AoV Changes
Developmental
EGFRwa2 /wa2 Chow Fibrosis/^PG/lipid/
inflammation
-/eNOS
Chow Bicuspid 40%
Notch1+/HF
Calcification

AS

AR

Reference

B6, not >70% (Barrick et al. 2009;
129
Hajj et al. 2015)
Yes
N/A (Lee et al. 2000)
No
N/A (Nigam & Srivastava
2009)
Calcification/fibrosis; AoV N/A
Yes (Tkatchenko et al.
root dilation; BAV?
@6mo 2009)

Periostin-/-

Chow

Periostin-/-

HF

Reduced thickening

N/A

N/A

(Hakuno et al. 2010)

MGP-/-

Chow

No

N/A

N/A

(Luo et al. 1997)

Klotho-/-

Chow

Calcification

No

No

(Masuda et al. 2005;
Jonathan D Cheek et
al. 2012; Wirrig et al.
2015a)

Sox9fl/-

Embryonic lethal; ECM
N/A
disruption after EMT
Embryo lethal, thick,
BAV, apoptosis deficiency

N/A

(Lincoln et al. 2007)

Pax3-/-

Tie2
Cre
Chow

Krox20-/-

Chow

Embryo lethal, thickening, N/a
decreased collagen

Age-dependent
C57BL/6
HF/HC Lipid and mild
Mild
calcification
@4wks
-/ApoE
Chow Lipid/calcification/
<2 of
inflammation
mice
-/ApoE
HF/HC Lipid/calcification/fibrosis/ <2 of
inflammation
mice
-/Ldlr
HF
Lipid/calc/inflammation
No
Ldlr-/Chow
/ApoB100
Ldlr-/HF
100
/ApoB
EGFRwa2/ wa2 Chow

Lipid/calcification/inflam/ 30%
Myofibroblast
Lipid/calc/fibrosis/inflam/ >50%
Myofibroblasts
Lipid, fibrosis,
No
calcification, prolapse

Yes, (Jain et al. 2011)
inutero
N/a
(Odelin et al. 2014)

N/a

(Drolet et al. 2006)

30%

(Tanaka et al. 2005)

Yes

(Aikawa et al. 2007)

N/a
N/a

(Drolet et al. 2006;
Shao et al. 2003)
(Weiss et al. 2006)

N/a

(Miller et al. 2009)

>70% (Hajj et al. 2015)
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Eln+/-

Chow

Fibulin4R/R

Chow

Elastin fragmentation /
^PG/ stiffening/ prolapse

30%

Yes

Notch1-/-

Thickening/elastin
fragmentation, 15-20wks
HF/HC Calcification

17% (Hinton et al. 2010)
@4mo
70%
@
16mo
Yes (Hanada et al. 2007)

No

N/a

eNOS-/eNOS-/-

HCD
Chow

yes
No

No
No

Krox20 fl/fl

Tie2
Cre
Chow

yes

100% (Odelin et al. 2014)

mild

53%

(Théron et al. 2016)

N/A

N/A

(Lincoln et al. 2007)

n/a

n/a

(Fang et al. 2014)

No

no

(Jonathan D. Cheek et
al. 2012)

Krox20 +/Sox9 fl/Ctnnb1fl/fl

Col1a2 Oim/Oim
Hesr2-/Chm1-/-

Bicuspid 30%,
Bicuspid
30%/calcification/ ^Col3

Thickening/decreased Col
@3mo
Thickening/
^PG/decreased Col
Col2a1 Calcification/fibrosis in
Cre
75% @3mo
Postn Cartilage like PG-rich
Cre
nodules at distal tip,
thickening by 3months
Fibrosis/ECM
Chow dysregulation/VIC
proliferation @5-10mo
chow Fibrosis/^GAG/
^Col1@3mo
Chow

Neoangiogensis/lipid/
calcification

6%
59%
@12mo @12m
o
Yes @ N/A
90wks

(Nigam & Srivastava
2009)
(Rajamannan 2012)
(El Accaoui et al.
2014)

(Kokubo et al. 2004;
Kokubo et al. 2013)
(Yoshioka et al.
2006)
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1.1.4. Summary of section:
The evidence introduced thus far underscores the interconnected and dynamic
relationship between the ECM and VIC cells, and their relative importance to both valve
biology and pathology. The chicken and egg question of which came first is a common
theme in biology, and an even more challenging question to study. Does VIC activation
first secrete factors to perturb the ECM, or is the ECM itself first altered by mechanical
changes, which then activate the VICs? In either case, there is likely a feedback
mechanism between the two, but defining the nature of their relationship has implications
for therapy. Striving to understand the stepwise molecular disease progression of CAVD
is the basis of this thesis. To do this, I looked to a cell cycle and differentiation factor to
determine if altering VIC biology would change valve physiology.
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1.2. The Retinoblastoma protein
The retinoblastoma protein owes its name to the study of an inherited eye malignancy,
retinoblastoma. Through study of this and other cancers, the gene Rb1 was discovered to
be associated with the oncogenic transformation of normal cells and tissues (Friend et al.
1986; Lee et al. 1987; Weinberg 1995). Since then, loss of function mutations in this
gene, or the components that make up its signaling pathway, have been identified and
studied in nearly every variety of human cancer, either as a driver or passenger of the
disease.
1.2.1. pRb as a tumor suppressor
The retinoblastoma protein (pRb) is the quintessential tumor suppressor. Its structure
and function was determined through research using viral oncoproteins like the SV40
Large T antigen, Adenoviral E1A, and HPV-16 E7 (DeCaprio et al. 1988; Whyte et al.
1988; DeCaprio et al. 1992). Viral oncoproteins contain an LxCxE amino acid sequence
required for pRb binding (reviewed in DeCaprio 2009), likely appropriated from cellular
pRb interacting proteins, and representing an interesting example of convergent evolution
in disparate DNA tumor viruses. Analysis of engineered mutants of pRb further clarified
the regions critical for oncoprotein binding, termed the A and B pocket domains, which
are also the most common sites of tumor-associated missense mutations (Hu et al. 1990).
Later work on pRb function elucidated its suppressive mechanism through an
association with E2F transcription factors (TFs). The E2F family is a group of
transcriptions factors involved in cell cycle regulation at the G1/S transition and synthesis
of DNA. pRb complexes with and sequesters E2F1, 2 and 3 through the pocket domain to
repress E2F-dependent transcripts that are critical for cell cycle progression (Bagchi et al.
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1991; Chittenden et al. 1991; Chellappan et al. 1991). Other E2F members interact with
the pRb-related proteins p107 and p130, which collectively make up the pocket protein
family. Viral oncoproteins function by disrupting this repressive association to promote
transcription of the cellular machinery required for viral replication.
Initially it was thought that masking of the E2F activation domain was the primary
cause of transcriptional repression by pRb. Later the pRb/E2F complex was found to
occupy the promoter region chromatin of target genes, actively repressing transcription
(Weintraub et al. 1992). Silencing of E2F genes by pRb is at least partially accomplished
by pRb’s recruitment of chromosome modifiers and subsequent epigenetic regulation:
histone deacetylases HDAC1/2 (Luo et al. 1998; Brehm et al. 1998; Magnaghi-Jaulin et
al. 1998), methyltransferase SUV39H1 (and subsequently HP1) (Nielsen et al. 2001), and
HBRM and BRG1 (Dunaief et al. 1994; Trouche et al. 1997), components of the
SWI/SNF nucleosome modifying complex. The SWI/SNF complex is recruited in cellular
quiescence, while SUV39H1 is recruited in cellular senescence (Zhang et al. 2000; Narita
et al. 2003). These interactions are mediated by direct binding via the LxCxE motif and
by indirect through bridging proteins such as RBP1 (Lai et al. 2001).
1.2.2. Regulation through phosphorylation
During cell cycling, pRb phosphorylation occurs progressively (DeCaprio et al.
1992) (Figure 1-4). In early G1, pRb is partially (hypo) phosphorylated by cyclinD/cyclin
dependent kinase (cdk) 4/6 complexes, sequestering E2F and actively blocking
transcription (Ezhevsky et al. 1997). Hypophosphorylated pRb also preferentially binds
viral oncoproteins (Ludlow et al. 1989). This phosphorylation event primes pRb for
further phosphorylation in late G1 by CyclinE/cdk2, which ultimately frees E2F and
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permits transcription of genes that drive S phase entry (Harbour et al. 1999). Upstream,
the INK4 and CIP/KIP protein families regulate cdk activity. Of the INK4 proteins, p16,
p15, p18, and p19 can inhibit cyclinD/cdk4/6 complexes. p21, p27, and p57, of the
CIP/KIP family, can inhibit cdk2 complexes. pRb can also be phosphorylated by Chk1/2
in response to DNA damage, leading to formation of pRb-E2F1 complex (Inoue et al.
2007).
Biochemical studies have shown that phosphorylation events induce unique
conformations in pRb (Harbour et al. 1999; Rubin et al. 2005; Burke et al. 2012). There
are 13 conserved sites of phosphorylation on pRb ((Lees et al. 1991). The function and
consequence of phosphorylation at these sites is not fully characterized, given that there
are 110 known protein associations and more predicted (Morris & Dyson 2001).
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Figure 1-4 Retinoblastoma protein regulation and the cell cycle.
pRb is a central regulator of cell cycle progression and exit. In G1 of the cell cycle, pRb is
in an unphosphorylated state and bound to E2F or other tissue specific transcription
factors. In late G1, it is phosphorylated by the CyclinD/Cdk4/6 complex. At the G1/S
transition, CyclinE/Cdk2 adds additional phosphate groups. In S phase, E2F is dissociated
from pRb and associated with promoters of genes necessary to complete the cell cycle.
pRb hyperphosphorylation is complete by CyclinA/Cdk2 and CyclinB/Cdc2 in S and G2.
During mitosis, pRb phosphorylation is re-set so the cell can once again become
quiescent and/or differentiate.
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1.2.3. pRb in mesenchymal cell fate determination
A requirement for pRb in development was elucidated through the use of mouse
models of Rb1 deletion. pRb-/- mice die between E13 and E15 with defects in erythroid,
neuronal, and lens development, associated with a failure in differentiation that seems to
maintain these lineages in immature states (Jacks et al. 1992; Clarke et al. 1992; Lee et al.
1992). Interestingly, heterozygotes develop pituitary and thyroid tumors, not
retinoblastoma. Some of the observed embryonic defects are due to placental deficiency
and are somewhat rescued in chimeras, demonstrating cell autonomous and cell-non
autonomous roles for pRb in development (Wu et al. 2003).
In a cell autonomous manner, pRb seems to augment activity of tissue-specific
transcription factors, leading to transcription of genes that are indicative of full
differentiation (Lipinski & Jacks 1999). Additionally, pRb is important for irreversible
exit from the cell cycle before initiation of tissue-specific gene expression for terminal
differentiation. This is evidenced by the rapid de-phosphorylation of pRb that is seen in
differentiating cells prior to total growth arrest (Chen et al. 1989). An interesting
exception to this logic is in pRb-deficient hair cells of the ear, which appear
morphologically and transcriptionally differentiated, but do not stop proliferating, leading
to tissue dysplasia (Sage et al. 2005).

30

Figure 1-5 Summary of pRb binding partners in mesenchymal cell fate
determination
In mesenchymal precursors, pRb interacts with various signaling molecules to drive cell
fate into premyoblast, preadipocyte, and preosteoblast lineages. To promote terminal
differentiation, the tissue specific transcription factors MyoD, Runx2, Pparγ, and C/Ebps
interact with pRb to induce transcription of genes necessary for terminal differentiation of
myocytes, osteocytes, and white fat adipocytes, respectively. pRb represses Ucp1
expression indirectly, blocking differentiation to brown fat adipocytes.
From: (Popov & Petrov 2014)
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1.2.3.1.

Osteogenesis

Work in the Hinds lab and others have demonstrated a critical role for pRb in bone
formation. pRb directly binds to Runx2, the master bone transcription factor. This
complex localizes to the promoter of a late bone specific marker, osteocalcin (Thomas et
al. 2001). Expression of HPV16 E7 blocks this differentiation in pre-osteoblasts in vitro.
Furthermore, loss of pRb in MEFs abrogates BMP-2 stimulated terminal osteogensis, as
evidenced by reduced osteocalcin gene expression. Additional work has shown that the
pRb/RUNX2 complex requires Hes1 (Lee et al. 2006) and is enhanced by the LxCxE
motif-containing protein, p204 (Luan et al. 2007).
The role of pRb in pre-osteoblast differentiation is more interesting than just blocking
bone-specific transcripts. pRb deficient mice have an increased number of
osteoprogenitors that maintain a bi-potent mesenchymal state, with the ability to
differentiate into osteoblasts or adipocytes. When differentiated, these pre-osteoblasts
express less osteocalcin, in agreement with their non-terminally differentiated state
(Gutierrez et al. 2008). Osteocalcin inhibits osteoblasts (Ducy et al. 1996), creating a selflimiting cycle in normal bone. Thus, pRb deficient pre-osteoblasts actually mineralize
more heavily when cultured in vitro. Additional loss of p53 in pRb-deficient murine
osteoblasts mimics human osteosarcoma (Berman et al. 2008; Walkley et al. 2008).
1.2.3.2.

Adipogenesis

Another tissue of mesenchymal origin regulated by pRb is adipose. Loss of pRb or
inactivation by SV40 large T antigen in pre-adipocytes inhibits adipogenesis (Higgins et
al. 1996). An interaction between pRb and adipose-specific transcription factors drives
normal adipogenesis. Direct interaction with and activation of C/EBP family members
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drives pRb-dependent adipogenesis (Phang Lang Chen et al. 1996). C/EBPα, the terminal
adipocyte TF, induces expression of the CDK inhibitor p21, retaining pRb in
hypophosphorylated form (Halevy et al. 1995). PPARγ, the 2nd critical TF in
adipogenesis, contains C/EBP binding elements. C/EBP is required for PPARγ
expression, suggesting that pRb indirectly regulates PPARγ expression. Furthermore,
pRb’s interaction with HDAC3 suppresses PPARγ to negatively regulate adipogenesis
(Fajas et al. 2002). Thus, pRb is at the center of a network regulating adipocyte
differentiation.
In addition to guiding pre-adipocytes to differentiation, pRb further regulates switch
between white and brown adipose tissue (WAT vs. BAT) (Hansen et al. 2004). Loss of
pRb in primary pre-adipocytes blocks WAT differentiation. Additionally, pRb represses
expression of PGC1α, a protein which promotes BAT development (Scimè et al. 2005).
1.2.3.3.

Myogenesis

The defect in skeletal muscle seen in germline pRb-/- mice, particularly reduction in
terminal differentiation marker expression, suggested a role for pRb in myogenesis
(Zacksenhaus et al. 1996). Some studies have shown direct binding of pRb to MyoD, the
critical TF in myogenesis (Guo et al. 1995; Novitch et al. 1996). Similar to C/EBP in
adipocytes, MyoD induces expression of p21, retaining pRb in the hypophosphorylated
form (Guo et al. 1995). Further evidence for this role in differentiation comes from in
vitro studies. In Rb1-/- MEFs, exogenous expression of MyoD can induce expression of
intermediate muscle markers p21 and myogenin to a similar level as WT MEFs; however,
the pRb deficient cells do not express high levels of the terminal differentiation marker
MHC (Novitch et al. 1999).
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Similar results are seen in studies from myocytes (Novitch et al. 1996; de Falco et al.
2006). Further study showed that pRb is necessary in early differentiation for cell cycle
exit, but not for maintenance of the lineage (Huh et al. 2004). pRb’s function in cell cycle
exit and differentiation can be separated: one naturally occurring Rb1 mutant, W661R,
cannot bind E2F but still cooperates with MyoD. Differentiation and lineage-specific
gene expression is still seen in this model (Sellers et al. 1998). In terminally differentiated
myotubes, pRb binds to HDAC1, concurrent with reduced MyoD-HDAC1 complexes and
induction of muscle-specific transcript expression. Targeted mutation of pRb to disrupt
interaction with HDAC1 reduces muscle gene expression, suggesting more complex pRb
control of myogenesis (Puri et al. 2001).
1.2.3.4.

Chondrogenesis
A direct role for pRb has not described for chondrogenesis, but rather a supporting

role. Hypertrophic differentiation of chondrocytes during endochondral bone
development has been ascribed to the other pocket protein family members, p107 and
p130. Deletion of p107 or p130 in chondrocytes caused defects in cell cycle exit and
terminal differentiation defects, through Runx2 signaling (Rossi et al. 2002). Conditional
deletion of pRb, under the control of mesoderm specific Prx1-cre, in the context of
whole-body p107 deletion leads to increased chondrocyte proliferation at the growth plate
of endochondral bone during development (Landman et al. 2013).
1.2.3.5.

