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ABSTRACT OF THE DISSERTATION
THERAPEUTIC APPROACHES TO ALTER MINERAL FORMATION AND GROWTH IN
VASCULAR CALCIFICATION
by
Amirala Bakhshiannik
Florida International University, 2022
Miami, Florida
Professor Joshua D. Hutcheson, Major Professor
Cardiovascular diseases represent the global leading cause of morbidity and mortality.
Cardiovascular calcification is the most significant predictor of cardiovascular events, but no
therapeutic options exist to prevent or treat mineral formation in the vasculature. The presence of
bone-likemineral increases cardiacworkrequiredto moveblood throughsystemic circulationand
can lead to mechanical stress in atherosclerotic plaques, promoting plaque rupture events that
cause heart attacks. Clinical trials correlated bisphosphonates (BiPs), common anti-osteoporosis
pharmaceuticals, with contradicting cardiovascular outcomes. Here, we demonstrated the
importance of treatment timing in BiP-induced mineral disruption or promotion. We showed that
BiPs can alter morphological features of calcifications within the atherosclerotic plaque of
hyperlipidemic mice, which may affect plaque rupture risk.
Osteogenic differentiation of resident vascular smooth muscle cells (VSMCs) and release of
calcifying extracellular vesicles (EVs) mediate cardiovascular calcification, which imitates bone
mineralization by osteoblasts. Formation of calcifying EVs by VSMCs requires caveolin-1
(CAV1), a scaffolding membrane protein. Targeting cellular mechanisms that involve CAV1 may
represent ideal strategies to develop therapeutics for cardiovascular calcification.
We studied the effect of inhibiting several upstream and downstream molecules that are involved
in CAV1 activation and trafficking. Interestingly, we showed that altering CAV 1 trafficking does
not negatively impact physiological mineralization of osteoblasts. We concluded that despite
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shared mineralization characteristics, the mechanism(s) of bone and vascular calcification is/are
distinct.

Furthermore, we demonstrated that epidermal growth factor receptor (EGFR) inhibition prevents
vascular calcification by mitigating the biogenesis of calcifying EVs. We showed that EGFR
inhibition reduces the release of pro-calcific CAV1-positive EVs and prevents calcification in
osteogenic VSMC cultures and in chronic kidney disease mice fed a high-phosphate diet. EGFR
inhibitors are clinically approved and widely used in cancer therapies and may represent an

appropriate strategy to treat vascular calcification.
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Chapter I: Introduction and Motivation

11. Statement of Problem

Cardiovascular diseases represent the global leading cause of morbidity and mortality.
Cardiovascular calcification is the most significant predictor of cardiovascular events but lacking
available therapeutic options. Osteogenic differentiation of resident vascular smooth muscle cells
(VSMCs), which elevates the expression of the genes, proteins, and enzymes required for
mineralization, mediates cardiovascular calcification, which imitate bone mineralization by
osteoblasts [1-3]. Pathological conditions, including aging, atherosclerosis, chronic kidney disease,
bone disorders, and diabetes, may stimulate osteogenic alteration of VSMCs [4]. Release of
calcifying extracellular vesicles, small organelles liberated by VSMCs and macrophages, promotes
cardiovascular calcification [5]. Calcifying EVs in a collagen-rich extracellular matrix (ECM)
initiate the calcification [2]. EV formation requires caveolin-1 (CAV1), a membrane scaffolding
protein; CAV1 resides in caveolar domain, flask-shaped membrane invaginations, which regulate
the membrane tension and intracellular vesicle trafficking. However, calcifying EV origin and
formation mechanism(s) are unclear, which limit the development of therapeutic interventions for
vascular calcification. Interestingly, the appearance of cardiovascular calcification correlates
highly with decrease in bone mineral density, known as the calcification paradox [6]. Therefore,
therapeutics designed to interfere with the formation of mineral in the cardiovascular system may
show potential off-target effects on bone mineralization and vice versa. Of note, clinical trials
revealed that bisphosphonates (BiPs), common anti-osteoporosis pharmaceuticals, can elicit
unexpected cardiovascular events [7-9]. The positive cardiovascular outcomes in some patients
warrant investigation to discover how BiPs associate with cardiovascular calcification. The current

PhD dissertation addresses the gap of knowledge on therole of BiPs on cardiovascular calcification,



studies the mechanism of calcifying EV formation, and introduces a potential target to prevent

vascular calcification.

1.2.  Specific Aims

We hypothesize that bisphosphonates (BiPs) contradicting outcomes originate from their
interactions with minerals, which lead to major changes in mineral morphology. Though they do
not present reliable therapeutic strategies to prevent cardiovascular calcification. Given the role of
caveolin-1 (CAV1) in biogenesis of calcifying extracellular vesicles (EVS) in vascular smooth
muscle cells (VSMCs), molecules which affect CAV1 activation and trafficking, specifically
epidermal growth factor receptor (EGFR), represent ideal targets to prevent cardiovascular
calcification. We will assess this hypothesis through the following specific aims:

Specific Aim 1. Test the hypothesis that BiPs interact with cardiovascular calcification and
stimulate mineral nucleation and growth in a time-dependent manner. Previous studies reported
that BiPs lead to either positive or negative cardiovascular outcomes. Patients with no prior
cardiovascular events appear to be protected from future events by BiPs, yet patients with a history
of cardiovascular disease have worsened outcomes. However, a systematic and longitudinal study
on the off-target effect(s) of BiPs on cardiovascular calcification has not been reported. We will
performalongitudinal study on amouse model of atherosclerotic plaque calcification to investigate
the time-dependency of BiP on in vivo calcification.