Hematopoiesis
In addition to the effects pRb loss has on erythroid development, pRb deletion in

hematopoietic stem cells (HSC) and bone marrow stromal cells can alter differentiation of
hematopoietic lineages. HSCs arise in the bone marrow and are responsible for generating
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all the cell types of the blood, which include the myeloid (monocytes, macrophages,
neutrophils, basophils, eosinophils, erythrocytes, dendritic cells, and megakaryocytes) and
lymphoid (T-, B-, and natural killer cells) lineages. Conditional deletion of pRb in the
hematopoietic system, using Vav-Cre (Daria et al. 2008) or inducible Mx1-Cre (Walkley
et al. 2007) has demonstrated that anemia and expansion of the myeloid lineage are a
consequence of pRb loss, secondary to depletion of bone marrow. Further study with
LysM-Cre mice demonstrated that loss of pRb in the osteoblast niche of the bone marrow
was important in the HSC defects observed in pRbfl/flMx1-Cre, suggesting that non-cell
autonomous effects of pRb loss on HSCs are important in the aberrant myeloproliferation
seen (Walkley et al. 2007).
Upstream regulators of pRb can also regulate HSC fate. Loss of p21 results in
excess proliferation and subsequent depletion of HSCs (Cheng et al. 2000). Conversely,
deletion of D-type cyclins or cdk6 leads to hematopoietic insufficiency because HSCs are
unable to proliferate (Kozar et al. 2004; Hu et al. 2011). While these results support a
function of pRb and its pathway in HSC expansion, self-renewal, and differentiation,
though cell-autonomous and non cell-autonomous contributions need to be more clearly
defined.
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1.3. Summary and Hypothesis
With the lack of non-surgical treatment and increasing disease burden, it is critical to
further study the underlying molecular mechanisms of aortic valve disease in an effort to
identify targets for patient stratification and therapeutic intervention to halt, and ideally
reverse, disease. This is the motivation for undertaking this thesis work. This project
started in an organic, albeit unorthodox, fashion when one research clinician identified a
disease process known in the valve (calcification and osteogenesis) and sought the
expertise of another scientist who had made great strides in elucidating the molecular
pathway responsible for osteogenesis (retinoblastoma protein pathway).
Here, I test the hypothesis that pRb pathway regulation of VIC activation contributes to aortic
valve dysfunction with age. The molecular changes effected by VICs that contribute
to CAVD have been well studied, but it remains unclear what cellular driver within
the VICs drives differentiation to a myofibroblast or osteoblast phenotype (
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Figure 1-6). Harnessing the power of mouse genetics, I created a model of pRb
deletion in the aortic valve leaflets. This mouse developed aortic age-dependent valve
regurgitation with altered ECM of the leaflets; however, calcification was not present at
the time points studied (Chapter 3). A truly tissue specific knockout of a gene within the
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VIC population is impossible given their developmental origins and fibroblast-like
identity, the use of an endothelial driver of recombination (Tie2), resulted in altered
phenotypes of other tissues. Unexpectedly, I also ended up dipping my toes into obesity
research with this animal model (Chapter 4). Loss of pRb in the Tie2 lineage led to
reduced weight gain when mice were aged on a high fat diet. To link these results
mechanistically, I found a systemic inflammatory state characterized by an increase in
circulating pro-inflammatory cytokines possibly due to the skewing of hematopoietic cell
populations due to pRb loss in HSCs (Chapter 5). Overall, the studies in this thesis
support a role for the pRb pathway in normal aortic valve function and a novel role in
obesity. Further investigation on tissue autonomous and non-autonomous effects of pRb
pathway alterations could identify pRb manipulation as a therapy for CAVD and obesity.
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Figure 1-6 Summary of processes occurring within calve during CAVD progression
Mechanical stress leads to endothelial damage, allowing infiltration of lipids,
inflammatory cells, and pro-inflammatory cytokines into the fibrosa. These drive VIC
differentiation into an active VIC (myofibroblast), secreting collagen, cytokines, as well
as matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases
(TIMPs), causing accumulation of disorganized fibrous tissue within the valve. This leads
to thickening and increased stiffness of the valve. Microcalcification begins early in the
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disease with acceleration of calcification in a proportion of patients because of the
differentiation of myofibroblasts into osteoblasts. Osteoblasts subsequently coordinate
calcification of the valve as part of a highly regulated process akin to skeletal bone
formation, with expression of many of the same mediators, such as Runx2, osteocalcin
(OC) and osteopontin (OP). The potential role for pRb in maintaining VIC quiescence
an/or differentiation into an osteoblast is highlighted.
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Chapter 2. MATERIALS AND METHODS
2.1. In Vivo
2.1.1. Animals
The flox19-Rb1 (Rb1fl/fl) mice(Casanovas et al. 2005) were maintained in a
C57BL/6 background. Rb1fl/fl females were bred to Tie2Cre males, purchased from
Jackson laboratories (B6.Cg-Tg(Tek-cre)1Ywa/J). Rb1fl/fl;Tie2-cre- and Rb1fl/+;Tie2-cre+
from the first cross were bred to generate Rb1fl/fl;Tie2-cre+ (pRb cKO) and Rb1fl/+Tie2cre+ (pRb het) mice for our experiments. The use of pRb het mice as controls is justified
given the lack of observed phenotype. In fact, haploinsufficency of pRb could lead us to
underestimate the phenotype seen in pRb cKO mice. Furthermore, expression of tissuespecific Cre transgene has been shown to cause defects independently of a loxP flanked
target; for example, a-MHC-Cre causes dilated cardiomyopathy and osterix-Cre causes
craniofacial defects (Buerger et al. 2006; Wang et al. 2014).
To determine genotype, genomic DNA was isolated from tails and amplified by
PCR using the following primers: Rb1: 5’-GGC GTG TGC CAT CAA TG-3’ (forward
primer) and 5’-AAC TCA AGG GAG ACC TG-3’ (reverse primer); Cre: 5’-GTG AAA
CAG CAT TGC TGT CAC TT-3’ (forward primer) and 5’-GTG AAA CAG CAT TGC
TGT CAC TT-3’ (reverse primer). As the aortic valve leaflets are too small and limited to
be used for genotypic confirmation of Rb1 excision, gDNA from spleen was used to
verify excision. For further verification of Tie2Cre activity, the Ai9 reporter mouse was
to Tie2Cre mice. Ai9 mice have a targeted mutant of the Gt(ROSA)26Sor locus with a
loxP-flanked STOP cassette preventing transcription of CAG promoter-driven red
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fluorescent protein variant (tdTomato). Tissues from 2-4 month old Ai9;Tie2Cre mice
were used for histological evaluation of recombination based on tdTomato fluorescence.
In parallel to this pRb loss model, a whole-body CDK6K43M mutant strain on a
C57BL/6 background obtained from the laboratory of Miaofen Hu. The K43M point
mutation in exon1 generates a kinase dead CDK6, creating a constitutively active
(hypophosphorylated) pRb model (Hu et al. 2011).
Mice were aged up to 12 months, though some were sacrificed as early as 9 months
due to declining health. All mice received water and standard chow (aka normal diet –
ND) ad libitum until 2 months of age, after which approximately half they mice were
aged on Western diet chow (Harlan Teklad, Td.88137; aka high fat diet – HFD). Weight
was measured monthly from 2 months of age.
For measurements of food intake, mice were singly housed. Food intake was
measured by subtracting uneaten food from the initially premeasured food following 72
hrs. Animals were maintained in accordance with a protocol approved by the Tufts
University Institutional Animal Care and Use Committee.
2.1.2. Echocardiography
In vivo valve structure and function were evaluated at 2 and up to 12 months of age
for all animals, and a subset at 6 months, using an ultra-high frequency, high-resolution
ultrasound (Vevo® 2100; VisualSonics, Inc., Toronto, ON, Canada). The chests of the
mice were treated with a chemical hair remover to reduce ultrasound attenuation. Mice
were anaesthetized with 1—2% isofluorane inhalation, and placed on a heated platform
to maintain temperature during the analysis. Two-dimensional imaging was recorded
with a 40 MHz transducer to capture long-axis projections with guided B-Mode and color
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and pulsed-wave Doppler. Doppler interrogation was performed on the aortic valve
outflow in the parasternal long-axis view to assess stenosis and regurgitation using a
sample volume toggle to optimize the angle of interrogation. A modified right parasternal
long-axis view was required in some cases to ensure ascertainment of the maximum
velocity. Color flow Doppler echocardiography, in which flow movement toward the
transducer is shown in red and that away from the transducer is shown in blue, was
applied at sampling points indicated in the 2-dimensional images from a long-axis view.
Aortic regurgitation was defined as valve incompetence with reversal of flow in diastole.
ImageJ was used to calculate aortic root diameter in diastole from B-mode stills, with 3
cycles averaged per animal. M-Mode with a short-axis view was used to measure left
ventricular wall thickness and volume, which were then used to calculate ejection
fraction and fractional shortening to determine ventricular function.
2.1.3. Blood Pressure Measurement
Blood pressure was measured in normal diet fed mice aged 10-12 months by tail
cuff plethysmography using the Kenda Coda System. Mice were acclimated and trained
for 2-3 days by 20 tail cuff inflations. For the following 2 days, blood pressure
measurements were recorded and averaged for each mouse. At least 3 mice from each sex
and genotype were used for this analysis.
2.1.4. Histology
Major organs and adipose tissues were weighed then either snap-frozen in liquid
nitrogen or fixed in 10% neutral buffered formalin and stored appropriately until further
processing. Fixed hearts, livers, spleens, and tibias were submitted to the Jackson
Laboratories Histology lab for processing, paraffin embedding, and sectioning. The
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tissues were processed overnight on a Sakura tissue-tek VIP tissue processor. Blocks
were grossly trimmed for correct orientation and embedded in paraffin. Epididymal white
adipose tissue (WAT) and Ai9;Tie2Cre hearts and WAT were embedded in optimal
cutting temperature (OCT) medium. Heart blocks were faced to appropriate area (3
leaflets present) using 4x objective on microscope. 5um thick sections were taken of area,
with 3-4 sections per slide. H&E stained slides were stained on Leica Autostainer XL and
the Pentachromes were done using American Mastertech "Russel-Movat" Pentachrome
kit.
2.1.5. Immunohistochemistry
Sections were deparaffinized and rehydrated in graded ethanol washes. After
blocking in 5% normal goat serum or BSA, sections were incubated overnight at 4°C
with the following antibodies: anti-α-SMA (Abcam ab5694, 1:1000), anti-CD31 (Santa
Cruz sc-1506-R, 1:500 or BD Pharmingen 550274; 1:200), anti-phospho-histone H3 (Cell
Signaling #9701, 1:100), Alex Fluor-conjugated anti-rabbit or anti-rat secondary
antibodies were used to detect anti-pHH3 and anti-CD31. Slides were mounted in
Vectashield mounting media with DAPI (Vectorlabs H-1200) and visualized with
fluorescence microscopy. HRP-conjugated anti-rabbit secondary antibodies were used to
detect rabbit anti-α-SMA and rabbit anti-CD31 with subsequent DAB-based colorimetric
detection. TUNEL staining was performed using the ApopTag Fluorescein In Situ
Apoptosis Detection Kit (EMD Millipore S7111), per manufacturer’s instructions.
Stained sections were imaged on a Nikon 800E epifluorescent microscope with a Spot
RT2 digital camera. Image analysis and quantification were performed in CellProfiler
with a custom semi-automated algorithm.
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2.1.6. AFM
Using atomic force microscopy (AFM), valve tissue stiffness was collected using a
Veeco Dimension 3100 AFM with Novascan borosilicate glass particle probes. The probe
tips (10 µm diameter bead) have a rated spring constant value of 0.6 N/m and the
!
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was used to calculate the Young’s modulus, E.

The Poisson’s ratio (ν) is set to 0.5 by assuming the tissue is incompressible, R is the
radius of the probe’s tip (10 µm), and the force, F, and the indentation depth, δ, are AFM
measurements. The Young’s Modulus was calculated using a MATLAB code for each
indent curve over an entire 2D force volume.
2.1.7. TPEF Imaging of Calcification
Images were taken on a Leica TCS SP2 (Wetzlar, Germany) confocal microscope
equipped with a Ti:sapphire laser (Spectra Physics, Mountain View, CA). Multi-photon
images and spectral data were taken using a dry Leica 20x/0.7 NA objective. Samples
were imaged using 3 detector channels in a non-descanned configuration with a
Ti:sapphire laser at an excitation wavelength of 800 nm. The system was used to collect
images using three filters, 400 nm ± 10 nm (ET400/20X), 460 ± 20 nm (HQ460/40m-2p),
and 525 ± 25 nm (ET525/50M-2P). A ratio of the 525 nm channel to the 460 nm channel
intensity was calculated on a pixel-by-pixel basis using custom MATLAB code to reduce
the influence of autofluorescence from collagen and to isolate the signal from
mineralization. Three biological replicates were used in each sample group with 2
separate imaging zones to analyze for TPEF intensity. The filter choice was based off of
previous experiments showing a red shift in the spectra with increased calcification in the
tissue and the results of non-negative matrix factorization performed through an
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alternating least squares algorithm indicating that a two component model would
sufficiently describe the full tissue spectrum. Collagen was identified as one component
with a spectrum centered at 480 nm and mineralization was found to be the second
component with a spectrum centered at 540 nm.
2.1.8. Second Harmonic Generation
Second harmonic generation signal from collagen fibers was collected using the
same Leica TCS SP2 microscope, dry Leica 20x/0.7 NA objective, and 400 nm ± 10 nm
(ET400/20X) filter. At least 2, 3D volumes of valve leaflet were analyzed for each
sample valve (n=3 for both pRb het and cKO valves). Fiber orientation and variance was
determined using a custom MATLAB code calculating the fiber orientation based on the
power spectral density created by taken the FFT of each image.
2.1.9. Proteomics
Individual aortic valve leaflets were excised from flash frozen hearts; the three
aortic leaflets from a single animal were pooled to generate one sample, 3 samples per
genotype were analyzed. Valve leaflets were urea digested at 4°C. Sample protein was
lyophilized before collection through an acetone precipitation and frozen. Frozen samples
were sent to Beth Israel Deaconess Medical Center Mass Spectroscopy Core Facility for
liquid chromatography–tandem mass spectroscopy (LC-MS/MS) analysis. Resulting
spectrum counts were normalized by total spectral counts collected per sample. Proteins
were classified and sorted using the MatrixDB (Launay et al. 2015).
2.1.10. Serum collection and analysis
Blood was collected after an overnight fast by cardiac puncture immediately after
euthanasia. Serum was collected after clotting and centrifugation, the stored at -80C.
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Total cholesterol, free cholesterol, and triglycerides were measured at the Brigham and
Women’s Hospital Metabolic Core Facility (Boston, MA). Serum glucose was measured
by a OneTouch glucometer. Serum insulin was measured by ELISA (Crystal Chem
ultrasensitive mouse insulin ELISA). Cytokines were analyzed by a multiplexed ELISA
array (Aushon BioSystems, Inc; Mouse Cytokine 1 CiraPlex™ Array) on Cirascan™
immunoassay system (Aushon BioSystems, Inc.).
2.1.11. RNA isolation and Microarray and qRT-PCR
Gonadal WAT was collected from mice aged 10-12 months, flash frozen, and stored
at -80°C. RNA was extracted using Trizol protocol followed by cleanup on Qiagen
RNAeasy columns. Four pRb het and 4 pRb cKO samples (2 of each sex) were sent to the
Boston University Microarray Core (CTSA grant U54-TR001012) for analysis using the
Affymetrix GeneChip Mouse Gene 1.0 ST array. Validation of microarray hits was
performed by qRT-PCR using TaqMan assays on an Applied Biosystems 7900HT cycler.
Two additional samples of each genotype were used for this validation. RNA was
converted to cDNA using the Qiagen RT2 first-strand synthesis kit. For analysis of other
transcripts the adipose, SYBR Green mastermix (Applies Biosystems) was used with the
primers listed in Table 2-1:
Gene
Forward (5’-3’)
ATGGTGAAGGTCGG TGTGAACG
GAPDH
TTCTCCTCTAAGATCTCC
Rb1
ACTGCCACACCTCCAGTCATT
UCP1
ACATGGAGACTTTGTCCCTTTTG
MMP3
CTTCTTCTTGTTGAGCTGGACTC
MMP13
TAGTCCTTCCTACGCGAATTTCC
IL-6
AGTCCGCTGCAGACAGACTG
p16
GGCAGACCAGCCTGACAGAT
p21
Table 2-1: Mouse primer sequences for qRT-PCR

Reverse (5’-3’)
TGGTGAAGACGCCAGTAGACT
TGTAAAACAGGGCAAGGG
CTTTGCCTCACTCAGGATTGG
TTGGCTGAGTGGTAGAGTCCC
CTGTGGAGGTCACTGTAGACT
TTGGTCCTTAGCCACTGCTTC
CGGGAGAAGGTAGTGGGTC
TTCAGGGTTTTCTCTTGCAGAAG
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2.1.12. Microarray analysis
Affymetrix GeneChip Mouse Gene 1.0 ST CEL files were normalized to produce
gene-level expression values using the implementation of the Robust Multiarray Average
(RMA) in the affy package (version 1.36.1) included within the Bioconductor software
suite (version 2.11) and an Entrez Gene-specific probeset mapping (version 17.0.0) from
the Molecular and Behavioral Neuroscience Institute (Brainarray) at the University of
Michigan. Array quality was assessed by computing Relative Log Expression (RLE) and
Normalized Unscaled Standard Error (NUSE) using the affyPLM Bioconductor package
(version 1.34.0). Principal Component Analysis (PCA) was performed using the prcomp
R function with expression values that had been normalized across all samples to a mean
of zero and a standard deviation of one. Pairwise differential expression was assessed
using the moderated (empirical Bayesian) t test implemented in the limma package
(version 3.14.4) (i.e., creating simple linear models with lmFit, followed by empirical
Bayesian adjustment with eBayes). Correction for multiple hypothesis testing was
accomplished using the Benjamini-Hochberg false discovery rate (FDR). Human
homologs of mouse genes were identified using HomoloGene (version 68). All statistical
analyses were performed using the R environment for statistical computing (version
2.15.1).
2.1.13. SA-βgal staining
SA-βgal activity at pH6.0 was assayed as described (Itahana et al. 2007). Sections of
OCT-embedded tissues were washed with PBS, fixed briefly in 1% formalin, washed in
PBS, and then stained in X-gal solution [1 mg/mL X-gal, 0.12 mM K3 Fe(CN)6 , 0.12
mM K4 Fe(CN)6, 1mM MgCl2 in PBS at pH 6.0] overnight at 37°C. Sections were
counterstained with eosin, mounted, and analyzed by light microscopy.
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2.1.14. Flow cytometry
Flow cytometry was performed to analyze the immune profile present in pRb het and
cKO bone marrow and spleen. The data were acquired on a FACSCanto analyzer (Becton
Dickinson) and analyzed using FlowJo software. Bone marrow one marrow (BM) cells
were collected from femurs and tibias by flushing them with buffer (PBS with 2% FBS)
using a 25‐gauge needle. BM cells were disaggregated and passed through a 70‐µm cell
strainer. Spleen samples were harvested, physically disaggregated, filtered through a 70‐
µm cell strainer. Cells were briefly incubated in RBC lysis, washed, and stained with the
following monoclonal antibodies: FITC–conjugated anti-CD3, PE-conjugated antiCD45.2 (104), APC-Cy7–conjugated anti-Ly-6C (HK1.4), PerCP‐conjugated anti-B220.
All antibodies were purchased from BioLegend. Cells were surface stained by incubation
with the relevant antibodies diluted in PBS plus 2% FBS for 20 minutes at room
temperature, followed by 2 washes with PBS plus 2% FBS.

2.2. In Vitro
2.2.1. Isolation and culture of pAVICs
Hearts were obtained from approximately 6-month-old male and female pigs
immediately after death (Adams Farm, Athol, MA). Aortic valve leaflets were excised
and rinsed in sterile PBS. Leaflets were incubated for 20 minutes at 4°C in HBSS
containing 0.5% (vol/vol) of amphotericin B, 10,000 Units/mL penicillin, and 10 mg/mL
streptomycin. To remove endothelial cells, leaflets were pre-digested with collagenase
(300 units/mL) reconstituted in HBSS for 20 minutes at 37°C with shaking. Leaflets were
then vortexed to remove all endothelial cells. The valve leaflets were rinsed with PBS,
minced and further digested by collagenase reconstituted in HBSS (300 units/mL) for an
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additional three hours at 37°C with shaking. Enzymatic activity was quenched with fetal
bovine serum (FBS). Digested leaflets were vortexed gently and a cell suspension was
collected by removing undigested tissue pieces with a cell strainer. After centrifugation,
the cell pellet was resuspended in complete medium (consisting of Dulbecco’s modified
Eagle’s medium (DMEM) with 10% FBS, 10,000 Units/mL penicillin, and 10 mg/mL
streptomycin). Cells were seeded on 10cm2 tissue culture treated polystyrene (TCTP)
plates and incubated at 37°C, 5% CO2. Cells were passaged once they reached 80%
confluence. Passages 3-8 were used for subsequent experiments.
For calcification experiments, cells were seeded in 6-well TCTP plates at
500,000cells/well in either 2% FBS complete medium or in osteogenic medium
consisting of 2% FBS complete medium supplemented with 10mM β-glycerophosphate,
10mg/mL ascorbic acid and 10nM dexamathesone for the time indicated. Cells were
stained with 2% alizarin red stain (ARS) to visualize mineralization. Bright field images
were acquired and ARS areas were quantified in ImageJ using thresholding for unbiased
detection of positive staining.
2.2.2. Lentiviral production and transduction
Short hairpin RNA (shRNA) constructs were designed for the porcine sequence and
lentiviral plasmids were manufactured by Sigma Aldrich. Lentiviral production was
performed using human embryonic kidney cells HEK293T plated at 125,000 cells/cm2
on 10 cm2 plates and grown overnight at 37°C in DMEM supplemented with 10% FBS, 2
mM L-glutamine and penicillin/streptomycin (10,000 U/ml and 10,000µg/ml,
respectively). Transfection was performed using Lipofectamine 2000 (Invitrogen) with
VSV-G viral envelope plasmid (pCMV-G; 10µg), packaging construct (pCMV DR8.9;
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50µg) and pLKO.1-puro-shNT (50µg) or pLKO.1-puro-shRb1 (50µg) or pLKO.1-puroshRb3 (50µg). This DNA solution was then added drop wise onto HEK293T cells with
medium and then incubated overnight at 37°C. After 36hrs and 60hrs incubations, the
supernatants were collected and filtered through a 0.45µm low protein-binding filter.
Viral particles were concentrated by ultracentrifugation and resuspended in complete
media. For transduction, sub-confluent cells were incubated with lentiviral particles and
polybrene (4µg/ml) in complete medium. After 24hrs, transduction medium was
discarded and after 72hrs cells were selected by addition of puromycin (2µg/ml) for an
additional 72hrs.
2.2.3. Immunoblotting
Protein was isolated from pAVICs by lysis in ELB buffer. Proteins were run on a
denaturing SDS-PAGE gel and transferred onto nitrocellulose blotting membrane. After
blocking in 5% milk, membranes were incubated overnight at 4°C for pRb (mouse antipRb 4H1, Cell Signaling Technologies: 1:500 in 0.5% milk) and Actin (rabbit anti-Actin,
Santa Cruz: 1:1000 in 0.5% milk). After washing in TBS-tween, blots were incubated
with HRP-conjugated secondary antibodies for 1hr at room temperature, developed with
ECL Plus substrate (Pierce) and imaged on a Typhoon (GE Healthcare).
2.2.4. qRT-PCR
RNA was harvested from 6-well plates using Qiagen’s RNeasy kit, per
manufacturers protocol. RT2 First Strand Kit was used to generate cDNA for the RT2
Profiler PCR Array (Table 3-3). Supercript III First-Stand Synthesis kit (Invitrogen) was
used to generate cDNA for analysis of Rb1 knockdown levels (primers in Table 2-2).
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SYBR Green master mix (Qiagen or Applied Biosystems) was used for the qRT-PCR
reaction.
Table 2-2: Porcine primers for qRT-PCR
Gene
GAPDH
Rb1

Forward (5’-3’)

Reverse (5’-3’)

ATGGTGAAGGTCGGAGTGAACG
GAAGTGCTGAAGGAGGCAAC

TCGTGAAGACACCAGTGGACTC
TTTCTGCTTTTGCATTCGTG

2.2.5. pAVIC proliferation analysis
For cell growth analysis, pAVICs were plated in 6-well plates at 100,000cells/well
in complete media. Cells were harvested 1, 3, 4, 14, and 21 days after plating by
incubation with 0.25% Trypsin. Cells were then centrifuged and resuspended in complete
media. Cells were counted on a BioRad TC20 Automated Cell Counter.
Ki-67 staining was used as a second measure of cell proliferation. pAVICs were
plated onto glass cover slips in a 12-well plate at 100,000cells/well in complete media.
After 24 hrs, cells were fixed in 4% paraformaldehyde, rinsed with PBS, then incubated
in 0.3% Triton-X/ 3% BSA/ PBS for 1hr at room temperature. Cells were rinsed in PBS
then incubated overnight at 4°C with rabbit anti-KI-67 antibody (Novus Biologicals,
NB500-170; 1:100). After washes in PBS, cells were incubated with Alex Fluor488conjugated anti-rabbit secondary antibody for 1 hr at room temperature, then mounted in
VectaShield with DAPI. Fluorescent images (5 per slide) were captured and KI-67positive nuclei were counted in ImageJ.

2.3. Statistical analysis
Survival curves were compared using a Mantel-Cox test. Aortic regurgitation
incidence was evaluated with a two-tailed Fisher’s exact test. Microarray data was
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normalized using Robust Multiarray Average algorithm and gene expression comparisons
were made using a Benjamin-Hochberg FDR correction for a moderated t-test. Other
group comparisons were tested with a 2-way ANOVA and Sidak’s multiple comparison
tests in GraphPad Prism. Other metrics were tested with an unpaired, two tailed Student’s
T-test. Differences were considered significant at P-value <0.05.
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Chapter 3. LOSS OF PRB IN THE AORTIC VALVE LEAFLETS LEADS TO
REGURGITATION

3.1. Introduction:
Calcific aortic valve disease (CAVD) is characterized by progressive fibrosis and
calcification of the aortic valve leaflets resulting in a range of valve dysfunction from
mild thickening (sclerosis) to severe leaflet calcification causing restriction and/or
regurgitation of blood flow from the heart. Statistics from 2011 indicate that 48,000
patients were treated for aortic valve disease and 15,000 people died from this condition
(Roger et al. 2011). CAVD is more prevalent in older populations, and with the “graying”
of the developed world’s population, the burden of CAVD is expected to increase
(Aikawa & Schoen 2014). Currently, the only treatment for calcific valve stenosis is
surgical replacement (Freeman & Otto 2005). Lipid lowering therapy with statins has
been the only pharmacologic therapy tested so far, but has not proven to be efficacious
for preventing or slowing the progression of CAVD (Rajamannan et al. 2002; Chan et al.
2010; Rossebø et al. 2008; Novo et al. 2011). Thus, there is an important need to
determine the molecular mechanisms contributing to CAVD as a necessary step for
designing, developing, and testing effective medical therapies.
The fibrosa, spongiosa, and ventricularis layers of the aortic valve include valve
interstitial cells (VICs) derived from endothelial cells following endothelial-tomesenchymal transformation during embryonic development (Lincoln et al. 2004). The
aortic valve derives its structural integrity from VICs that produce an array of precisely
oriented structural matrix proteins that collectively form a leaflet capable of load bearing
during diastole that is also sufficiently flexible to impart negligible outflow resistance
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during systole (Taylor et al. 2003; Hammer et al. 2016). Though normally quiescent,
VICs that become activated differentiate into myofibroblasts expressing alpha smooth
muscle actin (α-SMA) (Rabkin-Aikawa et al. 2004; Otto et al. 1994). Activated VICs
proliferate and actively deposit and reorganize the extracellular matrix (ECM) in the
valve leaflets (Messier et al. 1994; Cloyd et al. 2012; Stephens et al. 2015; Rabkin et al.
2001). This process leads to collagen rearrangement in the fibrosa and proteoglycan
changes in the spongiosa layers (Krishnamurthy et al. 2011; Hinton 2006). Current
evidence supports a mechanism by which ECM disarray precedes development of
CAVD, particularly in the aorta-facing fibrosa where calcific nodule and bone formation
appear first (Rabkin-Aikawa et al. 2004; Aikawa & Schoen 2014; Yip & Simmons 2011).
CAVD and osteoblastogenesis have similar mineralization phenotypes and
transcription factor expression (Alfieri et al. 2010; Nalini M Rajamannan et al. 2003;
Wirrig & Yutzey 2014; Chakraborty et al. 2008). I chose to investigate the role of the
retinoblastoma (pRb)/Cyclin-dependent Kinase 6 (CDK6) pathway in CAVD because of
its critical role in bone formation and soft tissue calcification (Thomas et al. 2001;
Gutierrez et al. 2008; Lee et al. 2006; Calo et al. 2010; Sosa-García et al. 2010; Bullock
et al. 1977; Ogasawara et al. 2004). pRb regulates the differentiation of several
mesenchyme-derived tissues including cartilage, muscle, and bone (reviewed in (Calo et
al. 2010; Thomas et al. 2003)). pRb controls bone formation through its interaction with
Runx2, regulating expression of transcripts required for terminal differentiation of
osteoblasts (Thomas et al. 2001; Gutierrez et al. 2008; Lee et al. 2006). pRb is
phosphorylated and negatively regulated by CDK6 (Weinberg 1995), overexpression of
which inhibits osteoblast differentiation (Ogasawara et al. 2004).
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Given the mesenchymal nature of VICs and ultimate appearance of osteogenesis
in diseased human valves, I hypothesized that pRb is necessary to prevent VIC transition
from quiescence to activation and that the absence of pRb would contribute to aortic
valve dysfunction.
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3.2. Results:
3.2.1. Deletion of pRb in murine aortic valve leaflets results in aortic valve
regurgitation
Because whole-body Rb1 knockout mice die in utero (Jacks et al. 1992; Clarke et al.
1992), I utilized a conditional knockout strategy whereby mice with loxP-flanked exon
19 of Rb1 (Rb1fl/fl) were crossed with Tie2-cre mice to selectively delete pRb from the
aortic VICs, as well as other endothelial-derived tissues (Kisanuki et al. 2001; de Lange
et al. 2004) (Figure 3-1A). The tyrosine kinase receptor Tie2 is critical for embryonic
vasculature development, neoangiogensis in adult tissues in response to injury and
hormones, as well as in maintenance of vascular function through adulthood in concert
with its ligands angiopoietin -1 and -2 (Wong et al. 1997; Partanen & Dumont 1999;
Calvi et al. 2004; Gomei et al. 2010). Mice homozygous for Rb1fl/fl and heterozygous for
the Tie2-cre transgene are designated conditional pRb knockout (pRb cKO) mice while
littermate Rb1+/fl;Tie2-cre+ mice were used as heterozygous (pRb het) controls.
Genotype was confirmed by PCR with tail genomic DNA (gDNA), and Rb1
recombination was confirmed in spleen gDNA (Figure 3-1B). I sought to further verify
that Tie2-Cre was expressed in VICs of the aortic valve by crossing the Tie2-cre mouse
with mice carrying a red fluorescent reporter strain, Rosa26-TdTomato. Most of the cells
within the aortic valve leaflets of 2-month old double transgenic offspring were red,
consistent with the VICs being derived from the Tie2 lineage as previously reported in
the literature (de Lange et al. 2004) (Figure 3-1C). Interestingly, the most intense
fluorescence came from the aortic side of the leaflets. It is important to keep in mind that
this lineage tracing does not identify what effect loss of pRb will truly have on the
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contribution of Tie2+ cells to the leaflet. Though it is notoriously difficult to detect
protein levels of pRb in mouse tissues (learned through personal communication with
experts in the RB field), I performed immunohistochemistry (IHC) for pRb in 2-monthold AoV leaflets. While there was high background staining, likely due to the fact that the
secondary antibody is anti-mouse, I observed decreased nuclear staining exclusively in
the leaflets from pRb cKO mice consistent with conditional Rb1 knockout in VICs
(Figure 3-1C, D).
pRb cKO mice were viable and demonstrated a Mendelian ratio of offspring at
weaning (Table 3-1), suggesting that loss of pRb in the Tie2 lineage does not affect
mouse embryo and pup viability during development. Furthermore, histological analysis
of leaflets from 2-month-old pRb cKO and het mice did not reveal gross abnormalities
(Figure 3-2).
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Figure 3-1: Verification of Tie2Cre excision of Rb1.
A) Schematic of Rb1 WT allele with loxP-flanked exon 19 and recombination driven by
Cre. B) PCR detection of Rb1 in gDNA isolated from tail or spleen depicting absence of
WT Rb1 in cKO animals with complete excision in the spleen and retentions of the WT
allele in heterozygous animals. C) Verification of Tie2Cre activity using a Rosa26
TdTomato reporter strain: red fluorescence identifies cells that have undergone Cremediated recombination; blue is DAPI nuclei; green is tissue auto fluorescence,
pronounced in the aorta wall. D and E) IHC for pRb in aortic valve using the mouse antipRb clone 4H1 antibody. D) shows clear nuclear staining in RBfl/flTie2cre- sample,
compared with E) the absence of strong nuclear staining within the leaflets from
RBfl/flTie2cre+.
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Table 3-1: Offspring analysis of Rb1fl/fl;Tie2Cre- X Rb1+/fl;Tie2Cre+ litters
Genotype
Rb Het
Observed (n) 38.00
Expected (n) 42.25

Masson’s

B

Movat

Litter size
5.28±2.43

C

α-SMA

Rb cKO

Rb het

A

Rb cKO Tie2Cre- Chi2 p-value
45.00
86.00
0.857
42.25
84.50

Figure 3-2: Histological analysis of AoV from 2-month-old mice.
A) Masson’s Trichrome, B) Movat’s, and C) a-SMA IHC staining demonstrating the lack
of distinct alteration in leaflets of 2 month old mice without pRb. Scale bar is 50µm
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Figure 3-3: Tie2- driven loss of pRb causes aortic valve (AoV) regurgitation.
A) Incidence of AoV regurgitation (AR), as evaluated with Doppler by a blinded analyst
(Fischer’s exact test p=0.0027). The incidence of aortic valve regurgitation was similar in
male and female pRb cKO mice (P-value=0.55). B-C) Representative color Doppler
images during diastole (left panel); the aortic root location is outlined in white and the
forward direction of blood flow indicated by a red arrow, Doppler trace of AoV outflow
(middle panel) and from ventricular side of AoV (right panel). B) 2-month old pRb cKO
animal and C) aged pRb cKO (10-12 months of age) with regurgitation; regurgitant blood
flow across the aortic valve is indicated by the blue Doppler color flow signal in the left
ventricle during diastole.
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At two and six months there was no apparent aortic valve leaflet dysfunction in
pRb cKO and het animals by echocardiography (Figure 3-3a). Two-month-old cKO
males demonstrated increased peak velocity and gradient across the aortic valve
compared with control mice (Table 3-2) without valvular regurgitation. At 10-12 months
of age (hereafter referred to as “aged” mice), 5 of 11 living pRb cKO mice were found to
have aortic valve regurgitation (AR) identifiable by color flow Doppler (Figure 3-3A,C),
while AR was not observed in aged pRb het mice (Figure 3-3B, middle panel). The aortic
root diameters measured by B-mode echocardiography during systole in pRb cKO and
het animals were similar (Table 3-2), consistent with AR not being secondary to dilation
of the aortic root. pRb cKO hearts were significantly heavier than pRb het hearts,
consistent with mild left ventricular hypertrophy (Table 3-2).
Given that high fat diet induces vascular and aortic valve calcification in C57Bl6
mice (Drolet et al. 2006), I aged a subset of pRb het and cKO animals on high fat diet
(HFD) to promote aortic valve dysfunction. A significant difference in AR incidence
between normal diet (ND) and HFD aged pRb cKO mice was not found (ND=5 of 11
mice, HFD=9 of 14 mice; χ2 p-value=0.43). No other AoV dysfunction was observed in
pRb het or cKO HFD aged mice.
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2mo
Het
Female
1157
±65

Peak
gradient
(mmHg)
AoV Root
Diameter
(pixel)

Peak
velocity
(mm/s)

Male
1290
±72

cKO
Female
1240
±45

Male
1611
±211

aged
Het
Female
1205
±86

5.51
±0.61

6.83
±0.74

6.18
±0.45

10.92
±2.52

5.96
±0.83

8.64
±1.63

5.83
±0.36

8.99
±1.17

51.81
±0.75

52.96
±0.95

53.57
±0.86

55.29
±1.06

56.19
±1.64

58.69
±1.23

58.66
±2.52

61.27
±2.58

66.38
±5.39
36.25
±3.89
112.73
±7.06
78.05
±4.43
87.11
±3.5

60.28
±3.88
32.14
±2.73
134.83
±6.74
95.60
±3.19
119.2
±5.2

68.16
±7.74
38.62
±5.61
115.23
±4.81
80.96
±2.95
112.8
±10.8 *

59.38
±3.66
31.46
±2.43
122.21
±2.85
84.20
±3.54
147.3
±5.8 **

EF (%)
FS (%)
Systolic BP
Diastolic BP
Heart
Weight
(mg/mm)