Specific Aim 2. Assess the role of CAV1 interactors in VSMC-dependent calcification. The
biogenesis of calcifying EVs from VSMC requires the presence of CAV1, the major scaffolding
protein within plasma membrane invaginations, known as caveolar domains. Previous studies
reported the interactions between CAV1 and Src family kinases, actin-binding protein filamin A,
and Rho family of GTPases (including Rho-A protein kinase and Racl) in various cell lines. In this
aim, we will assess the role of Src tyrosine kinase, FLNA, Rho-associated protein kinase, Racl,
and methyl-p-cyclodextrin (direct targeting of caveolar domains) in VSMC-dependent
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calcification. Furthermore, we will investigate the off-target effects of these molecules on
osteoblast mineralization. This aim will help us to identify new targets that specifically affect
cardiovascular calcification without affecting physiological bone mineralization.

Specific Aim 3. Test the hypothesis that EGFR inhibition prevents caveolar domain endocytosis
and the subsequent formation of calcifying EVs in VSMCs. EGFR is a well-known CAV1
interactor and resides in caveolar domains, thus, it may play a role during calcifying EV formation
by VSMCs. Furthermore, EGFR inhibitors are associated with safe clinical therapies, which may
provide anew approach for ectopic vascular mineralization. Of Note, calcificationof arterial media
commonly occurs in patients with chronic kidney disease (CKD). CKD patients with no detectable
vascular calcification have 8-year all-cause survival rates of ~90% compared to 50% survivability
in age-matched patients with medial calcification. In this aim, we will investigate the mechanism
through which EGFR inhibition prevents VSMC-dependent calcification in vitro and in vivo in a
CKD mouse model.

Impact. The proposed study will provide profound understanding of bisphosphonate effect(s) on
cardiovascular calcification, reveal new mechanistic insight into calcifying EV formation, and test
the efficacy of targeting the EGFR for therapeutic benefit in vascular calcification. CKD patients
develop widespread vascular calcification and represent an appropriate population for future trials

on repurposing EGFR inhibition for cardiovascular benefit.



Chapter I1: Background

2.1. Pathological vs. Physiological Calcification

Calcification, the accumulation of calciummineral,occurs primarily during either bone remodeling
or pathological cardiovascular calcification. Interestingly, the appearance of calcific mineral in
cardiovascular tissues associatesstrongly with a decrease in bone remolding, a phenomenon known
as the calcification paradox [10]. Despite this inverse relation, research in cardiovascular
calcification has been informed by pioneering research in bone physiology. Thestrikingsimilarities
in cellular phenotypic changes and mineral deposition in the two tissues only further underscore
the confusion surrounding the underlying causes of the paradox. In this section, we briefly
introduce the general mineralization in either tissues and elaborate the fundamental building block

of mineral, i.e. calcifying vesicles [11,12].

Atherosclerotic plaque Calcification

Atherosclerosis refers to the formation of fibrous cap in arterial intima, leadingto focal elastin
degradation, lumen deformation, and ultimately arterial occlusion [13-15]. Plaque calcification
manifests as formation of calcium minerals within the atherosclerotic lesion [16]. Aging,
hypertension, dyslipidemia, and inflammation increase the risk of atherosclerotic intimal
calcification [13, 14, 17, 18]. Vascular smooth muscle cells (VSMCs) and macrophages play
important role in plague calcification [18]. Morphology and the size of minerals within the plaque
determine its vulnerability to rupture and thrombosis [13, 14]. Cell apoptosis, stimulatory
osteogenic proteins, calcium and phosphate ions, and lipids promote the intimal calcification. In
general, apoptosis activates phagocytosis; however, oxidized lipids within the atherosclerotic
plaque disrupt the phagocytosis [16, 19]. VSMCs and macrophages also produce oxidized low
density lipoproteins (LDLs) [20]. Foam cells and cholesterol-enriched macrophages accumulate in
intima hemodynamically preferable sites, at the onset of lesion formation. Later on, the plaque
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develops to an developed plaque, which contains lipid-rich necrotic core with sporadic calcified

spots surrounded by fibrotic cap of VSMCs and ECM [19].

Medial Calcinosis

The media is next to the intima and has a multi-layered structure starting with elastin fibrils in the
basement, a complex of elastic laminae, vascular smooth muscle cells, collagen type | fibrils, and
proteoglycansin the middle, and ended with an elastic lamina [14, 15, 21]. Media calcification
represents the elastin degradation and formation of calcific minerals by vascular smooth muscle
cells. Aging, chronic kidney disease (CKD), and diabetes mellitus mediate the medial calcinosis
[13,17,18]. VSMCs adapt an osteogenic differentiation during medial calcification [22], which
leads to mineral formation along elastic laminae, as the most probable site, and develops to a
circumferential calcium crystals sheet [16]. Cell apoptosis provides also calcium and phosphate
ions to continue the calcification process. Furthermore, lack of phagocytosis due to elastin barrier

for local VSMCs and pH-imbalance accelerate media calcification [16].

Cardiac valve calcification

Cardiac valvesmaintain the physiological blood flowduringthe cardiaccycles. Aortic, pulmonary,
and tricuspid valves contain three leaflets, while mitral valve is bicuspid [15]. The maximum
thickness of the leafletsis 1 mm and consists of the fibrosa with circumferentiallyaligned collagen
fibers, the spongiosa with proteoglycan and glycosaminoglycan contents, and ventricularis mainly
composed of elastin [15, 23]. Valve endothelial and interstitial cells contribute in the valvular
calcification [23]. Endothelial cells function as the entrance for inflammatory agents intothe leaflet.
Interstitial cells present in all three layers of the valve and maintain the microstructure of leaflet by
ECM hemostasis; in pathological condition, these cells gain contractile cytoskeletal rearrangement
by upregulation of the a-smooth muscle actin and myosin heavy chain, which leads to imbalance

ECM turnover, excreting more force to ECM, and ultimately fibrotic collagen accumulation,
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elevated osteogenic markers, and calcification [23, 24]. Lipid accumulation including LDL and
lipoprotein in the valve interstitum due to interrupted endothelium initiates valvular calcification.
Further oxidation of lipoproteins, activation of inflammatory cells (macrophages and T

lymphocytes), degradation of native ECM result in ultimate valvular mineralization [25].