Male
1426
±158

cKO
Female Male
1206 ±38 1482
±94

Table 3-2 Hemodynamic evaluation and aortic root diameter of young and aged
mice.
Hemodynamic measurements obtained from Vevo2100. EF = ejection fraction. FS =
fractional shortening. Blood pressure obtained from tail cuff measurements. Heart weight
normalized to tibia length. T-test: *P-value = 0.016, **P-value = 0.0036; sex-matched
cKO compared to Het.
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3.2.2. Loss of pRb causes ECM remodeling and VIC activation
I next analyzed AoV sections using histological stains to determine if morphological
changes are present in aged pRb cKO aortic valves. Valve leaflet and aortic root
calcification were not observed by Alizarin Red and Von Kossa staining (data not
shown). Masson’s Trichrome staining showed a more diffuse or weak collagen staining
pattern in pRb cKO valves with AR (Figure 3-4A). Additionally, Movat pentachrome
stain showed changes within the collagenous fibrosa layer of pRb cKO valve leaflets
(Figure 3-4B). In pRb cKO valves, from mice with or without aortic valve regurgitation,
intense α-SMA staining was observed throughout the leaflet compared with pRb het
leaflets (Figure 3-4C). By comparison, aortic valve leaflets from 2-month-old mice
showed a similar pattern of histological staining and α-SMA staining in pRb cKO and het
mice (Figure 3-2), suggesting that the changes in valve architecture at 10-12 months are
associated with aging.
I next examined endothelial integrity of the AoV leaflets by staining for CD31, an
endothelial cell marker (Figure 3-5). CD31 staining was contiguous on both sides of the
leaflet and the endothelium of the aorta. Images of a coronary vessel on the same section
as the leaflet served as a positive control, since endothelial staining in these structures
was much clearer. CD31 staining was not observed within the leaflet.
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Masson’s

B

Movat

C

α-SMA

Rb cKO –no AR

Rb cKO -AR

Rb het

A

Figure 3-4: Representative histology of aortic valve leaflets from aged mice reveals
changes in pRb cKO AoV.
A) Masson’s trichrome showing reduced collagen staining (blue) in leaflet from pRb
cKO mouse with aortic regurgitation (AR). B) Movat’s pentachrome showing more
diffuse collage staining (yellow) in fibrosa, but normal proteoglycan staining (blue) in
spongiosa in leaflet from pRb cKO with AR. C) IHC for a-SMA, demonstrating presence
of activated myofibroblasts throughout leaflets of pRb cKO mouse with and without AR.
n= 7 het, 3 cKO with AR, 4 cKO without AR Scale bar is 50µm.
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Rb cKO

Coronary

Leaflet

Rb het

Figure 3-5: Endothelial integrity is maintained in pRb cKO hearts
Representative CD31 IHC of aged hearts. Top panel shows staining of aortic leaflets and
continuity with aortic wall endothelium. Bottom panel demonstrates coronary vessel
staining from same section is in top panel, as an internal control that has stronger staining
than any leaflets.
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3.2.3. CDK6-mutant mice show normal valve function
In addition to the pRb loss-of-function model, mice that carry a point mutation in
the CDK6 kinase domain (K43M), which renders the kinase inactive, was used to as pRb
gain-of function model. CDK6-K43M can still bind D type cyclins, but cannot
phosphorylate the pRb protein (Hu et al. 2011). Homozygous CDK6-K43M mice showed
no significant incidence of aortic valve regurgitation with aging (Figure 3-6A).
Furthermore, histological staining did not reveal extracellular alterations (Figure 3-5B, C)
or α-SMA staining compared with control mice (Figure 3-6D). These observations
demonstrate that pRb loss, but not gain of function, is associated with aortic valve
dysfunction.
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50
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Figure 3-6: Aortic valve regurgitation and histology of a pRb gain-of-function
model: CDK6 kinase dead mutant mouse.
A) Incidence of AR in young and old CDK6 K43M mice, as determined by
echocardiography. B) Masson’s trichrome C) Movat’s pentachrome D) IHC for a-SMA,
demonstrating normal histology of 12-month-old CDK6 K43M valves. Scale bar is
50µm.
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3.2.4. pRb cKO aortic valve leaflets show similar proliferation and apoptosis
Given the well-established role for pRb in cell cycle regulation (Weinberg 1995), I
asked whether differences in proliferation and cell death were associated with the pRb
cKO aortic valve phenotype particularly because VIC proliferation and apoptosis have
been observed in diseased human valves with heterotrophic valve calcification (Wirrig et
al. 2011; Rabkin-Aikawa et al. 2004). Cellular proliferation, measured by phosphohistone H3 expression (pHH3; Figure 3-7A,B), and apoptosis, measured by TdTmediated dUTP-biotin nick end labeling (TUNEL; Figure 3-7A,C) were infrequently
observed in our samples and were not significantly different between genotypes
suggesting that pRb’s role in cell cycle regulation does not explain valve regurgitation in
the pRb cKO mice.
As pHH3 and TUNEL stain analyses only offer cell cycle status during a brief
window of time, I analyzed the number of cells present in the leaflets harvested from
aged mice. There was no significant difference in the number of DAPI-positive nuclei
within the valve leaflets (Figure 3-7D). Interestingly, when the number of DAPI-positive
nuclei were normalized to leaflet area, the density of cells within pRb cKO AoV leaflets
was significantly less than in controls (Figure 3-7E). These results support the finding
that activated pRb-deficient VICs contribute to extracellular matrix remodeling and valve
thickening.
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Figure 3-7: Aged pRb cKO AoV do not have increased proliferation or apoptosis
A) Representative staining for phospho histone H3 (pHH3; top panels, green) and
TUNEL (bottom panels, green). White arrow indicated positive nuclei. Nuclei are stained
blue with DAPI. B) Proliferation, shown as pHH3 expression, was not significantly
different between genotypes. C) Apoptosis, as measure by TUNEL staining, was not
significantly different between genotypes. D) Absolute number of nuclei per valve were
not significantly different, but cellular density (E), expressed as DAPI-positive nuclei per
pixel of aortic valve leaflet, was significantly lower in pRb cKO valves (P=0.0327).
Black data point indicate pRb cKO animals with AR. n=7 per genotype, mean+/-SEM
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3.2.5. Loss of pRb in VICs results in structural changes in the ECM of aortic valve
leaflets
I next used a proteomic analysis to determine whether differences in leaflet
extracellular matrix composition were present in pRb cKO aortic valves with AR
compared to controls pRb het aortic valve leaflets. By comparing the normalized number
of spectral counts collected for each sample, I compared the relative protein abundances
between samples. A Principle Component analysis demonstrated that the control pRb het
samples cluster closely together compared to pRb cKO samples that were more variable
(Figure 3-8A), suggesting diverse changes in the proteome of pRb cKO valves. Proteins
were sorted into their extracellular matrix classes (Figure 3-8B). Slight differences in the
relative abundances of extracellular matrix classes between the pRb het and cKO mouse
valves were measured; however, no particular class of proteins was significantly different
between the genotypes (Figure 3-8B). Though I was particularly interested in the
collagen class given results from histological staining, I did not see any significant
changes in specific collagen subtype levels (Figure 3-8C).
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Figure 3-8: Analysis of the aortic valve proteome.
Each AoV leaflet was excised and pooled from individual mice, and then trypsin digested
to obtain extracellular and intracellular peptides. Data represented as normalized peptide
spectral counts from LC/MS/MS analysis. A) PCA analysis of all normalized spectral
counts, demonstrating clustering of pRb het samples distinct from cKO samples. B) ECM
composition of aortic valve leaflets. C) Collagens present in aortic valve leaflets.
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3.2.6. pRb cKO valve leaflets show differences in leaflet collagen and stiffness
I next asked whether structural changes, in addition to compositional changes, were
found in the aortic valve leaflets of pRb cKO mice. Second harmonic generation (SHG)
analysis of the aortic root performed by the Black Laboratory (Tufts University
Engineering Department) demonstrated more variable collagen structural organization
than leaflets from pRb het mice (Figure 3-9A, B). Using atomic force microscopy (AFM)
the pRb cKO valves were found to have a higher Young’s Modulus than controls,
consistent with the valves being stiffer (pRb het valves 16.47 ± 4.5kPa versus cKO valves
23.79 ± 3.1kPa (p=0.0215); Figure 3-9C). Mineralization of valve leaflets assessed by
two-photon excitation fluorescence (TPEF) demonstrated increased valve leaflet microcalcification in experimental animals compared with controls (Figure 3-9D).
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Figure 3-9: pRb regulates collagen structures, stiffness, and mineralization of AoV
leaflets.
(A) Representative SHG images of mouse AoV. These images were used to calculate the
variance shown in (B) (P=0.00332). ). (C) Atomic force microscopy (AFM) was used to
determine the Young’s modulus of the AoV leaflets (n=4 pRb het and 6 pRb cKO;
P=0.0215). (D) Two Photon emission fluorescence (TPEF) spectra was used to calculate
mineralization in AoV leaflets, represented as a ratio of 525mm to 460mm absorption
(P=0.0355). Scale bar is 50 µm. Experiment and figure by Lauren Baugh.
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3.2.7. Knockdown of pRb in porcine AVICs.
To further study the mechanism(s) by which pRb loss in VICs promotes ECM
remodeling and regurgitation, I analyzed the well-accepted in vitro model of porcine
aortic valve interstitial cell (pAVIC) culture. I designed short hairpin RNA (shRNA)
targeting sequences for pig Rb1 based on commercially available constructs against
human and mouse Rb1. I aligned these to the pig reference sequence and changed the
base pairs that did not match, so that the sequence matched pig Rb1. These shRNA
sequences (shRb1 and shRb3), in addition to a non-targeting control (shNT), were cloned
into pLKO plasmids and packaged into replication-deficient lenti-viruses. Knockdown
was verified by qRT-PCR and western blot (Figure 3-10A, B). While a pRb knockdown
efficiency of >69% in pAVICs was repeatedly observed, incomplete knockdown and
haploinsufficiency must be considered in downstream analyses.
3.2.8. Proliferation of pRb deficient pAVICs
Given pRb’s role in proliferation, I first sought to characterize the proliferative
capacity of these cells as marked by Ki-67 staining. No difference in Ki-67 staining was
found between the pRb knockdown and control pAVICs by either measure of
proliferation (Figure 1-9). Previous studies from the Hinds lab using pRb-null osteoblasts
noted no difference in proliferation in vivo, by Ki-67 staining, compared to control cells,
but did find that in vitro deficient cells continue proliferating while normal cells reach a
maximum cell number and plateau (Gutierrez et al. 2008).
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Figure 3-10: pRb knockdown in pig AVICs and proliferation.
A) qRT-PCR for Rb1 transcript after 72hrs of infection and 72hrs of puromycin selection.
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3.2.9. Calcification of pRb-deficient pAVICs
Since loss of pRb in pre-osteoblasts promotes expression of osteogenic genes and
calcification while blocking terminal differentiation in vitro, I asked whether loss of pRb
would promote the same phenotype in pAVICs. These cells have been well studied and
known to undergo osteogenic differentiation as well as dystrophic calcification through
apoptotic/necrotic mechanisms when cultured in an osteogenic media (e.g.
supplementation with ascorbic acid, β-glycerophosphate, and dexamethasone) for several
days to weeks.
I cultured pAVICs in osteogenic media and tested the impact loss of pRb would
have on gene expression and mineralization. The expression of genes relevant to
calcification was analyzed after 3 weeks of differentiation (Table 3-3,Figure 3-11). Genes
identified in a preliminary genome-wide association study (GWAS) of BAV and CAVD
patients (unpublished data) were included in the qRT-PCR array. Bone marrow derived
stem cells (BMSCs), isolated from a single pig bone marrow aspirate and cultured in the
same manner as the pAVICs, were used as a control. pBMSC cultures exhibited strong
alizarin red and alkaline phosphatase staining by 2 weeks (data not shown), confirming
their differentiation into osteoblasts. Of note, the induction of alkaline phosphatase
expression was not confirmed by qRT-PCR, so is not included in further discussion.
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Table 3-3 Categories and genes examined by RT2 custom qRT-PCR array
Category
Bone program
AVIC
activation
Alternative
calcification
GWAS
housekeeping
other

Gene
BGLAP
(osteocalcin)
ACTA2
(αSMA)
MGP
(matrix-Gla
protein)
CDK7
ACTB
Rb1

SPP1
(osteopontin)

ENPP1
(pyro-phosphatase)
CDNNT2
(Cadherin-associated
protein)
HPRT1

ALPL
(alkaline
phosphatase)

Runx2

ANKH
(iPP transport
regulator)
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Figure 3-11: Gene expression of pAVICs after three weeks in culture.
Using the ΔΔCt method, Ct values were normalized by the geometric mean of two
housekeeping genes then compared to shNT in normal media. Porcine bone marrow
derived mesenchymal stem cells (BMSC) were differentiated by osteogenic media and
used as a positive control for osteogenic markers.
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bone

The expression data reveals several interesting findings. First, it confirms Rb1
knockdown in the pAVICs (Figure 3-11A). Unexpectedly, it also shows that Rb1
expression may be induced by osteogenic differentiation in pAVICs, which is echoed in
the BMSCs. pRb levels in this context have not been interrogated by the Hinds lab
previously, so this is a novel finding. Analysis of the bone program mirrors what has
been observed in pRb-deficient calvarial osteoblasts: Runx2 (Figure 3-11C) and
osteopontin (Figure 3-11D) expression is not altered by loss of pRb, but osteocalcin
(Figure 3-11E) expression is abrogated. Note that these observations are not statistically
significant, but rather show a trend.
I also see that osteogenic media induces α-SMA, but this induction is absent in pRbdeficient cells (Figure 3-11B) in contrast to what is seen in the mouse model. This
finding has interesting implications to the cellular origins of valve calcification: it is not
yet clear if AVIC activation to fibroblast-like phenotype is a necessary precursor to an
osteoblast-like phenotype or if they are independent processes.
Expression of CTNND2, an under-studied catenin family member, was also
analyzed due to its weak association with CAVD in a GWAS done by the Huggins lab.
Recently it has been shown that cadherin-11 is associated with CAVD. It is not known if
CTNND2 associates with Cad-11, but finding that this cadherin-associated protein is
potentially regulated by pRb could open new lines of investigation. The expression of
genes involved in ectopic calcification does not appear to be dependent on expression of
pRb.
Staining for calcification with alizarin red is shown in Figure 3-12. Calcification
was analyzed at one and three weeks of differentiation and quantified as the area stained
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with ARS or the number of ARS-positive nodules. The results from week one
demonstrate that our culture conditions induce calcification in cells grown in osteogenic
media; however, they also show there is no difference between pRb-competent and pRbdeficient cells by either quantification method. After three weeks in culture, even the
cells grown in normal media demonstrate mineralization by ARS. This phenomenon is
likely due to spontaneous contraction of the cell monolayer of super confluent pAVICs.
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Figure 3-12. Alizarin Red staining of pAVIC cultures.
pAVICs grown in culture with normal or osteogenic media for 1 or 3 weeks, and then
stained with alizarin red stain (ARS). Percent area stained (A) or nodule number (B) was
calculated with ImageJ.
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3.3. Summary of Findings
In this chapter I establish a novel mouse model of age-dependent aortic dysfunction
caused by pRb loss in the endothelial lineage. Dysfunction of the AoV is characterized by
regurgitation, concomitantly with VIC activation and ECM reorganization within the
leaflets. These molecular changes correspond to structural changes, namely increased
stiffness and presence of micro-calcification. To dissect the mechanisms behind the in
vivo findings, I performed in vitro experiments with pRb-deficient porcine AVICs. While
these studies did not demonstrate a definitive role of pRb in pAVIC response to
osteogenic agents within the culture system utilized, reduction of pRb in pAVICs did
tend toward alterations consistent with those seen in studies linking pRb function to
osteogenesis in murine models (Gutierrez et al. 2008). The results presented in this
chapter support further study of pRb and its cell autonomous role in AVIC
transdifferentiation, to either myofibroblast-like or osteoblast-like phenotypes.
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Chapter 4. ENDOTHELIAL PRB REGULATES ADIPOSITY IN MODEL OF DIETINDUCED OBESITY