Bone mineralization

The extracellular matrix of the bone mainly consists of the collagen fibers, non-collagenous
proteins (proteoglycans, glycoproteins, Gla-proteins), trace amount of phospholipids, and
hydroxyapatite [26, 27]. The feedback stimuli between cellular activity and ECM formation result
in bone mineralization [27]. In physiological condition, osteoblasts (bone forming cells) mediate
matrix mineralization, while the osteoclasts (bone absorbing cells) degrade the mineral. The
interplay between these two cell types regulates bone remodeling [26, 27]. Osteoblasts release
osteogenic and mineral precursors, also known as matrix vesicles, to promote mineralization [28].
Lysosomes play key role in biogenesis and intracellular trafficking of matrix vesicles. Formation
of amorphous calcium phosphate starts in intracellular matrix vesiclesand crystallization occurs

after release into the ECM [28].

2.2. Calcification: Matrix Vesicles vs. Extracellular Vesicles

Text for this section taken from:

[2] — A. Bakhshian Nik, J.D. Hutcheson, and E. Aikawa, 2017. Extracellular vesicles as mediators
of cardiovascular calcification. Frontiers in cardiovascular medicine, 4, p.78.

Bonucci reported the appearance of “roundish bodies” in initiation of the calcification process in
guinea pig and rat tibial-femoral epiphyseal plates in 1967 [29]. One year later, Anderson used
electron microscopy on tissue sections to demonstrate vesicular structures in the mouse cartilage
epiphysis[30]. Bone mineralization depends on secretion of matrix vesicles (MVs), with diameter

of 30-400 nm [31, 32], from chondrocytes, osteoblasts, odontoblasts, tenocytes, and cementoblasts

[33]. MVs released from specific sites on cell membranes (apical microvilli [31]) exhibit similar
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cytosolic and plasma membrane profiles apparent in their cell of origin [34]. Compared to their
parent cells, MVs carry augmented levels of acidic lipids such as phosphatidylserine (PS) and
sphingomyelin, but diminished levels of neutral phospholipids of phosphatidylcholine and
lysophospholipids [33]. Chondrocytes residing in the epiphyseal plate experience hypoxic
conditions due to presence of collagen fibrils and proteoglycans, which restrict oxygen and
nutrients delivery [35]. Development of blood microvessels into this zone creates oxidative stress
caused by the sudden elevation in nutrients, oxygen, calciumions (Ca?*) and phosphate ions (Pi).
This process leads to formation of Ca?*-enriched mitochondria, which results in secretion of Ca?'-
loaded vesicles into the cytosol. Formation of complexes of PS and Ca?* either with Pi or annexins,
diminishes the Ca?* level within the cytosol, expedites actin depolymerization, and consequently
MV pinch off, and their release into the extracellular environment [35]. Of note, apoptotic bodies
originating from apoptotic cell membrane rearrangement during terminal stage of mineralization in
epiphyseal platediffersfromactive formation andrelease of MVs [36]. Released MVs interact with
glycosaminoglycans and propagate mineralization [37].

Chondrocyte differentiating factors such as thyroxine (T3), bone morphogenetic protein 6 (BMP-
6), retinoic acid, and Indian hedgehog may give rise to MV generation by inducing changes in cell
phenotypes [38]. Osteogenic cell types abundantly expressannexin I, I1, 1V, V, VI,and VII. These
proteins exhibit a high affinity to MV membrane, whereupon MVs bind to phospholipids and
regulate mineralization. Specifically, annexins function either as voltage-gated channels or Ca2*
binding, mediate inflammation responses, and regulate structural properties of both cellular and
MV membranes [32, 37, 39]. The most abundant proteins in MVs are annexins I1, V/, and VI which
can accelerate the calcification processby providing required Ca*2 for mineralization. Additionally,
other membrane proteins such as calbindin D9k can provide Ca?* for MVs [40].

Pyrophosphate (PPi), originating from nucleotide pyrophosphatase phosphodiesterase (NPP1)
hydrolysis of nucleoside triphosphates inhibitsmineralization. Progressive ankylosis (ANK) carries
PPi into extracellular milieu. Tissue non-specific alkaline phosphatase (TNAP, on the outer leaflet
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of MV membranes) hydrolyzes PPi into free phosphate (Pi) and providing free Pi for complexing
with Ca*2 and mineral formation [33, 35, 41]. Type Ill Na/Pi transporters (PiT-1) on the MV
membrane facilitate Pi internalization. Bone morphogenetic protein 2 (BMP-2) and parathyroid
hormone upregulate expression of these transporters [35]. Additionally, MVs contain phosphatases
and membrane phosphohydrolases, such as TNAP, AMPase, ATPase, nucleoside triphosphate
pyrophosphohydrolase (NTPPase, NPP1, and PC-1), and PHOSPHO-1 that elevate the
intravesicular Pi concentration within the MVs [33, 42]. This highly concentrated environment,
adjacent to the MV membrane, where Ca?* and Pi meet, facilitates calcium phosphate precipitation
followed by an increase in pH and mineral stabilization. Membrane associations are mediated by
PS located on the luminal side of the MV lipid bilayer. PSisan anionic phospholipid with tendency
to bind Ca?*. The complexes of PS-Ca?*-Pi may serve as initial nuclei for hydroxyapatite
precipitation [35, 39, 43]. Studies have also suggested that the mineralization process can begin
intracellularly with contribution of pre-nucleation clusters within endosomes, which initiate
mineralization in order to maintain Ca2* and Pi in homeostatic concentration and fulfill energy
trade-off [33].

During bone formation, extracellular matrix (ECM) remodeling facilitates homeostasis and
angiogenesis. MVs are equipped with matrix metalloproteases (MMPs) that degrade and remodel
the ECM [31, 44]. Particularly, MMP-2, MMP-3, MMP-9, and MMP-13 are located in MV
membranes and play a key role in matrix remodeling and propagation of mineralization [33, 44,
45]. In ECM, collagen fibrils and proteoglycans provide charged regions, which are favorable sites
for accumulation of the calcium phosphate nanoparticle clusters that form in MVs. The amorphous
apatite resulting from this accumulation transforms into structured and crystalline mineral
following ECM associations [33]. MVs interact with ECM proteins via their integrin receptors and
surface motifs such as CD9, CD63, and Hsp70 [33] (Fig. 1). In addition to their remodeling
potential and ECM binding, MVs in growth plate ECM can affect the proliferation and fate of
resident cells, due to the activation of parathyroid hormones and gene-related peptide through their
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loaded proteins [33]. This paracrine signaling property is like other subtypes of extracellular

vesicles (EVs) ubiquitous to many cells and tissues.
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Figure 1. Schematic of EVs contributing to calcification. Osteogenic cells release EVs into ECM to nucleate
boneor cardiovascularmineral. EV membrane containsa specific lipid profile that differs from parent cells.
Annexins on EVs facilitate Ca2* entrance, and tissue non-specific alkaline phosphatase (TNAP) activity
converts PPi to phosphate ions (Pi), thereby providing the necessary ionic components for mineralization.
PiT-1 transporters transfer Pi into the EV lumen. Coincidence of these ions and formation of Ca2*-PS-Pi
within the EV lead to mineral nucleation. Membrane enzymes and proteins interact with and attach to the
ECM, directing the localization of calcification. Figure created using Servier Medical Art images
(smart.servier.com).

2.3. EVs with Non-Osteogenic Origins

MVs represent one specific subtype of EVs. Generally, EVs function to maintain both intracellular

and extracellular homeostasis. Two major mechanisms control EV release into the ECM: (i)



multivesicular bodies (MVB), containing several EVs wrapped by plasma membrane; and (ii) direct
buddingofasingle EV from cellular plasma membrane [32]. Depending on the release mechanism,
EVs are generally referred to as either exosomes or microparticles, respectively. Both EV types
carry a subset of cargos representing their parental cell [37, 46]. EV cargo consists of a
metabolically active membrane and an inner core, which typically carries RNAs, soluble and
transmembrane proteins, and lipids [37, 46, 47]. MVB trafficking and fusion/fission from the
plasma membrane requires activity of Rab GTPases, specifically Rab27a, Rab27b, Rab35, and
Rab11 [48, 49]. EVs often contain sets of small RNAs, suchas miRNA, tRNA, mMRNA, piRNA,
SnRNA, Y-RNA, and vault RNA, which can be protected from RNase degradation and encoded at
targetcells[49, 50]. The differencein RNA ingredientsof parental cellsand EV cargo demonstrates
the selective mechanism of RNA loading. EV RNA cargo can serve as biomarker that indicate the
phenotypic state of parental cells, as well as messengers that can interact with other cells [49]. EVs
play a key role in cell-cell interaction and data trafficking in both normal and pathological
conditions. For instance, miRNA-enriched EVs from endothelial cells canregulate gene expression
and resultant phenotypic transitions in smooth muscle cells [51]. Divergence from normal
physiological conditions toward pathological ones, induces release of dysfunctional EVs with

pathologic cargo and may affect tissue homeostasis and cellular phenotypes [32].

2.4. Calcifying EVs in Cardiovascular Calcification

Calcification contributes to pathological remodeling in different locations throughout the
cardiovascular system, such as the arterial intima and media and the aortic valve [5, 52]. Numerous
studies have demonstrated similarities between cardiovascular calcification and bone metabolism;
similar to the bone, EVs may regulate the pathological calcification process within cardiovascular
tissues [53]. In pathological environment, cells may have increased intercellular Ca2*/Pi
concentrations, thus to alleviate this condition, they release EVswith high levels of these ions [54].

Similar to bone, annexins present on calcifying EVs play a dual role of Ca?* uptake and
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counteracting the calcification inhibitory activity of fetuin-A during ectopic mineralization [32,
37]. High phosphate imbalance present in chronic kidney disease, may accelerate calcification
nucleationin EVs [11]. In this condition, TNAP activity may accelerate the calcification process
in both non-osteogenic and osteogenic EV's through removing PPi, a competitive inhibitor to Ca®*
associations with Pi [55]. EVs with calcifying potential may also contain imbalanced and
dysfunctional miRNAs, which induce the gene expression and protein synthesis of osteogenic
markers such as RUNX2, Smad1, osterix, TNAP, chaperones, and pro-inflammatory factors [32,
37]. Additionally, calcification of EVs may inhibit their ability to reach their target cells, further
promoting a loss in tissue homeostasis and pathological remodeling [56] (Fig. 1).