4.1. Introduction
The role of the retinoblastoma protein in determining the differentiation of a variety
of mesenchymal lineages has been well studied (Calo et al. 2010; Gutierrez et al. 2008;
Hurford et al. 1997; Lees et al. 1993). In adipogenesis, pRb positively regulates terminal
adipocyte differentiation by interaction with the C/EBP transcription factors (P L Chen et
al. 1996). Loss of pRb in adipocytes shifts the balance from white to brown adipose
tissue with increased energy expenditure (Hansen et al. 2004; Dali-Youcef et al. 2007).
Whole body Rb1 haploinsufficiency in mice leads to improved metabolic function,
browning of white adipose, and reduced obesity (Mercader et al. 2009; Petrov et al.
2015). In humans, Rb1 expression and pRb activity (phosphorylation) in adipose is
inversely correlated with weight (Moreno-Navarrete et al. 2013).
Obesity is a complicated disease, with many cellular and signaling factors outside of
the adipose affecting adiposity and metabolic function. Recently, the vasculature has
emerged as an important contributor to adipose tissue function and weight gain (Rupnick
et al. 2002). Vascular endothelium dysfunction, in particular, has been implicated in
obesity and obesity-associated insulin resistance (de Jongh et al. 2004; Steinberg et al.
1996).
Leveraging the power of mouse genetics, several endothelial cell-specific knockouts
have identified surprising pathways affecting adipose tissue function and obesity
(Tawaramoto et al. 2011; Kanda et al. 2009; Kubota et al. 2011; Yokoyama et al. 2014). I
generated an endothelial knockout of the retinoblastoma protein for the purpose of
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studying aortic valve disease and to our surprise the pRb-cKO experimental animals
demonstrated resistance to weight gain in the setting of a high fat diet administered for
the purpose of inducing aortic valve disease. In this chapter, I describe findings that
implicate endothelial-specific pRb in a mouse model of diet-induced obesity.
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4.2. Results
4.2.1. pRb cKO mice are protected from diet-induced obesity
pRb het and pRb cKO mice, as described in Chapter 3 (Figure 3-1), fed a normal
diet (ND) were indistinguishable in terms of weight for up to 1 year; however, when a
high fat diet (HFD) was provided pRb het mice became visibly more obese than pRb
cKO mice to the unaided eye (Figure 4-1A). pRb cKO mice of both sexes fed a high fat
diet (HFD) over one year gained significantly less weight than their pRb het counterparts
(Figure 4-1B) despite eating a similar quantity of chow over 72hrs (het: 11.4g ± 1.64, n=4
vs. cKO: 11.87g ± 1.332, n=3). Their terminal weight (between 10 and 12 months of age)
was significantly different even when normalized to tibia length (Figure 4-1B). Female
pRb cKO mice fed a HFD were particularly resistant to weight gain, as their weight was
not significantly different from pRb cKO female mice on a ND (Figure 4-1B, C).
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Figure 4-1: pRb cKO mice are protected from diet-induced obesity.
A) Representative photograph of female littermates at 12 months. B) Monthly weights of
female and male mice between 2 and 12 months. C) Terminal body weight normalized to
tibia length of female and male mice.
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4.2.2. White adipose is reduced in pRb cKO mice and does not express UCP1, a
marker of browning
Gross necropsy revealed pRb cKO mice fed a HFD had reduced white adipose
tissue (WAT) compared with pRb het mice. Gonadal WAT was collected for histological
and gene expression analysis. While there was no apparent difference in WAT from
young animals (Figure 4-2A), pRb cKO mice aged 10-12 months exhibit smaller
adipocyte size relative to control mice (Figure 4-2B). This difference was exaggerated in
animals aged on HFD (Figure 4-2C). Rb1 expression in WAT was not significantly
different between cKO and control mice, suggesting that adipocytes, not endothelium,
contribute the majority of transcripts in WAT. Given the role of pRb in brown adipose
tissue (BAT) (Hansen et al. 2004), I measured the expression of uncoupling protein 1
(UCP1), a marker of BAT, to further confirm that pRb loss specifically effects the
endothelium. I did not detect substantial expression of UCP1 in pRb het or cKO WAT
(Figure 4-2E). Further, I confirmed the pattern of Tie2Cre recombination in WAT using a
TdTomato reporter mouse strain. Figure 4-2F confirms that expression of Tie2 is limited
to the capillaries on the surface of adipocytes, and not in the adipocytes themselves, as
demonstrated by co-localization with CD31 staining. These results demonstrate that pRb
loss restricted to endothelium in this model produces effects on adipocytes that are noncell autonomous.
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4.2.3. Liver steatosis and serum cholesterol is reduced in pRb cKO mice
Gross necropsy revealed differences in livers between genotypes on HFD. HFD fed
pRb het animals developed liver steatosis with a pale fatty appearance, while pRb cKO
livers appeared similar to those from mice fed a NC diet (Figure 4-3A). pRb het mice
aged on the HFD had significantly heavier livers compared to pRb het mice fed ND,
regardless of sex, while pRb cKO livers were not significantly different between the two
diet groups (Figure 4-3B). Histological analysis revealed significantly altered liver
morphology with large fatty deposits in control mice on HFD, while livers from pRb
cKO mice fed a HFD had smaller fatty deposits. Livers from cKO mice fed both ND and
HFD fed mice exhibited increased leukocyte infiltration (Figure 4-3D). Lipid extraction
and quantification confirmed a reduction in both cholesterol and triglycerides in the cKO
livers (Figure 4-3C).
To further characterize changes to metabolism in these mice, serum was analyzed
for lipid, glucose, and insulin levels. Total cholesterol was significantly reduced in HFD
fed pRb cKO mice compared to HFD fed het mice, regardless of sex (Figure 4-4A).
Serum triglyceride, glucose, and insulin levels were not significantly different between
genotypes. These serum qualities suggest that these mice did not develop diabetes
secondary to obesity; however, insulin and glucose tolerance tests are required to
definitively rule out insulin resistance.
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4.2.4. pRb cKO adipose tissue gene expression array
To gain further insight into the effects of endothelial pRb deficiency on adipose
tissue, I performed a microarray with RNA isolated from gonadal WAT of pRb het and
cKO animals aged on the HFD. Principle component analysis (Figure 4-5A)
demonstrated clustering of pRb het samples distinctly from pRb cKO samples consistent
with divergent gene transcript expression patterns. Female cKO animal gene expression
patterns clustered together, while male cKO were separate. All transcripts detected by the
microarray are represented in a volcano plot in Figure 4-5B, with the genes found to have
the most significantly different expression patterns highlighted. The most differentially
expressed genes were validated by individual qRT-PCR reactions in independent
samples: genes upregulated in pRb cKO samples include carbonic anhydrase 2 (CAR2),
angiotensinogen (AGT) and lactotransferrin (LTF); down regulated genes include Tumor
Protein P53 Inducible Nuclear Protein 2 (TP53INP2), Serpin Peptidase Inhibitor
(SERPINE1), and UDP Glycosyltransferase (UGT3a2). The 50 most upregulated and
downregulated genes, as determined by the false-discovery rate corrected q-value, are
listed in Table 4-1 and Table 4-2. Gene set enrichment was also performed to identify
groups of functionally related and concomitantly regulated genes. The 50 most significant
gene sets are listed in Table 4-3.
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Figure 4-5: Microarray of Gonadal WAT
A) Principle component analysis of microarray data. B) Volcano plot of microarray data
with validated significantly different transcripts highlighted. C) The most differentially
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Table 4-1: Top 50 genes upregulated in pRb cKO WAT, by FDR q
Symbol
Car2
Ltf
Agt
Fndc3a
Zfp943
Hemgn
Prlr
Gm14378
Snord16a
AI314976
Slc4a1
Ighg2c
Cd24a
Derl3
Npm1
Tmtc2
Atat1
Upf3b
Zfp62
Tmod1
Gypa
Gm15612
Zc3h6
Zfp644
Clk4
Ighv8612
Nt5e
Ly6d
Rab11fip2
Nadkd1
Nxf1
Mipol1
Smc3
Dhx36
Fam46c
Fzd3
Dnajb9
Pan2
Iqcb1
Grhl1
Srsf7
Nemf
Ncapd3
Reln
Cep70
A630089N07Rik
Zfp317
Zfp280d
Zmym6
Ppil4

fold2
FDR2q2
change (filtered)
carbonic*anhydrase*2
13.3 5.8E602
lactotransferrin
6.8 5.9E602
angiotensinogen*(serpin*peptidase*inhibitor,*clade*A,*member*8)
2.8 5.9E602
fibronectin*type*III*domain*containing*3A
1.7 1.9E601
zinc*finger*prtoein*943
1.6 2.3E601
hemogen
4.8 2.5E601
prolactin*receptor
2.4 2.5E601
predicted*gene*14378
2.2 2.5E601
small*nucleolar*RNA,*C/D*box*16A
2.2 2.6E601
expressed*sequence*AI314976
1.7 2.6E601
solute*carrier*family*4*(anion*exchanger),*member*1
9.9 2.7E601
immunoglobulin*heavy*constant*gamma*2C
9.7 2.7E601
CD24a*antigen
8.0 2.7E601
Der16like*domain*family,*member*3
6.4 2.7E601
nucleophosmin*1
1.6 2.7E601
transmembrane*and*tetratricopeptide*repeat*containing*2
2.0 2.9E601
alpha*tubulin*acetyltransferase*1
1.8 2.9E601
UPF3*regulator*of*nonsense*transcripts*homolog*B*(yeast)
1.5 2.9E601
zinc*finger*protein*62
1.7 3.1E601
tropomodulin*1
1.7 3.1E601
glycophorin*A
7.5 3.4E601
predicted*gene*15612
1.9 3.4E601
zinc*finger*CCCH*type*containing*6
1.8 3.4E601
zinc*finger*protein*644
1.4 3.5E601
CDC*like*kinase*4
1.4 3.5E601
immunoglobulin*heavy*variable*V8612
7.3 3.7E601
5'*nucleotidase,*ecto
4.1 3.7E601
lymphocyte*antigen*6*complex,*locus*D
2.9 3.7E601
RAB11*family*interacting*protein*2*(class*I)
1.8 3.7E601
NAD*kinase*domain*containing*1
1.8 3.7E601
nuclear*RNA*export*factor*1
1.6 3.7E601
mirror6image*polydactyly*gene*1*homolog*(human)
1.5 3.7E601
structural*maintenance*of*chromosomes*3
1.4 3.7E601
DEAH*(Asp6Glu6Ala6His)*box*polypeptide*36
1.4 3.7E601
family*with*sequence*similarity*46,*member*C
3.9 3.7E601
frizzled*homolog*3*(Drosophila)
2.0 3.7E601
DnaJ*(Hsp40)*homolog,*subfamily*B,*member*9
1.7 3.7E601
PAN2*polyA*specific*ribonuclease*subunit*homolog*(S.*cerevisiae)
1.3 3.8E601
IQ*calmodulin6binding*motif*containing*1
2.5 3.8E601
grainyhead6like*1*(Drosophila)
1.6 3.8E601
serine/arginine6rich*splicing*factor*7
1.5 3.8E601
nuclear*export*mediator*factor
1.4 3.8E601
non6SMC*condensin*II*complex,*subunit*D3
1.4 3.8E601
reelin
2.0 3.9E601
centrosomal*protein*70
2.0 3.9E601
RIKEN*cDNA*A630089N07*gene
1.7 3.9E601
zinc*finger*protein*317
1.6 3.9E601
zinc*finger*protein*280D
1.5 3.9E601
zinc*finger,*MYM6type*6
1.5 3.9E601
peptidylprolyl*isomerase*(cyclophilin)6like*4
1.5 3.9E601
Description

het
5.8
4.2
8.4
9
6.2
4.6
5.7
5.9
9
6.4
5.8
7.3
6.5
6.2
8.4
5.2
7.4
6.1
5.7
7.1
4.6
5
6
7.8
7.7
5.6
5.3
6.4
7.4
6.9
8
5.7
8
7.6
7.5
4.9
8.3
7.5
5.9
5.6
7.2
7.6
7.2
5.3
5.6
6.1
5.6
7.3
6.6
7.7

5.3
4.2
8.6
9.2
6
4.7
5.8
6.2
8.7
6.5
5.4
6.8
6.1
5.9
8.2
5.4
7.4
6.1
5.8
7.2
4
5
6.3
8.1
8
8.5
5
5.8
7.6
6.9
8.1
5.7
8.1
7.7
6.5
4.7
7.8
7.8
5.9
5.7
7
7.5
7.3
4.9
5.9
6.3
5.6
7.2
6.9
7.6

cKO
5.3
4.2
8.5
9.4
6
4.5
6.2
5.8
9.5
6.7
5.8
9.5
6.8
6.6
8.5
5.7
7.6
6
5.6
7
4.4
5.1
5.8
8
8
7.1
5.4
7.2
7.9
7.2
8.2
5.8
8.1
7.8
7.5
5.6
8.1
7.7
6.3
5.3
7.3
7.7
7.3
5.9
5.9
6.3
5.6
7.1
7
7.8

5.5
4.3
8.4
9.3
5.9
4.3
6.2
6.4
8.9
6.7
5.4
8.8
6.3
6.8
8.5
5.7
7.5
6.1
5.9
6.8
3.9
5.2
6.5
8.1
8
8.1
5.1
7.2
7.8
7.2
8.1
6
8.1
7.7
6.9
5
8
7.8
6.3
5.4
7.1
7.6
7.4
5
6.1
6.5
5.7
7.3
6.9
7.7

9.7
6
10
10
6.7
6.7
6.9
6.9
9.9
7.2
6.8
10
8.2
9
9
6.3
8.7
6.6
6.8
7.9
5.2
6.3
7
8.5
8.4
10
6.8
8
8.8
7.9
9.1
6.6
8.7
8.1
10
5.8
9
8.1
8.2
6.1
7.8
8.2
7.6
5.7
7.5
7.1
6.2
7.7
7.5
8.2

9
7.2
9.6
10
6.6
5.9
7.3
7.5
10
7.6
8.5
12
11
10
9.2
7
8.3
6.9
6.5
8
6.7
6.2
7.3
8.5
8.4
9
8.3
7.7
8.7
8.3
9
6.4
8.5
8.3
8.4
6.6
9.1
8.1
7.3
6.5
8
8.3
7.8
6.5
6.6
7.6
6.6
8.2
7.7
8.6
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8
6.9
9.8
10
6.7
6.1
7.2
7.4
10
7.2
9
12
8.2
7.7
9.2
6.4
8
6.6
6.2
7.6
6.9
5.6
6.7
8.4
8.4
10
6
8.3
8.2
7.5
8.6
6.1
8.4
8
8.1
5.8
8.4
8.1
6.8
6
7.5
7.8
7.8
6.4
6.6
7
5.9
7.7
7.3
8.1

9.6
7.6
10
9.9
6.8
7.7
7.7
7
11
7.3
9.9
12
9.4
8.6
8.9
6.4
8.2
6.5
6.5
7.5
8.3
5.6
7
8.6
8.3
12
6.8
8.9
8.2
7.7
8.5
6.3
8.5
8.2
9.1
6
8.7
8.1
7
6
7.5
8
7.8
6.5
6.7
6.7
6.2
7.6
7.2
8.1

Table 4-2: Top 50 downregulated genes in pRb cKO WAT, by FDR q
Symbol
Acta1
Ugt3a2
3110082D06Rik
Crtac1
Trp53inp2
Serpine1
Gm9696
1100001G20Rik
Krt79
Otop1
Lpgat1
1110059M19Rik
Gm5627
Slc5a7
Tfr2
Lgals3
Duoxa1
B430212C06Rik
Gabrr2
Tuba1a
Slc22a2
Trdn
Prkag3
Unc79
Grb14
Slc13a4
Dfna5
Lbp
Dcbld2
Olr1
Mettl7b
Tspan17
Zfyve28
Hr
Adra1d
Nln
Tatdn2
Zmat3
Fgf13
Rpsa
Oxtr
Syp
Vgll3
Pla2g2e
Tfpi2
Mtap1a
Gatsl3
Xkr4
Sipa1l1
Pde7a

fold2
FDR2q2
Description
change (filtered)
actin,)alpha)1,)skeletal)muscle
26.1 5.8E202
UDP)glycosyltransferases)3)family,)polypeptide)A2
23.3 5.8E202
RIKEN)cDNA)3110082D06)gene
25.0 5.9E202
cartilage)acidic)protein)1
23.1 5.9E202
transformation)related)protein)53)inducible)nuclear)protein)2
23.7 6.1E202
serine)(or)cysteine))peptidase)inhibitor,)clade)E,)member)1
212.0 7.2E202
arylacetamide)deacetylase2like)2)pseudogene
24.7 7.6E202
RIKEN)cDNA)1100001G20)gene
24.2 1.1E201
keratin)79
22.4 1.4E201
otopetrin)1
22.6 1.4E201
lysophosphatidylglycerol)acyltransferase)1
22.7 1.5E201
RIKEN)cDNA)1110059M19)gene
22.9 1.9E201
predicted)gene)5627
26.2 2.4E201
solute)carrier)family)5)(choline)transporter),)member)7
211.5 2.5E201
transferrin)receptor)2
26.6 2.5E201
lectin,)galactose)binding,)soluble)3
25.2 2.5E201
dual)oxidase)maturation)factor)1
24.0 2.5E201
RIKEN)cDNA)B430212C06)gene
23.9 2.5E201
gamma2aminobutyric)acid)(GABA))C)receptor,)subunit)rho)2
23.5 2.5E201
tubulin,)alpha)1A
23.0 2.5E201
solute)carrier)family)22)(organic)cation)transporter),)member)2
22.9 2.5E201
triadin
22.9 2.5E201
protein)kinase,)AMP2activated,)gamma)3)non2catatlytic)subunit
22.6 2.5E201
unc279)homolog)(C.)elegans)
22.5 2.5E201
growth)factor)receptor)bound)protein)14
22.3 2.5E201
solute)carrier)family)13)(sodium/sulfate)symporters),)member)4
22.3 2.5E201
deafness,)autosomal)dominant)5)(human)
22.1 2.5E201
lipopolysaccharide)binding)protein
23.4 2.5E201
discoidin,)CUB)and)LCCL)domain)containing)2
22.7 2.5E201
oxidized)low)density)lipoprotein)(lectin2like))receptor)1
23.8 2.6E201
methyltransferase)like)7B
23.0 2.6E201
tetraspanin)17
22.7 2.6E201
zinc)finger,)FYVE)domain)containing)28
22.6 2.6E201
hairless
22.6 2.6E201
adrenergic)receptor,)alpha)1d
22.3 2.6E201
neurolysin)(metallopeptidase)M3)family)
22.1 2.6E201
TatD)DNase)domain)containing)2
22.0 2.6E201
zinc)finger)matrin)type)3
21.7 2.6E201
fibroblast)growth)factor)13
25.0 2.6E201
ribosomal)protein)SA
21.7 2.6E201
oxytocin)receptor
24.9 2.6E201
synaptophysin
24.4 2.7E201
vestigial)like)3)(Drosophila)
24.3 2.7E201
phospholipase)A2,)group)IIE
23.3 2.7E201
tissue)factor)pathway)inhibitor)2
22.7 2.8E201
microtubule2associated)protein)1)A
22.6 2.8E201
GATS)protein2like)3
22.0 2.8E201
X)Kell)blood)group)precursor)related)family)member)4
22.1 2.8E201
signal2induced)proliferation2associated)1)like)1
21.9 2.9E201
phosphodiesterase)7A
21.8 2.9E201

het
10
5.9
7.4
7.9
11
11
6.7
8.2
6.9
6.8
11
7.4
8.7
8.9
8.3
11
8.1
6.8
7.3
9.9
6.3
6
6.9
6.3
7.3
7.9
6.8
11
8.8
6.3
5.6
9.3
7.1
7.6
7.6
8.9
7.8
6.9
7.8
5.8
11
8.5
9.9
7
7.4
7
7.4
6.4
9
8.9