Electron microscopy demonstrated the presence of needlelike hydroxyapatite nanocrystals, in EVs
extracted from atherosclerotic lesions of apolipoprotein E-deficient mice [57]. EVs released into
the atherosclerotic lesion have a Ca/P ratio of 0.66, indicating incomplete calcification (compared
to theratio in normal adultmurinebonesof 1.71 [58]). High resolution microcomputed tomography
imaging revealed microcalcification in the fibrous cap of atherosclerotic plaques composed of
calcified EV aggregates [55, 59]. These observations indicate a role for EVs in the formation and
progression of cardiovascular calcification, but mechanistic studies demonstrating causality are
difficult. One majorchallenge in EV research is to distinguish between different EV populations
such as calcifying EV's, MVs, exosomes, apoptotic bodies, and microparticles, due to their shared
size and shape characteristics [60]. Application of multiple and consecutive centrifugations
followed by size-based filtration and sucrose gradient-based ultracentrifugation to isolate EVs of
known density have been used to separate EVs from other cellular particles [46, 61]. EVs with
various sizes and densities pellet based on the centrifugation speed, i.e. large, medium, and small
EVs precipitate at low, moderate, and high speeds, respectively [46]. However, these techniques
are often unableto separate the various EV populations. Calcifying EVs secreted by smooth muscle
cells (SMCs) cultured under osteogenic conditions exhibit increased mass density compared to
other EVs, likely due to mineral formation. Therefore, calcifying EVs precipitate more quickly
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under the application of ultracentrifugation (~100000xg) [60], permitting enrichment of these EV's
and subsequent proteomic profiling [46, 60]. Once proteomic fingerprints are established,
membrane proteins (tetraspanins), ER-related proteins, mitochondrial proteins, exosomal markers,
endosomal markers, and ECM factors (surface molecules and integrins) specific to various EV
populations help map and separate EVs into sub-sets based on their origins [46].

Future works are needed to improve upon EV isolation techniques to reduce noise from non-
calcifying EVs. Advancementsin EV characterization tools may allow careful comparative studies
to understand the similarities and differences between MVs and calcifying EVs liberated from the
three reported cellular contributors to calcification in cardiovascular tissues: vascular SMCs,

macrophages, and valvular interstitial cells (VICs).

2.5. Smooth Muscle Cell-derived vesicles

VSMCs and osteoblasts share similar mesenchymal origins, and under pathological stresses
VSMCs can exhibit an osteoblast-like phenotype [62]. In a hyperphosphatemic environment (e.g.,
chronic kidney disease) or inflammation-driven atherosclerosis, vascular SMCs upregulate
expression of osteogenic differentiating genes [63] and release EVs enriched with osteogenic
biomarkers [3]. Hyperphosphatemic and osteogenic conditions decrease inhibitors such as
circulating fetuin-A [64] and matrix Gla protein [65], but increase TNAP and annexins Il and VI
in SMC-derived EVs. Similar to its function in bone, TNAP activity leads to increased available Pi
and reduction of mineralization inhibitors such as PPi [1]. The formation of calcifying EVs begins
with a series of intracellular trafficking processes that load the EVs with calcification-promoting
factors. A specific trafficking protein, sortilin, is a key player in the formation of calcifying EVs
secreted by vascular SMCs. Sortilin transports TNAP into VSMC-derived EVs, thereby increasing
EV calcifying potential [1].

Imagingtechniques revealed that, oncereleased into the ECM, VSMC-derived calcifying EV's tend
to aggregate and form microcalcifications in areas with sparse collagen, whereas, large
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calcifications (larger than 200 um) are bordered by dense collagen fibers [5]. Large calcifications
(macrocalcifications) formed by accumulation and merger of small microcalcifications, forming
mature mineral. Microcalcifications that form within the fibrous cap of vulnerable atherosclerotic
plaques further potentiate plaque rupture, whereas larger macrocalcifications beneath stable fibrous
caps may promote plaque stability. EVs collected from SMCs cultured in pro-calcific conditions
and incubated within an in vitro collagen hydrogel system, mimicking aspects of atherosclerotic
lesions, showed the progression of calcification from single calcifying EVs to EV aggregation and
fusion to the formation of microcalcifications to growth into large calcifications [5]. Collagen acts
as a scaffoldto direct the shape and size of the calcifications that form from this growth process
[5]. Collagen fibrils, specifically type I and 111 in arteries, bind to EV membranes and mediate
calcification propagation in the ECM [62]. In addition to binding and directing the calcification of
EVs, collagen may also play a role in phenotypic changes and EV formation within SMCs[66].
Discoidin domain receptor-1 (DDR-1), a collagen receptor, regulates SMC phenotype by sensing
extracellular collagen. DDR-1-depleted SMCs exhibit elevated collagen production, EV release,
and mineral deposition. DDR-1 functions as a regulator of TGF-p signaling pathways, acting as a
switch between pro-fibrocalcific and anti-fibrocalcific TGF-Bsignaling [66]. Therapeutic strategies
to control these pathways and prevent or reverse SMC-driven calcification will require a better
understanding of the mechanisms that lead to their formation within the cell, nucleation of mineral
outside the cell, and the role of the ECM in calcification propagation. SMC-derived EVs are the
most studied type of calcifying EVs in cardiovascular tissues and the mechanisms identified in

these cells may help informresearch into other cellular drivers of cardiovascular calcification.

2.6. Valvular Interstitial Cell-derived Vesicles

VIC phenotypic changes play a vital role in ECM remodeling and mineral deposition that lead to
calcific aortic valve disease [67]. VICs have a high phenotypic plasticity and can transform from a
fibroblastic phenotype to myofibroblast- or osteoblast-like cells in response to pathological
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conditions such as hyperphosphatemia and pro-inflammatory cytokines. VICs exhibit high
sensitivity to their mechanical environment and undergo phenotypic changes in vitro in response
to changes in substrate stiffness and mechanical stretch [67]. VICs may also influence valvular
endothelial cells (VECs) through EV secretion. Valve homeostasis depends on appropriate
interactions between VECs and VICs [67, 68]. This intercellular interaction occurs when VECs
take up VICs-derived EVs containing perinuclear proteins [52]. In calcifying milieu, VICs express
osteogenic mMRNAs of PiT-1, RUNX2, Msx2,and TNAP[69], and pro-calcific VIC EVs resemble
MV:s from chondrocytesand SMCs, demonstrating elevated annexins 11, V, and VI [52]. VIC-
derived EVs isolated from SV40T rats demonstrated elevated calcium [69], likely reflecting the
presence of annexins. Excessive extracellular Ca?* and Pi exacerbates mineralization in VIC-
derived EVs [69]. Though aortic valve calcification constitutesa major unmet clinical problem,
investigations into the extracellular mechanisms through which mineral nucleation and growth
occurs remain scant. More studies are needed to understand the role of VIC EVs in this process and

the similarities and differences between these EVs and the more well-studied SMC-derived EVs.