9.4
5.8
7.3
7.9
11
11
5.9
8
6.6
6.5
10
7.1
8.6
8.8
8.1
12
7.6
6.3
6.7
9.7
6.1
6
6.9
6.2
7.2
7.7
6.6
11
8.8
5.7
6
9.2
6.9
7.8
7.3
8.7
8.1
6.9
7.6
6
10
8.2
9.8
6.9
7.5
7
7.5
6.2
9
8.9

cKO
9.3
5.5
6.7
7.8
11
10
6.1
7.5
6.6
6.5
11
7.3
7
7
6.4
9.8
7.2
6.2
5.9
11
5.6
5.4
6.2
5.3
6.5
7.2
7.1
11
8.1
4.8
6
8.8
6
6.9
6.9
8.5
7.5
7
8
6.3
9.7
7.1
8.5
8.1
6.7
6
7.1
6
8.6
9

9.7
6.2
7.6
8
11
10
6.3
8.3
6.3
6.2
11
7.5
8.2
8.3
8.3
11
8.1
6.6
6.7
9.7
6.6
6.2
7.1
6
6.8
8.1
6.6
11
8.5
6.2
6.7
9.1
6.5
7.5
7.2
8.7
7.5
6.9
8.1
5.9
11
8.1
10
7.7
7.3
6.7
7.9
6.6
9.2
9.4

6.5
4.1
4.5
5.8
8.8
5.9
3.5
5.4
5.1
5
8.6
5.2
6.2
4.2
4.6
8.1
4.8
3.4
4.5
7.9
4.1
3.8
5
4.6
5.8
6.4
5.3
8.3
6.6
3.7
3.9
6.8
5
5.5
5.9
7
6.4
6
3.9
5
6.8
4.8
7.6
5.1
5.2
4.9
6.2
4.7
7.7
7.8

6.7
4
5
6.3
8.9
7
3.6
5.8
5.4
4.9
9.1
5.5
5.4
6
4.9
8.9
6
4
4.9
8.5
4.8
4.2
5.6
4.7
6.1
6.4
5.4
10
6.8
3.6
4.6
7.5
5
6.2
5.7
7.7
6.7
5.9
5.5
5.3
9.1
5.6
7
5.6
5.7
5.3
6.4
5.2
8.1
8.3
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7.4
4.2
5.4
6.6
9.4
7.8
4.6
6.3
5.4
5.5
9.6
6.3
5.5
4.4
5.5
8.6
6.2
4.9
5.3
8.8
5
4.8
5.8
4.8
5.6
6.6
5.9
9.4
7.6
4.2
4.8
7.9
5.5
6.4
6.4
7.8
6.9
6.4
6.4
5.2
7.2
6.6
8.1
6.2
6.4
5.6
6.8
5.5
8.3
8.3

7.1
4.3
4.8
6.5
8.9
5.7
4.3
6.4
5.5
4.9
9
5.8
5.3
3.8
5.7
8.9
5.8
5.1
4.9
8.4
4.6
4.6
5.3
4.4
5.7
6.7
5.9
9.2
7.3
4.2
4.8
8.1
5.5
6.1
6.3
7.9
6.9
6.4
5.6
5.3
7.6
6.1
7.4
6
5.8
5.4
6.6
5.4
8
8.4

Table 4-3: top 50 hits from Gene Set Enrichment Analysis, by q-value
Group	
  

Reactome	
  pathway	
  
Reactome	
  pathway	
  
KEGG	
  pathway	
  
Reactome	
  pathway	
  
GO	
  Biological	
  Process	
  
Reactome	
  pathway	
  
Reactome	
  pathway	
  
Reactome	
  pathway	
  
Reactome	
  pathway	
  
Reactome	
  pathway	
  
Reactome	
  pathway	
  
Reactome	
  pathway	
  
GO	
  Biological	
  Process	
  
GO	
  Cellular	
  
Component	
  
KEGG	
  pathway	
  
GO	
  Molecular	
  
Function	
  
GO	
  Molecular	
  
Function	
  
GO	
  Biological	
  Process	
  
KEGG	
  pathway	
  
GO	
  Biological	
  Process	
  
GO	
  Biological	
  Process	
  
GO	
  Biological	
  Process	
  
GO	
  Biological	
  Process	
  
GO	
  Biological	
  Process	
  
Reactome	
  pathway	
  
GO	
  Biological	
  Process	
  
GO	
  Biological	
  Process	
  
Reactome	
  pathway	
  
KEGG	
  pathway	
  
TF	
  Motif	
  
Reactome	
  pathway	
  

Gene	
  Set	
  Name	
  

REACTOME_COLLAGEN_FORMATION	
  
REACTOME_EXTRACELLULAR_MATRIX_	
  
ORGANIZATION	
  
KEGG_OLFACTORY_TRANSDUCTION	
  
REACTOME_OLFACTORY_SIGNALING_	
  
PATHWAY	
  
RNA_PROCESSING	
  
REACTOME_MRNA_PROCESSING	
  
REACTOME_RNA_POL_II_TRANSCRIPTION	
  
REACTOME_TRANSPORT_OF_MATURE_	
  
TRANSCRIPT_TO_CYTOPLASM	
  
REACTOME_MRNA_SPLICING	
  
REACTOME_CLEAVAGE_OF_GROWING_	
  
TRANSCRIPT_IN_THE_TERMINATION_REGION	
  
REACTOME_PROCESSING_OF_CAPPED_INTRO
N_CONTAINING_PRE_MRNA	
  
REACTOME_MRNA_3_END_PROCESSING	
  
RESPONSE_TO_WOUNDING	
  
COLLAGEN	
  

Gene	
   Normalized	
   FDR	
  q	
  
Set	
   Enrichment	
   value	
  
Size	
   Score	
  (NES)	
  
56	
  
-‐2.63	
   0.0000	
  
82	
  
-‐2.56	
   0.0000	
  
257	
  
206	
  
155	
  
136	
  
92	
  
46	
  

-‐2.38	
   0.0000	
  
-‐2.38	
   0.0000	
  
2.55	
  
2.58	
  
2.66	
  
2.68	
  

0.0000	
  
0.0000	
  
0.0000	
  
0.0000	
  

91	
  
37	
  

2.81	
   0.0000	
  
2.83	
   0.0000	
  

117	
  

2.89	
   0.0000	
  

30	
  
172	
  
23	
  

3.07	
   0.0000	
  
-‐2.30	
   0.0004	
  
-‐2.27	
   0.0004	
  

22	
  

-‐2.24	
   0.0004	
  

50	
  

-‐2.28	
   0.0005	
  

RHODOPSIN_LIKE_RECEPTOR_ACTIVITY	
  

125	
  

-‐2.24	
   0.0005	
  

DEFENSE_RESPONSE	
  
KEGG_SPLICEOSOME	
  
RESPONSE_TO_EXTERNAL_STIMULUS	
  
SEXUAL_REPRODUCTION	
  
INFLAMMATORY_RESPONSE	
  
MRNA_PROCESSING_GO_0006397	
  
GAMETE_GENERATION	
  
REACTOME_CHONDROITIN_SULFATE_	
  
DERMATAN_SULFATE_METABOLISM	
  
MRNA_METABOLIC_PROCESS	
  
PROTEIN_RNA_COMPLEX_ASSEMBLY	
  
REACTOME_GPCR_LIGAND_BINDING	
  
KEGG_LEISHMANIA_INFECTION	
  
TMTCGCGANR_UNKNOWN	
  
REACTOME_CHONDROITIN_SULFATE_	
  

214	
  
104	
  
280	
  
115	
  
114	
  
66	
  
93	
  
47	
  

-‐2.25	
  
2.47	
  
-‐2.25	
  
2.49	
  
-‐2.19	
  
2.43	
  
2.41	
  
-‐2.19	
  

0.0005	
  
0.0005	
  
0.0005	
  
0.0006	
  
0.0006	
  
0.0006	
  
0.0006	
  
0.0006	
  

76	
  
55	
  
361	
  
60	
  
147	
  
19	
  

2.42	
  
2.39	
  
-‐2.20	
  
-‐2.19	
  
2.37	
  
-‐2.17	
  

0.0006	
  
0.0006	
  
0.0006	
  
0.0007	
  
0.0009	
  
0.0009	
  

KEGG_GLYCOSAMINOGLYCAN_BIOSYNTHESIS
_	
  CHONDROITIN_SULFATE	
  
PEPTIDE_RECEPTOR_ACTIVITY	
  

93

Reactome	
  pathway	
  
Reactome	
  pathway	
  
GO	
  Biological	
  Process	
  
Reactome	
  pathway	
  
BioCarta	
  pathway	
  
GO	
  Biological	
  Process	
  
KEGG	
  pathway	
  
TF	
  Motif	
  
KEGG	
  pathway	
  
Reactome	
  pathway	
  
GO	
  Cellular	
  
Component	
  
KEGG	
  pathway	
  
GO	
  Biological	
  Process	
  
KEGG	
  pathway	
  
Reactome	
  pathway	
  
GO	
  Biological	
  Process	
  
KEGG	
  pathway	
  
Reactome	
  pathway	
  
TF	
  Motif	
  
GO	
  Biological	
  Process	
  

BIOSYNTHESIS	
  
REACTOME_CHROMOSOME_MAINTENANCE	
  
REACTOME_CLASS_A1_RHODOPSIN_LIKE_	
  
RECEPTORS	
  
WOUND_HEALING	
  
REACTOME_PLATELET_ACTIVATION_	
  
SIGNALING_AND_AGGREGATION	
  
BIOCARTA_PAR1_PATHWAY	
  
G_PROTEIN_COUPLED_RECEPTOR_	
  PROTEIN_	
  
SIGNALING_PATHWAY	
  
KEGG_CYTOKINE_CYTOKINE_RECEPTOR_	
  
INTERACTION	
  
V$E2F1_Q3	
  
KEGG_PROTEIN_EXPORT	
  
REACTOME_G_ALPHA1213_SIGNALLING_	
  
EVENTS	
  
EXTRACELLULAR_MATRIX_PART	
  
KEGG_FOCAL_ADHESION	
  
SECOND_MESSENGER_MEDIATED_	
  
SIGNALING	
  
KEGG_ECM_RECEPTOR_INTERACTION	
  
REACTOME_PROCESSING_OF_CAPPED_	
  
INTRONLESS_PRE_MRNA	
  
RNA_EXPORT_FROM_NUCLEUS	
  
KEGG_CHEMOKINE_SIGNALING_PATHWAY	
  
REACTOME_DOUBLE_STRAND_BREAK_	
  
REPAIR	
  
RRCCGTTA_UNKNOWN	
  
RNA_SPLICING	
  

100	
  
267	
  

2.38	
   0.0009	
  
-‐2.13	
   0.0010	
  

50	
  
185	
  

-‐2.13	
   0.0010	
  
-‐2.15	
   0.0011	
  

35	
  
313	
  

-‐2.13	
   0.0011	
  
-‐2.14	
   0.0011	
  

212	
  

-‐2.15	
   0.0011	
  

228	
  
20	
  
71	
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4.2.5. Analysis of senescence in adipose tissue
Endothelial senescence has been associated with obesity, both in humans and
mouse models (Erusalimsky 2009; Wang et al. 2009). As pRb is a critical regulator of
cellular senescence (Thomas et al. 2003; Ben-Porath & Weinberg 2005; Talluri et al.
2010), I asked whether senescence could be abrogated in pRb cKO adipose. To address
this, I measured several markers of senescence within white adipose tissue from mice
aged on HFD. Expression of p16 and p21, induced regulators of senescence (Chen et al.
2006), were not different between genotypes (Figure 4-6A, B). Downstream senescence
associated markers IL-6, MMP3, and MMP13 transcript levels were also measured. Only
IL-6 was significantly upregulated; MMP3 and MMP13 were unchanged. Additionally, I
examined WAT for senescence-associated β-gal staining (SA-βgal). While positive
staining was seen in the skin of old C57Bl6 mice (Figure 4-6D), no staining was observed
in adipose or lung tissue from aged pRb het or cKO mice (Figure 4-6E). Only lung is
shown because of the highly vascularity of the tissue and ease of histological analysis.
Lack of SA-βgal staining and non-significantly different expression of senescence
markers in pRb cKO and het adipose suggests this process may not be contributing the
reduced adiposity observed in cKO mice.
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Figure 4-6: Analysis of senescence in WAT
A-C) qRT-PCR analysis of senescence associates transcripts, represented as arbitrary
units obtained from ΔCt calculations normalized with GAPDH: A) p16, B) p-21, C)IL-6,
D) MMP3, E) MMP13. P-value <0.05 by Student’s t-test. F, G) SA-β-gal staining on
frozen sections of F) C57Bl6 skin (arrows indicating positive staining) and G) pRb het
lung.
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4.3. Summary
In this chapter I characterize the novel and unexpected finding of resistance to dietinduced obesity in our endothelial pRb knockout model. This phenotype was particularly
strong in female mice, which gained only negligible weight. Adipose tissue and adipocyte
size was reduced in the cKO animals. Furthermore, their livers appeared healthier and
serum cholesterol was reduced. Microarray analysis was performed on the adipose tissue
of these mice in an attempt to identify gene(s) and/or pathway(s) altered by pRb loss.
Many genes and pathways were differentially expressed between genotypes, though none
could easily be identified as causal in the obesity phenotype. For a more targeted
approach to reveal a mechanism of obesity protection, I looked to cellular senescence.
Endothelial senescence has been shown to contribute to obesity, and pRb is a central
node in senescence signaling. Analysis of genetic markers and senescence-associated βgal staining did not yield evidence that senescence is a major player in obesity resistance
of the pRb cKO mice. Future studies examining isolated endothelial cells from this model
could provide more mechanistic insight to the cellular changes underlying the reduced
weight gain in pRb cKO mice.
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Chapter 5. A UNIFYING, SYSTEMIC MECHANISM FOR RB CKO
PHENOTYPES: CHRONIC INFLAMMATION
5.1. Introduction
Inflammation is a critical process for health, necessary for protection from infections
microbes and parasites, but when excessive may lead to damage to normal tissue.
Chronic inflammation is associated with many human diseases, including aortic valve
disease and obesity (Dandona et al. 2004; McGuire et al. 2011; Cote et al. 2013). In this
chapter I investigate whether pRb deletion in the Tie2Cre lineage causes imbalances in
immune cells and inflammation, which may contribute to the development of aortic valve
regurgitation and resistance to obesity described in the previous chapters.

5.2. Results
5.2.1. pRb cKO mice have a decreased life span
The initial experimental protocol designated sacrifice of mice at one year of age,
though more pRb cKO than het mice died spontaneously or were sacrificed for humane
reasons before that time (2 pRb het vs. 7 pRb cKO mice on ND). Overall, mice with
endothelial deletion of pRb demonstrated reduced survival compared with control mice
(Figure 5-1). The reason for premature death in pRb cKO mice is not currently known.
Heart failure was considered as a cause of death, but lung weights of cKO and het mice
were not significantly different (112.8mg/mm ± 6.467, (n=15) vs. 117.9 mg/mm ± 19.3
(n=11); P-value = 0.78)), arguing against this hypothesis.
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Figure 5-1: Survival of pRb het and cKO mice on normal or high fat diets.
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5.2.2. Deletion of pRb in the Tie2 lineage skews HSCs differentiation toward
myeloid lineage
Tie2-cre also drives recombination in hematopoietic stem cells (Tang et al. 2010),
and pRb-deficiency in hematopoietic cells can cause myeloproliferative disease,
extramedullary hematopoiesis, and reduced survival of ~8 months (Macleod 2008;
Walkley et al. 2007). I was initially alerted to a potential hematopoietic phenotype in pRb
cKO mice by the significantly enlarged spleen size seen upon necropsy of young (not
shown) and aged mice (Figure 5-2A,B). Bone marrow (BM) changes were also apparent,
in that intact tibias and femurs of cKO mice were paler and BM aspirates produced a
larger white cell pellet (not shown). I confirmed that Rb1 is recombined in cKO whole
bone marrow gDNA by PCR, as was previously shown for the spleen (Figure 5-2C).
Histological analysis of these tissues further supported an expansion of white cells, with
increased white pulp in the spleen (Figure 5-2D) and more BM cells in the distal end of
the tibia (Figure 5-2E) in cKO mice.
Given the disrupted morphology and increased white cell content of the BM and
spleen, an important site of extramedullary hematopoiesis, I asked whether cellular
changes in the HSC compartment might be driving changes in these tissues. To determine
the effect of pRb loss in Tie2 hematopoietic stem cells I used FACS to identify
differentiated lineages and their relative quantities in the BM and spleen. B220+ B-cells
were decreased in both the BM and spleen of pRb cKO mice. CD3+ T-cells were reduced
only in the spleens and low in the BM of both genotypes, which is expected given that Tcell precursors in the BM do not yet express differentiation markers. In contrast, Ly6C+
monocytes were increased in both the BM and spleen and in particular the cells were
predominantly Ly6Chi, a marker of activated monocytes (Yang et al. 2014). These results
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suggest that in the BM and peripheral organs, hematopoietic populations are skewed
toward the myeloid lineage.
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Figure 5-2: Splenomegaly and bone marrow expansion in pRb cKO mice.
A) Representative photo of spleens harvest from aged pRb het and cKO mice. B)
Normalized spleen weights, showing significantly splenomegaly in cKO mice. C)
Genotype of tail, spleen and BM samples, confirming excision of the Rb1fl allele in BM.
D) H&E staining of spleens from young and aged mice, showing increased white pulp in
cKO samples as well as loss of typical nodular tissue structure, as in het spleens. E) H&E
staining of the distal end of the tibia of aged mice, showing increased BM cells and
reduce adipocytes in cKO animals.
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Figure 5-3: pRb deletion skews HSC differentiation to myeloid lineage
FACS analysis of bone marrow (A) and spleen (B) from HFD pRb het and cKO mice.
Cells were gated on forward and side scatter, then CD45 labeling. Cell types were
determined by cell surface expression of B220 (B-cells), CD3 (T-cells) and Ly6C
(monocytes).
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5.2.3. Systemic inflammation in aged pRb cKO mice
Following the evidence for an increased and activated monocyte population in the
BM and peripheral immune organ of pRb cKO animals, I next asked if markers of
systemic inflammation were increased. To address this, I measured circulating cytokine
levels in the serum using an ELISA array assay. Most of the cytokines measured by the
array, with the exception of IL-6, were near or below the limit of detection for the assay.
Only those above the limit are reported in Figure 5-4. TNFα, IL-10, and IL-17 were
elevated in pRb cKO mice aged on normal diet, compared to controls (Figure 5-4A).
Interestingly, IL-17 was only elevated in cKO mice with aortic regurgitation (black
symbols). In high fat diet fed mice, TNFα, IL-10, and IL-6 were elevated in cKO mice
compared to control mice. In this context, IL-17 and IL-6 levels tended to correlate with
regurgitation. High fat diet generally increased cytokine levels, though not to a significant
degree compared to ND fed mice. In accordance with increased monocyte activation, pRb
cKO have higher levels of circulating pro-inflammatory cytokines.
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Figure 5-4 pRb cKO mice have higher levels of some circulating cytokines.
ELISA array was used to measure circulating cytokines in serum from aged A) normal
diet mice and B) high fat diet mice. Serum was isolated after overnight fast by cardiac
puncture. Black symbols indicate mice with aortic regurgitation. Average ± SEM. Pvalue from student t-test, corrected for multiple measures by Holm-Sidak method.
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5.3. Summary
This chapter describes the impact of pRb deletion on immune cells and the resulting
change in cytokine levels. Loss of pRb in the Tie2 lineage resulted in splenomegaly and
apparent increases in white pulp of the spleen and in the bone marrow. Accordingly,
increased monocytes are present in these organs, in agreement with another model of pRb
deletion in HSCs (Walkley et al. 2007). Furthermore, these monocytes are Ly6Chi,
suggesting they have an activated phenotype. In support of this conclusion, I also find
increased pro-inflammatory cytokines, TNFα, IL10, IL-17, and Il-6, in the circulation of
cKO mice. In sum, deletion of pRb by Tie2Cre results in hematopoietic alteration and
systemic inflammation.
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Chapter 6. DISCUSSION AND FUTURE DIRECTIONS
6.1. Discussion
6.1.1. pRb deletion in the endothelial cells causes age-dependent aortic valve
regurgitation.
In this report I demonstrate that pRb loss in the aortic valve is sufficient to cause
age-dependent aortic valve dysfunction. pRb cKO mice have normal valve function at 6
months, but develop a striking prevalence of aortic valve pathology and dysregulation
after 10-12 months of age (Figure 3-3). This model of age-dependent valve disease is
unique because several other animal models of aortic valve dysfunction have been
reported that demonstrate significant valve disease secondary to defective embryonic
valve development or were described in young mice (Thomas et al. 2012; Lyons et al.
1995; Ranger et al. 1998; Dor et al. 2001; Garg et al. 2005).
Though there is no obvious developmental phenotype in our young pRb cKO
mice, I did not fully characterize embryonic development of the valve to eliminate this
possibility. However, others have investigated this: Berman and colleagues examined the
effect of pRb deletion by Tie2Cre on e13.5 embryos (Berman et al. 2009). Specifically,
this study used a mixed C57Bl/6 x129/Sv background, and described no cardiac defects
or changes in proliferation or apoptosis of the endothelium or mesenchyme with pRb
loss. Additional germ-line deletion of the pRb homolog, p107, did cause increased
endothelial proliferation, double outlet right ventricle (DORV), and death in-utero,
suggesting that loss of multiple pocket proteins is required to produce developmental
defects in endothelial tissues. This finding supports the concept that regurgitation
subsequent to Tie2Cre-mediated loss of pRb is age-dependent, and thus models a key risk
factor in human aortic valve disease.
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Aged cKO mice have significantly heavier hearts, consistent with myocardial
hypertrophy in response to the increased stress created by AR. Surprisingly, the increased
heart weight is seen in animals without AR, and so we must examine causes other than
AR for this observation in the future. This hypertrophy is mild, given that measures of
left ventricular function were unchanged between genotypes. Importantly, I have found
no evidence in the literature for Tie2 expression in cardiomyocytes. Other studies using
Tie2Cre have found compromised cardiac function due to endothelial disruption; for
example, Fkbp1aflox/-:Tie2-cre mice have altered trabeculation similar to a whole-body
Fkbp1a KO, whereas a cardiomyocyte-specific KO does not have this cardiac phenotype
(Chen et al. 2013). Thus, while I do not observe reduced cardiac function, endothelial
loss of pRb may drive mild myocardial disruption even in the absence of aortic valve
dysfunction.
Other aortic valve regurgitation mouse models have been reported; however, in
contrast to pRb cKO mice, these models develop regurgitation in the presence of aortic
root dilation and prolapse of the valve leaflets, factors that were not strictly contingent on
age of the mice (Hajj et al. 2015; Hinton et al. 2010). Thus, our model recapitulates agedependent valve dysfunction due to leaflet abnormalities, similar to what is most
commonly observed in human disease.
6.1.2. Cell autonomous vs. non-cell autonomous roles for pRb in AoV regurgitation
Whole body deletion of pRb causes embryonic lethality with wide-spread
developmental defects, and for many years this was assumed to be an intrinsic, or
autonomous, effect in the embryo (Lipinski & Jacks 1999). Once it was shown that
expression of pRb in the placenta could carry an embryo to term, which died soon after,
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the question of non-cell autonomy arose (Wu et al. 2003). Decades of research supports a
role for pRb in cell fate, though it is not always clear if the requirement for pRb in a
particular cell type is cell autonomous or non-cell autonomous (Lipinski et al. 2001; Wu
et al. 2003; Macleod 2008). For example, work from the Hinds lab has explored this
distinction in bone development (Gutierrez et al. 2008). In vivo, targeted deletion of pRb
in osteoblasts by Col1a1-Cre causes a delay in embryonic bone formation. Conversely,
when pre-osteoblasts from these embryos are isolated and grown in vitro, they have a
greater propensity for osteogenic differentiation. This work demonstrated a cell
autonomous role for pRb in regulating osteogenesis, but that context-dependent and noncell autonomous factors have a strong influence in vivo.
The use of Tie2Cre as the driver for pRb deletion in this thesis was designed to
interrogate VIC-specific biology to better understand the molecular mechanisms
contributing to CAVD. However, I must also consider non-cell autonomous effects of
this transgenic system given that Tie2 is expressed on all endothelium and hematopoietic
stem cells (Kisanuki et al. 2001; Tang et al. 2010). The discussion surrounding the aortic
valve regurgitation observed in the pRb cKO mice will center around two broad
mechanisms: cell autonomous and non-cell autonomous contributions of pRb loss in the
Tie2 lineage.
6.1.3. VIC activation: cell autonomous contributions of pRb loss
The most striking molecular difference between pRb deficient and control valves
is the increased expression of α-SMA throughout the leaflets of pRb cKO valves (Figure
3-4C). Since VICs are a heterogeneous and not well-defined fibroblast-like population,
specific markers for cell state are not easy to find. α-SMA the most well accepted marker
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of active, myofibroblast-like VICs, and thus my observations demonstrate a strong
activation of VICs in the absence of pRb. Intriguingly, I observed α-SMA expression in
cKO valves without overt ECM remodeling or regurgitation; this suggests that VIC
activation precedes valve dysfunction in this model. This marker of activation is also
highly expressed in developing valves when massive growth and ECM remodeling is
happening in the tissue; therefore, it is also a marker of VIC differentiation (Aikawa et al.
2006). A prevailing hypothesis in the field is that pathogenesis of aortic valve disease
results from dysregulation of the regulatory pathways that control late valve development
(Wirrig et al. 2015b; Combs & Yutzey 2009a; Niessen & Karsan 2008; Alfieri et al.
2010). Reduced cellular density without changes in proliferation index within the AoV
leaflets of pRb cKO mice is reminiscent of the remodeling stage of aortic valve
development (Hinton 2006). This observation supports a role for pRb-dependent
regulation of VIC activation in response to stress: when pRb is lost, homeostasis turns
pathological because VICs cannot maintain a fully differentiated and inactive state.
One potential cellular mechanism for the loss of differentiation may be through
pRb’s control of chromatin (Gonzalo & Blasco 2005). Perhaps pRb loss in the VICs
alters their epigenetic signature, and downstream cell fate, to induce the phenotypes seen.
This aspect of VIC biology has not yet been explored. Additionally, pRb is a critical
cellular check-point to arrest cells after DNA damage, allowing time for a repair response
(Inoue et al. 2007). DNA damage caused by oxidative stress to VICs has been observed
in CAVD (Branchetti et al. 2013). Thus it is possible that the age-dependent phenotypes
described for pRb cKO valves may be due to accrual of cells with DNA damage
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Concurrent with VIC activation, substantial ECM differences in aged pRb cKO
valve leaflets were seen by histological analysis, including changes in the collagen fibers
of the fibrosa Figure 3-4A,B). Proteomic analysis of the AoV leaflets also revealed subtle
changes in different collagen types between pRb cKO and controls. Active, α-SMA
expressing VICs have been shown to express several mediators of matrix remodeling,
such as matrix metalloproteinases (MMPs) (Rabkin et al. 2001). Furthermore, MMPs are
seen in human and murine aortic valve disease (Hakuno et al. 2009; Aikawa et al. 2007;
Fondard et al. 2005). Evidence from the cancer field demonstrates that pRb negatively
regulates MMP activity (Yoshida et al. 2008; Johnson et al. 2012), suggesting a
mechanistic link between pRb loss/inactivation and ECM remodeling. MMP levels
should be determined in this model of AoV disease, as pRb loss could permit MMP
expression for VIC-driven ECM remodeling as seen in the pRb cKO AoV with AR.
The fibrosa of the aortic valve is normally composed of highly aligned and compact
collagen fibers, and thus very stiff and strong (Stella & Sacks 2007). A large body of
literature has shown that increased substrate stiffness is necessary for myofibroblast
(Guvendiren et al. 2014) and osteoblast differentiation (Engler et al. 2016; Huebsch et al.
2010) of mesenchymal precursors. More recent work has extended this concept to VICs,
mostly using in vitro systems (Quinlan & Billiar 2012; Yip et al. 2009; Yip & Simmons
2011). Interestingly, pRb phosphorylation is inhibited at physiologic tissue stiffness and
induced in pathological stiffness in vitro, suggesting that pathologic matrix remodeling
itself can regulate cell cycling and differentiation via the pRb pathway (Assoian &
Marcantonio 1996; Klein et al. 2009). Through collaboration with the Black lab in the
Tufts University Bioengineering department, we examined structural changes of the
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leaflets (Figure 3-9). Atomic force microscopy (AFM) has been used to establish in vivo
leaflet stiffness in other models of valve disease. (Sewell-Loftin et al. 2012). We found
that pRb deficient AoV leaflets are stiffer than controls using AFM. Furthermore, using a
second harmonic generation technique (SHG) we demonstrate that collagen fiber
variance is increased in pRb cKO valve leaflets, demonstrating that collagen
disorganization correlates with a change in a mechanical property known to functionally
contribute to aortic valve dysfunction.
While we did not observe overt calcification in pRb cKO valves, we detected
increased levels of micro-calcifications compared to controls using TPEF (Figure 3-9D).
Micro-calcification is a precursor to calcification in the context of atherosclerotic plaques
as well as in valves (Hutcheson et al. 2016; Ruiz et al. 2015). Mineralization of the aortic
valve is reported to start on the aortic side of leaflets (Otto et al. 1994), which is where
the greatest changes to collagen structures were seen by Masson’s Trichrome staining.
Collagen fiber disorganization from tight, parallel fibers has been shown to contribute to
aortic valve dysfunction and provide nucleation sites for calcification (Xiao et al. 2007;
Otto et al. 1994). Together these data suggest that the pathological remodeling observed
in pRb cKO valves may have led to frank calcific aortic valve disease if the mice were
aged further.
By looking at pRb knockdown in vitro I hoped to gain mechanistic insight to
osteoblast-like differentiation of VICs without the host of extrinsic factors likely to play a
role in vivo, thereby clarifying the cell autonomous affect of pRb loss. Porcine AVICs
cultured with osteogenic media did calcify and show moderate induction of osteogenic
genes; however, there was no difference between pRb-competent and pRb-deficient
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pAVICs. There are some technical considerations to be made when interpreting this in
vitro data, which could explain the absence of a significant difference. First, because pRb
was not completely knocked down in the pAVICs the remaining pRb may have been
sufficient. In fact, the in vivo control in my study is heterozygous and is normal,
supporting the argument that reduced pRb in this context is haplo-sufficient. Second,
VICs are exquisitely sensitive to their culture conditions, particularly stiffness. Simply
isolating and establishing primary cultures on tissue culture treated plastic plates could
potentiate activation of VICs. Therefore, knockdown of pRb could be “too little, too late”
to see a change in cell phenotype with this culture system.
There are also biological explanations for a non-significant impact of pRb loss of
pAVICs. First, the pAVICs used in this study come from young adult pigs
(approximately 6-months old). It is possible that depleting pRb in these mature cells is
not sufficient to change their differentiation. Second, it calls into question whether or not
the VIC phenotype observed in pRb cKO mice is cell autonomous; it is possible that
differentiation to a myofibroblast or osteoblast phenotype in vivo requires pRb loss in
other cells, such as VECs or circulating cells that may interact with VICs, or altered
microenvironment through circulating paracrine factors. Such non-cell autonomous
possibilities are explored below.
6.1.4. Non-cell autonomous contributions of pRb deletion to AR
6.1.4.1.

VECs of pRb cKO valves are not disrupted

The integrity of the valve endothelium is critical to the function of a healthy valve
(Hinton & Yutzey 2011). An interaction between VICs and VECs has been examined
through in vitro studies, demonstrating that VECs function to keep VICs in a more
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quiescent state (Butcher & Nerem 2006; Shapero et al. 2015). Since the VECs of cKO
mice are deficient in pRb, I examined if this disrupted the valve endothelium to
ultimately effect VIC activation. CD31 staining of aged valves did not reveal any
disruption to the endothelium monolayer due to pRb loss (Figure 3-5). Additionally, I did
not observe CD31 staining within the valve, suggesting that inappropriate endothelial cell
migration and neoangiogenesis is not occurring. It has been suggested that VECs are
plastic and can contribute to the VIC population in healthy and diseased valves by
undergoing EMT (Paranya et al. 2001; Bischoff & Aikawa 2011). Interestingly, in the
context of breast cancer cells, pRb depletion results in enhanced epithelial-to
mesenchymal transition (Arima et al. 2008). CD31 staining in this study is just a snapshot
in time and further examination of VECs in this model, either through comprehensive
lineage tracing or in vitro co-culture studies, would help to determine a contribution of
pRb-deficient VECs to the valve through EMT. Nevertheless, my results suggest that the
endothelium of pRb cKO valves is intact, arguing against an endothelium-specific
contribution to AR in these mice.
6.1.4.2.

Increased inflammation in pRb cKO mice may contribute to aortic

valve dysfunction
Chronic inflammation has been given much attention in the scientific community
and popular media. This over-activation of the immune system has been implicated in
everything from autoimmune disease to cancer, and the aortic valve is no exception (Cote
et al. 2013; Mathieu et al. 2015). Given that there are more activated monocytes
infiltrating into tissues such as the liver in the pRb cKO mice (Chapter 5, discussion
below), it is not surprising to see an increase in circulating cytokines TNFα, IL-10, IL-17,
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and IL-6, consistent with chronic systemic inflammation in these mice (Figure 5-4). As
described in the introduction, TNFα is pro-inflammatory and promotes the progression of
CAVD (Galeone et al. 2013). IL-1β is also implicated in this process, but it was not
readily detected in this study (Kaden et al. 2003). IL-10 is actually anti-inflammatory,
though it is concomitantly upregulated with pro-inflammatory cytokines, likely as a
compensatory mechanism, and secreted by a variety of immune cells (Saraiva & O’Garra
2010). The pro-inflammatory cytokine IL-17 is released from helper T-cells and
functions to recruit monocytes to infected tissues (Miossec et al. 2009). While IL-17 has
not been reported in association with CAVD, T-cell infiltration has been described in
early lesions (Olsson, Dalsgaard, et al. 1994; Mohler et al. 2001; Freeman & Otto 2005).
T-cell and monocyte infiltration was not observed in H&E staining of pRb cKO valves,
though use of cell-type specific antibodies for IHC-based identification is required to rule
out the direct contribution of these cells to the AoV. Nevertheless, increased circulating
cytokine levels support the role of inflammation in the early stages of aortic valve
dysfunction and as a valve-extrinsic factor in the AR seen in pRb cKO mice, potentially
synergizing with VICs to promote an active cell state.
6.1.4.3.