2.7. Macrophage-derived Vesicles

Atherosclerosis creates moderate hypoxia (2-5% oxygen compare to 21% normal condition) for
local cells and leads to activation of pro-inflammatory responses such as Akt and B-catenin
pathways in macrophages [70]. Additionally, oxidized lipids, IL-6 and TNF-a (pro-inflammatory
cytokines), and mechanical stimuli contribute to both increased inflammation and subsequent
ectopic calcification [71]. Pro-inflammatory macrophages secrete elastolytic cathepsins and
collagen-degrading MMPs (e.g., MMP-2 and -9), and the resultant proteolytic ECM degradation
and remodeling causes atherosclerotic plaque instability and rupture, the leading cause of
cardiovascular morbidity[72, 73]. Inflammation precedes and may serve as a requisite step for the
onset of both atherosclerotic and aortic valve calcification [73]. Monocytes internalize forming
minerals and secrete more inflammatory cytokines and intensify pathologic condition [74].
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Cytokines secreted by pro-inflammatory macrophages exacerbate calcification by activating
apoptosis or osteogenic pathways activation in SMCs and VICs [11]. In addition to an indirect role
in pro-calcific remodeling, macrophages can directly contribute to cardiovascular calcification
through release of calcifying EVs in hyperphosphatemic milieu [11]. Macrophage-derived
calcifying EVs contain the tetraspanin exosomal markers of CD9, CD63, CD81 and TSG101 [47,
75]. These EVsalsosharesimilaritieswith chondrocyte-derived MVs, including immuno-positivity
for CD68 [75]. In EVs released by macrophages, calcium mineral nucleates on complexes
containing S100A9 (a pro-inflammatory and pro-thrombotic factor[37]), PS, and annexin V on the
EV membrane [32]. Accumulation and aggregation of these EVs results in mineral growth within
atherosclerotic plaques. Of note, macrophages contribute to both vascular and valvular
calcification; therefore, macrophage-derived EV calcification could providea link between mineral

depositions within these tissues.

2.8. Summary

Calcifying EVs play an important role in the initiation and development of cardiovascular
calcification. Though calcifying EVs in cardiovascular tissues appear to share commonalities with
MVs, they could be derived from different origins within the cell, and may arise from exosomal
pathways [64]. The overlapping characteristics between these vesicles underscore the fact that
research in cardiovascular calcification has been informed by pioneering research in bone
physiology. However, the noted differences between cardiovascular calcifying EVs and bone MVs
warrant further investigation. The appearance of calcific mineral in cardiovascular tissues
associates strongly with a decrease in bone mineral density—a phenomenon known as the
calcification paradox [10]. Further, the type and quality of mineral that forms appear different in
the two tissues [4]. Studies into the differences between the fundamental building blocks of

calcification—calcifying EVs in cardiovascular tissues and MVs in bone—may provide new
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insight into the observed divergence in mineral within these tissues and present therapeutic options

that avoid unwanted off-target effects.

16



Chapter I1I: Aim 1 — Time-dependent Role of Bisphosphonates in Cardiovascular
Calcification

3.1. Introduction

Atherosclerosis represents the most common cause of cardiovascular disease [5, 76] and begins
with low-density lipoprotein (LDL) accumulation in the intima [77]. Oxidized LDLs elicit an
immune response in which stimulate vascular smooth muscle cells (VSMCs) [78] and endothelial
cells to express adhesive molecules [77]. In turn, the presence of adhesive molecules mediates
monocyte migration into the plagque and differentiation to macrophages and dendritic cells. These
cells engulf the lipoproteins and become foam cells. Continuous lipoprotein accumulation leads to
necrotic core formation [77]. VSMCs migrate to the lipid pool and proliferate, which along with
constant LDL accumulation and inflammatory responses, thickens the intima. EXxcessive
extracellular matrix (ECM) protein production, including collagen, elastin, and proteoglycans,
forms the fibrous cap in the lesion. Vascular smooth muscle cells migration and osteogenic
differentiation promote calcification within the atherosclerotic plaque [77]. Plaque calcification
occurs in 53 and 32% of American male and female atherosclerotic patients, respectively [79].
Comprehensive analyses of coronary artery calcium have demonstrated a strong positive
correlation between calcification and all-cause mortality, including cardiovascular and coronary
disease [80]. Though overall calcium score positively predicts cardiovascular morbidity, local
effects of calcification on plague stability is determined by calcification size and morphology.

Recent clinical studies reported percent calcified plague volume as a key factor for plague stability
[81]. Plaques with high percentages of calcification were more stable and less likely to rupture.
Plaque vulnerability classically associates with low collagen content in the fibrous cap, which
compromises its tensile strength [82]. In silico studies highlight the presence of destabilizing
microcalcifications (5-15 pm)—undetectable due to resolution limits of the traditional clinical
imaging modalities—in the cap of the vulnerable plaques as a determinant of their biomechanical

failure [59,83]. Large macrocalcification (> 50 um) stabilizes the plaque through tissue stress factor
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reduction. However, microcalcifications destabilize the plaque by creating stress foci within the
fibrous cap due to large mismatch in material properties between the stiff minerals and the
surrounding hyperelastic extracellular matrix [59, 67, 83-85]. Prospective clinical data from the
Multi-Ethnic Study of Atherosclerosis (MESA) cohort corroborates the biomechanical model
predictions linking microcalcification with plaque rupture [85]. These data suggest that coronary
artery calcification volume directly contributes with higher risk of coronary heart disease and
cardiovascular events. Interestingly, calcium density inversely correlates with cardiovascular event
risk [85].

Patients with bone disorders are also at high-risk for cardiovascular events [17, 86]. Unbalanced
bone turnover (either high or low bone formation rate) alters the serum calcium and phosphate
levels and increases the risk of vascular calcification [87]. Bisphosphonates (BiPs), the most
common osteoporotic treatment option, stabilize bone mineral through their high binding affinity
to hydroxyapatite and decrease bone resorption by suppressing osteoclast activity [86]. BiPs act as
non-hydrolyzable analogs of inorganic pyrophosphate (PPi), a common calcification inhibitor of
ectopic calcification [2, 86, 88]. However, BiPs have demonstrated potential off-target effectson
cardiovascular morbidity. BiP usage correlates with higherrisk of cardiovascular/cerebrovascular
events and arterial fibrillation in osteoporotic patients with a history of previous cardiovascular
events [89, 90]. Retrospective clinical trials found paradoxical cardiovascular outcomes in patients
taking BiPs. In women with chronic kidney disease, BiPs moderately reduced the hazard ratio of
future cardiovascular events in patients with noprevious cardiovascular events; yet, in patients with
prior cardiovascular events, BiPs increased the hazard ratio of future events [9].

BiPs may affect vascular calcification through both direct alterations to plague mineral and
systemic effectson calcification mediators. Previous studies reported accumulation of BiPs in the
arterial wall of both an atherosclerotic rabbit model and human plaques [91, 92]. Short-term BiP
treatment elevated serum levels of parathyroid hormone and osteocalcin, key regulators of
cardiovascular calcification[93, 94],in afemale renal failureratmodel [95]. BiPs prevented medial
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calcinosis in a male renal failure rat model; however, it was parallel to reduction in bone mass
density [96]. BiPs altered the mineral microstructure in Apolipoprotein E-deficient (Apoe”-) mice
fed an atherogenic diet, indicating a direct interaction between BiPs and mineral within the plaque
[76]. Giventhe longterm administration of BiPs for osteoporosis treatment [97], further studiesare
needed to assess how BiPs affect vascular calcification over the course of plaque development.

Here, we investigated the effect of BiP treatment onatherosclerotic plague calcification when given
at early, intermediate, and late stages of atherosclerosis. We began BiP administration to
Apolipoprotein E-deficient (Apoe’) mice at three different periods of plaque development based
on previous reports [5, 57, 98]: before mineral formation (early), during plaque remodeling and
mineral deposition (mid-term), or after the formation of mature, calcified plaques (late stage). Our
data indicate that beginning BiP treatments in either early or late stages promote plaque
calcification; however, early BiP treatmentresulted in narrower mineral size distribution compared
to the late-stage treatment. Interestingly, beginning the BiP treatment during active plaque
remodeling led to lower levels of plaque calcification compared to the other treatment groups.

These data may provide insight into potential cardiovascular-related off-target effects of BiPs.

3.2. Methods

In vivo Study

The animal study was approved by the Institutional Animal Care and Use Committee (IACUC) at
Florida International University under protocol 17-022 and conformed to current NIH guidelines.
Eight-week-old mice homozygous genotype for the Apoe™VU"e mutation (B6.129P2-Apoe™Vn4],
ApoE’, n =40, 20 per biological sex) were purchased from the Jackson Laboratory (Bar Harbor,
Maine, USA). After two weeks of incubation and feeding with a regular chow diet, the animals (10
weeksold) were fedwith an atherogenic diet (ENVIGO, TD.88137 adjusted calories diet 42% from

fat) for 25 weeks. Mice were split into four groups (5 males and females per treatment): Week 5,
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Week 10, and Week 15, in which animals received subcutaneous injections of bisphosphonate
ibandronate sodium (2 mg/kg/mouse, APEXBIO, B1772) twice per week, following 5, 10, and 15
weeks of the atherogenic diet, respectively. The control group received drug vehicle, phosphate-
buffered saline (PBS, 1X, Caisson Labs, PBL01). For the injections, animals were partially
anesthetized using isoflurane (1%, Patterson Veterinary, 07-893-1389, in 2 L.min-t oxygen flow).
Atthe study end point (after 25 weeks of diet), the mice received a tail vein injection of a calcium
tracer, OsteoSense 680EX (80 nmol/kg/mouse, PerkinElmer, NEV10020EX). After 48 hours, the
animals were anesthetized with isoflurane (1%, in 2 L.min* oxygen flow) followed by retro-orbital
bleeding for blood collection. Mice were then immediately euthanized by laceration of the
diaphragm before tissue collection. The hearts and aortas were resected and fixed in formalin (10%
wl/v, Fisher Scientific, SF100) for 2 hours. The blood samples were centrifuged at 2,000xg for 15

minutes to isolate the serum.

Calcification Morphological Quantification

After resection, the aortas were imaged using a near-infrared scanner (LI-COR Odyssey) to
visualize the atherosclerotic plaque calcification burden. The signals were localized and quantified
using edge detection algorithms ina custom MATLAB script, which quantified the total area of the
calcium tracer, and normalized to the total scanned aorta area. The resected aortic roots were
embedded using Tissue-Plus OCT (Fisher Scientific, 23-730-571) and cryosectioned (18
um/section). The sections were imaged using a confocal microscopy system (Eclipse Ti, Nikon).
To assess total, mean, and maximum calcification area, a custom image analysis script was
developed in MATLAB. After filtering the background and smoothing the images, individual
microcalcifications were identified as connected pixels in binarized images. The script reported the
summation of the pixels, average area of the connected pixels, and the maximum connected area
for each image as total, mean, and maximum calcification area, respectively. Connected areas

smaller than 5 pixels were excluded from analyzed data.
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Serum Alkaline Phosphatase Activity and Total Cholesterol Assessment

To assess the activity of mouse serum tissue non-specific alkaline phosphatase (TNAP), a
colorimetric assay kit (BioVision, K412) was used. The samples were diluted 1:20 in assay buffer,
and 80 uL of each sample were mixed with 50 pLL of 5 mM pNPP solution and incubated for 60
min at 25°C. The colorimetric change resulting from the reaction was detected using a multi-mode
reader (BioTek, Synergy HTX) to measure absorbance at 405 nm.