Hypercholesterolemia is not a factor in pRb cKO aortic regurgitation

The evidence presented in Chapter 3 establishes the pRb cKO mouse as a valuable
model for studying early-stage CAVD. This model is potentially beneficial in the testing
of pharmacological interventions that could be used in patients with sub-clinical aortic
valve dysfunction, particularly in the context of normocholesterolemia as these mice do
not exhibit increased circulating cholesterol even when aged on a high fat diet (Figure
4-4). Several models of hypercholesterolemia-induced valve dysfunction exist (Tanaka et
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al. 2005; Weiss et al. 2006; Drolet et al. 2006; Miller et al. 2009), but this model offers a
unique opportunity to study dysfunction that is not dependent on lipids. How endothelial
pRb loss affects cholesterol processing is still unclear, but a role for endothelium in
cholesterol transport has been established (Fielding et al. 1982; O’Connell et al. 2004;
Hassan et al. 2006).
Statin therapy was a front-runner in CAVD treatment because of the shared risk
factors with atherosclerosis and effectiveness in hypercholesterolemic mouse models of
CAVD (Osman et al. 2006; Ying et al. 2010; Sider et al. 2011). Clinical trials to test
statins excluded hypercholesterolemic patients, given that it would be unethical to
withhold treatment. These studies (SEAS, ASTRONOMER, SALTIRE) did not
demonstrate efficacy (Chan et al. 2010; Novo et al. 2011). With the pRb cKO model,
therapies and biomarkers can be explored for early disease that do not hinge solely on
lipid levels, but target underlying molecular changes in the valve.
6.1.5. pRb deficient endothelium reduces serum cholesterol and weight gain
At the outset of this project, half of the mice were given a high fat diet as a strategy
designed to stimulate the development of valvular dysfunction. It was surprising that the
HFD group did not have a significantly higher incidence of AR after 8 months on this
diet compared to the normal diet group. Ultimately, they were removed from the analysis
to simplify the data presentation in Chapter 3 of this thesis. Loss of pRb mediated by
Tie2-Cre did have a surprisingly protective effect against diet-induced obesity,
particularly in female mice. Serum lipid analysis revealed that pRb cKO mice were
actually hypocholesterolemic, in both diet groups. I hypothesized that a high cholesterol
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diet would enhance AoV dysfunction on the pRb cKO background, but because HFD did
not cause hypercholesterolemia in these mice such an effect could not be evaluated.
6.1.5.1.

Cellular mechanisms of fat reduction: adipocyte differentiation and

endothelial integrity
I considered possible mechanisms that may explain obesity resistance, including
whether Tie2-Cre mediated excision of Rb1 would impact adipocytes in a cellautonomous manner. Browning of white adipose tissue has been reported in studies of
pRb deletion in adipocytes (Dali-Youcef et al. 2007). Analysis of the expression of the
brown fat marker, UCP1, did not provide any evidence for white fat browing in pRb cKO
mice, nor did more broad examination by microarray. Furthermore, adipocyte-intrinsic
changes are unlikely because myself and others find no evidence that the Tie2-cre driver
is active in adipocytes (Berry & Rodeheffer 2013). In pRb cKO white adipose tissue
(WAT) there was no evidence of Rb1-deficiency at the transcript level.
pRb may also modulate diet-induced weight gain indirectly through its effects in the
endothelium. Tie2-Cre mediated knockout of p53, another tumor suppressor gene, also
prevents diet-induced obesity and metabolic dysfunction (Yokoyama et al. 2014). That
study determined that loss of endothelial p53 prevented vascular dysfunction in response
to high fat/high sucrose diet, such that glucose homeostasis and energy expenditure in
skeletal muscle was preserved, ultimately leading to protection from obesity. In this study
I did not find a change in serum glucose or insulin levels, suggesting that pathways in
glucose homeostasis are not affected in the pRb cKO model. However, a high sucrose
diet was not utilized in this study. Nevertheless, involvement of pRb in other paracrine
signaling from endothelial secretions could be explored further.
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The work by Yokayama et al. determined that HFD induced expression of p53 and
its translational target p21, a CDK inhibitor. Studies in human patients confirm that obese
subjects, compared to lean subjects, have increased endothelial p21 expression, which
results in hypophosphorylation of pRb ultimately leading to endothelial cell growth arrest
(Tobler et al. 2010). Similar to p53, pRb is a stress responder that can induce senescence
in the endothelium (Erusalimsky 2009). Furthermore, suppression of pRb in HUVECs
reduced p21-induced senescence (Chen et al. 2006).
I therefore examined if loss of pRb in the endothelium could be protective from
obesity by preventing stress-induced senescence of the endothelium stimulated by HFD. I
measured expression of p21 and p16, another CDK inhibitor implicated in senescence
(Chen et al. 2006). Neither of these was increased at the transcript level in total white
adipose tissue of pRb cKO mice, suggesting that signaling for senescence was not
activated. Additionally, I examined expression of MMP3/13 and IL-6, markers of the
senescence-associated secretory phenotype (SASP) (Coppé et al. 2010). Of these, only
IL-6 was differentially expressed and was actually increased. This increase was echoed in
the serum levels of IL-6 in HFD fed cKO mice (Chapter 5), and therefore may be a
marker of systemic inflammation, not senescence, in this context. Furthermore,
senescence-associated β-gal staining was not evident in adipose or lung of pRb cKO
animals. Neither was it present in pRb het mice, all together suggesting that senescence
of the endothelium may not impact the adipose tissue in this model.
Endothelial integrity could also be maintained by expansion of endothelial
progenitors. In obese subjects, endothelial progenitors are less able to proliferate and
differentiate into endothelial cells (Tobler et al. 2010). Perhaps in the absence of pRb,
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and therefore liberation of E2F, endothelial precursors would have a higher capacity to
proliferate and differentiate to replenish an endothelium disrupted by obesity.
Conversely, endothelial cell maintenance or expansion could be disrupted by pRb
loss. Though I did not see endothelial disruption in the aorta of pRb cKO mice, this has
not yet been directly examined in the microvasculature of other cKO tissues.
Furthermore, response to signals or permeability could be altered in pRb deficient
endothelium. Tissue expansion and neovascularization are closely linked and often
observed concomitantly, and this also true in adipose (Cao 2007; Cao 2013). Signals
from adipocytes can provide growth signals to the endothelium, such as FGF-2 and
VEGF (Lee et al. 2012; Sung et al. 2013). It is therefore possible that pRb deficient
endothelium could be less able to respond to these factors or have reduced potential to
participate in neovascularization, thereby inhibiting the expansion of fat tissue.
Some groups have demonstrated that adipocytes can originate from endothelial cells
(Tran et al. 2012; Gupta et al. 2012), but this is still controversial (Berry & Rodeheffer
2013). Others have shown that endothelial cells can transition to adipocytes following
endothelial-to-mesenchymal transition (Medici et al. 2010), which could be the result of
pRb inactivation (Arima et al. 2008). Finally, bone-marrow derived circulating progenitor
cells have been implicated as a source of adipocytes (Crossno et al. 2006). Loss of pRb in
circulating progenitor cells and endothelial cells could alter their capacity to differentiate
and potential cell fates to decrease their contribution to WAT.
6.1.5.2.

Obesity, inflammation and cachexia

Pro-inflammatory cytokines are observed and implicated in obesity (Xu et al. 2003;
Dandona et al. 2004). In our model, aging pRb cKO mice on HFD did not have an
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appreciable effect on cytokine levels compared to ND as discussed above, HFD-fed pRb
cKO animals have elevated circulating pro-inflammatory cytokines compared to pRb het
animals, despite a lack of obesity. Furthermore, GSEA analysis of microarray data
indicated that within the WAT of cKO mice the inflammatory response is decreased.
Thus, contrary to common observation in obese humans, in this model inflammation
inversely correlates with adiposity.
Systemic inflammation and weight loss have been linked together before, usually in
the context of cancer cachexia (Noguchi et al. 1996; Deans & Wigmore 2005). Cachexia
is a syndrome characterized by a loss of body mass due to increased metabolic
expenditure associated with an underlying illness (Evans et al. 2008). It is possible that at
the end of their healthy life pRb cKO mice become cachexic, as evidenced by their
reduced life span and increased circulating pro-inflammatory cytokines at sacrifice. This
could also be linked to a possible myeloproliferative disorder, as discussed below.
Thorough characterization of the metabolic requirements and circulating cytokines
throughout aging is needed to understand the interplay between inflammation, obesity,
and cachexia in the pRb cKO mice.
It is important to note that all cKO mice were subjectively healthy for at least 7
months, and a difference in weight gain was observed well before that time. Reduced
weight gain in cKO mice, therefore, cannot be simply attributed to reduced health. The
apparent health but increased inflammation in cKO mice appears to be at odds with each
other. For most of study duration, mice did not display signs of reduced health, such as
weakness, muscle atrophy, or loss of appetite. In fact, cKO mice ate just as much as their
het littermates at 6 months of age. Because these mice resist weight gain, as opposed to
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increased weight loss, it seems unlikely that a disease syndrome, like cachexia, is the
cause for this observation. For this reason, I favor the view that loss of pRb in the
endothelium is protective against obesity.
To determine other factors contributing to reduce adiposity in pRb cKO mice, I
studied gene expression changes in the epydidimal WAT by microarray. Interestingly
from a mechanistic perspective, lactotransferrin (Ltf) was significantly upregulated in
pRb cKO WAT. A recent paper found that dietary supplementation with Ltf suppressed
HFD-induced obesity in C57BL/6J mice (Sun et al. 2016). This was accompanied by a
reduction in serum cholesterol, liver steatosis, and pro-inflammatory cytokines, including
TNFα , associated with reduced gut inflammation. Ltf has been shown to stimulate cell
cycle arrest, in part through its regulation of pRb expression and hypophosphorylation via
augmented expression of p21 (Son et al. 2006), and is now considered a tumor suppressor
in its own right (Zhou et al. 2008). Whether pRb can impact Ltf expression has not been
previously studied but future studies could interrogate a regulatory relationship where
pRb might down-regulate Ltf.
It should be noted that microarray and qPCR data presented here is derived from
whole adipose tissue samples, and thus represents the sum of gene expression patterns in
multiple cell types in this tissue, including adipocytes and endothelial cells. Thus, while
robust gene expression changes in the bulk adipocyte population should arguably be
readily detectable, the non-significant reduction in Rb1 mRNA suggests that adipocyte
transcripts may be obscuring potentially significant transcriptional changes in the
endothelium. This might limit our detection of differentially regulated genes to those that
are simply overrepresented in obesity, and minimally expressed in an animal with healthy
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weight. Additional gene expression studies on adipose tissue that has been dissociated
and sorted for endothelium using markers such as CD31 and VE-Cadherin, or through the
use of TdTomato reporter mice would yield more precise information on endothelial
changes in response to loss of pRb.
In summary, pRb deletion in the endothelium prevents diet-induced obesity.
Several mechanisms, both endothelial cell autonomous and non cell autonomous, could
explain this finding, and further experimentation with this model could define a novel
therapeutic target specific to the endothelium for combating obesity.
6.1.6. pRb deletion by alters HSC cell fate
The angiopoietin (Ang)-Tie2 ligand-receptor system is critical for regulating
quiescence of endothelium and HSCs. Constitutive ligation of Ang-1 causes Tie2 autophosphorylation, which signals through the phosphatidylinositol 3-kinase/Akt pathway to
provide survival and quiescence signals to the Tie2-positive cell (Kontos et al. 2002;
Papapetropoulos et al. 2000). In the bone marrow, Ang-1 is provided by the osteoblasts
of the endosteal surface, termed the OB niche, to adhere to and maintain quiescence of
HSCs (Arai et al. 2004). It has become evident that Tie2-Ang-1 signaling is critical to the
long-term repopulating ability of adult HSCs (Puri & Bernstein 2003). In the vasculature,
pericytes and smooth muscle cells can provide Ang-1 (Armulik et al. 2005), maintaining
endothelial function and quiescence through Tie2.
Given that active pRb is critical to cell cycle exit, it may be that disrupting this
pathway in Tie2 lineages would abrogate quiescence in endothelium and HSCs. In
Chapter 5, I show that pRb cKO mice have increased monocytes in the BM and spleen.
Similar changes have been shown in inducible pRb knockout models in the HSC
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compartment (Walkley et al. 2007; Daria et al. 2008). Additionally, T-cell and B-cell
populations are reduced, suggesting a skewing of HSC differentiation toward the
monocyte lineage in the absence of pRb.
pRb deletion in the myeloid lineage alone using LysM-Cre does not result in
myeloproliferation or extramedullary hematopoiesis (Walkley et al. 2007). In the ApoEdeficient model, pRb deletion by LysM-Cre does not alter body weight, serum
cholesterol, or cytokine profiles, but does lead to more advanced atherosclerotic plaques
with increased proliferation of infiltrated macrophages (Boesten et al. 2006). These
findings in the literature suggest that pRb loss in the myeloid lineage alone would not
explain my observation in the cKO mice.
In this study I only looked at committed lineages expressing CD45, but it would be
interesting to determine if and how pRb loss affect cell fate decisions in lymphoid and
myeloid progenitors. It would also be critical to examine these cells in the peripheral
blood, to determine if a true myeloproliferative disorder was generated in Tie2-Cre pRb
knockout mice. Additionally, if loss of pRb would disturb the Ang1-Tie2 maintained
quiescence, what is the effect on long-term HSC survival? It is plausible that the BM
HSCs have reached exhaustion in aged pRb cKO mice and this contributes to the reduced
survival of these mice.

6.2. Conclusions and future directions
This thesis is comprised of the analysis of three seemingly separate phenotypes
caused by loss of pRb in the Tie2+ cell lineage. In Chapter 3, I demonstrate that loss of
pRb in the precursor endothelium that eventually differentiates into VICs causes VIC
activation and valve dysfunction that is dependent on age. Some limitations to this model
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exist. While I provide evidence for a cell autonomous effect of pRb loss in VICs, because
the Tie2Cre driver causes recombination in cells other than VICs I cannot exclude the
possibility that this phenotype is non-cell autonomous and is influenced by the loss of
Rb1 in the VECs or outside of the AoV (Egan et al. 2011; Tanaka et al. 2005; Tang et al.
2010). Alternative Cre drivers that target pRb deletion more specifically to the aortic
valve vs. endothelium vs. HSCs may better establish the contributions of Rb1 loss in
VICs to aortic valve disease. Additional support for a model of pRb-deficient VIC-driven
pathology could be achieved by employing other Cre drivers, such as Periostin (Fang et
al. 2014), nfatc1 (Wu et al. 2003), or osterix (Alexopoulos et al. 2010), which are
expressed in VICs at different developmental time points. These drivers also impact nonVIC cell types, but observation of similar AoV phenotypes in each model would support
a shared, VIC-dependent mechanism. Conversely, use of an endothelium-specific driver
such as VE-Cadherin could clarify the importance of pRb-deficient endothelium, both for
the valve as well as protection from obesity, as described in Chapter 4.
The initial aim of this work was to determine a role of pRb in the calcification of the
aortic valve. I saw no evidence for overt, macroscopic leaflet calcification in the study as
executed, though micro calcification was observed using TPEF analysis. It would be
informative to test how pRb loss-of-function or gain-of-function, via the kinase-dead
CDK6 K43M mutant, could alter calcification in a mouse model that does exhibit
calcification of the valve leaflets, such as the ApoE knockout. It would be necessary to
determine how the two genes contribute to cholesterol levels in a double-mutant mouse,
perhaps balancing each other to produce a mouse that has AoV dysfunction but normal
cholesterol levels.
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The contribution of circulating cells should also be studied, as they could impact
the valve phenotype as well as the obesity-resistant phenotype. I suggested a potential
role for pRb-deficient circulating endothelial precursors in valve dysfunction as well as
protection from obesity and propose to test this in the future. First, it would be critical to
determine if this circulating precursor population exists and is different in the pRb cKO
mouse, possibly by FACS analysis of peripheral blood for co-expression of progenitor
(CD34) and endothelial (CD31) markers. Next, their contribution to tissues would have to
be evaluated. This may be best achieved by employing a modified transgenic scheme,
where pRb cKO mice would contain another transgene, like ROSA26-TdTomato from
the Ai9 mouse, to more easily trace pRb deficient Tie2-positive cells. This labeled
transgenic strain could also be used in adoptive transfer experiments to clarify where
these cells home to and what role they may play in those tissues. Further, identification
and isolation of TdTomato tagged cells within these tissues could allow for targeted
identification of transcript and protein changes that may provide insight toward a
mechanism for the phenotypes observed in the pRb cKO mice.
Metabolic analysis of cKO mice would be critical to understanding the resistance
to weight gain of these mice, as described in Chapter 4. This would require the use of
metabolic cages to carefully measure nutritional input, metabolic outcomes, and activity
level.
I have also demonstrated in Chapter 5 that hematopoiesis is altered in the Tie2
lineage by pRb deficiency. Similar results have been reported in the literature with the
inducible Mx-Cre and Vav-Cre drivers, but the use of the Tie2-cre driver is novel
(Walkley et al. 2008; Daria et al. 2008). Given that Tie2 plays such a critical role in
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maintaining long-term HSCs within the bone marrow, it would be interesting to
determine what effect pRb loss has in HSC self-renewal. Based on the role of pRb in
other differentiating cell types, I would hypothesize that pRb loss in HSCs would deplete
these cells by driving them to non-terminally differentiated states. This could be tested by
thorough characterization of cell surface markers of hematopoietic lineages in the BM
and periphery. Proliferation and commitment of HSCs could lead to HSC exhaustion with
age. Serial BM transplantation from pRb cKO mice and examination of HSC
reconstitution could be used to test this question.
In studying the effects of pRb loss in Tie2+ cells on hematopoiesis, I have shown
that the monocyte fraction increases in the BM of cKO mice and ascribe this change as
contributing to an increase in circulating pro-inflammatory cytokines. However, it must
be rigorously demonstrated that monocytes are the source of altered cytokine levels in
future studies. It is also critical to determine if the absolute number of monocytes has
increased, in the BM as well as in peripheral organs and the blood. Additionally, it would
be informative to test serum of young (2mo) and adult (6mo) mice to determine if this
level of inflammation is chronic or a function of age.
The study of the retinoblastoma pathway has been underway for nearly three
decades, but there continue to be new frontiers regarding its contribution to cell and
organismal biology. It is a complex mediator, with arms reaching nodes of nearly every
cellular process. Because many of the pathway components present drugable targets, the
ultimate goal of this work is to define a role for the pRb pathway in CAVD and identify
therapeutic potential therein. Incidentally, I uncovered a broader effect of pRb on
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endothelial cells and HSCs, which may also prove to be of therapeutic benefit in obesity
and myeloproliferative disorders in the future.
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