To quantify the serum total cholesterol, a Wako Free Cholesterol E kit (FUJIFILM Medical
Systems USA, 99902601) was used. Briefly, 10 uL of each serum sample were resuspended in 1
mL of assay color reagent and incubated at 37°C for 5 min. The colorimetric change resulting from

the reaction was detected using a plate reader to measure absorbance at 600 nm.

X-ray Computed Tomography (X-ray CT)

Femurs were dissected from mice, wrapped in parafilm and imaged directly in a Nikon XT H 225
scanner (macro-CT, Nikon Metrology, Tring, UK). The raw transmission images were
reconstructed using commercial image reconstruction software package (CT Pro 3D, Nikon
Metrology, Tring, UK), which employs a filtered back-projection algorithm. The scan was
performed using 80 kV beam energy, 70 pA beam current, and a power of 5.6 W. A PerkinElmer
1620 flat panel detector was used, with 200 pum pixel size. The resulting effective pixel size was
5 um. The exposure time per projection was 0.5 s, and a total of 1601 projections were acquired,
resulting in a scanning time of approximately 13 minutes per sample. Bone structural parameters,
including thickness and volume fraction (the ratio of bone volume (BV) to total volume (TV)), for
both cortical and trabecular regions were assessed using a plug-in module, Bonel [99], in Image]

(NIH, USA) [100].
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Statistics

Data are presented as the mean of independent replications, and error bars represent the standard
error of the mean. The reported n values represent independent biological replicates. Statistical
significance between groups was calculated using two-way ANOVA with mixed-effects model in
GraphPad Prism 8. A p-value less than 0.05 was considered statistically significant. In the case of
comparisons between two groups, the statistical significance was calculated using Welch’s t-test

with p-values less than 0.05 significant.

3.3. Results

BiP treatment increases the atherosclerotic plaque calcification in a mouse model

Visualization and quantification of the calcium tracer OsteoSense from resected aorta revealed
significantly elevated plaque calcification in all BiP-treated animals compared to the control group
(Fig. 2, A), regardless of BiP regimen beginning time and sex. In male mice, early (week 5) and
late (week 15) BiP treatments showed the highest plaque calcification compared to control and
mid-term BiP administration (week 10), asshown in Fig. 2, B. However, female mice exhibited no
significant difference across the BiP treated groups in terms of plaque calcification burden along
the aorta (Fig. 2, C). Interestingly, female mice showed significantly higher levels of calcification
compared to males when the BiP treatment began at 10 weeks of the atherogenic diet. The level of
calcification remained similar between males and females in control, week 5, and week 15 groups
(Fig. 2, D to G). These data demonstrate that BiP may interact with the ectopic atherosclerotic

plaque calcification and increase the rate of mineral formation.
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Figure 2. BIiP treatmentincreases the plaque calcification in Apoe-/- mice. (A) visualization of the calcium
burden using a near-infrared calcium tracer, OsteoSense; (B and C) quantification of OsteoSense signal and
correlation to total calcification in male and female mice, respectively; (D to G) comparison of total
calcification between male and female mice in each group. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P
< 0.0001, two-way ANOVA with Tukey’s post-hoc test for comparison between multiple groups, and
Welch’s t-test for comparison between two groups.

BiP treatment alters the size of mineral in the atherosclerotic plaque

Analysis of the mineral morphologies in the aortic roots of the mice showed BiP treatment
significantly increased the total calcification areain both male and female groups, compared to the
control mice (Fig. 3, A, B, E, and F). Similar to the plaque calcification along the aorta, both week
5 and week 15 male groups had a significantly higher level of total calcification area, compared to
the week 10 group (Fig. 3, B). However, no significant changes were observed between the female
BiP-treated groups. The average calcification size was significantly bigger in early BiP-treated

group (week 5) compared to the control, week 10,and week 15 groups. The mean calcification area
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showed no significant differences between the male control, week 10, and week 15 groups (Fig. 3,
C). In female mice, the mean calcification areaincreased in both week 5 and week 15, compared
to the control and week 10 groups. No significant changes were observed between the control and
week 10 groups (Fig. 3, G). Maximum calcification area, the largest mineral detected in a plaque,
increased in all BiP-treated groups compared to the control, regardless of sex. The largest calcified
area in the male groups was detected in both week 5 and week 15. In female groups, early BiP
treatment increased the maximum mineral size in the plaque compared to other time points, with

no significant differences between week 10 and 15 (Fig. 3, H).
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Figure 3. BiP treatment alters the micromorphology of the minerals in the plaque. (A) visualization of the
minerals in the atherosclerotic plaquesof male mice (20X, scale bar 100 um); (B) totalplaque calcification
in male mice; (C) mean calcification area (mean of mineralsize) in male animals; (D) maximum calcification
area in male mice; (E) visualization of the minerals in the atherosclerotic plaquesof male mice (20X, scale
bar 100 um); (F) totalplaque calcificationin male mice; (G) mean calcification area (mean of mineral size)
in male animals; (H) maximum calcification area in male mice. *P < 0.05, **P < 0.01, ***P < 0.001, and
**%*¥P<(0.,0001,two-way ANOVA with Tukey’s post-hoc test.
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Comparing male and female mice, we observed no significant differences in total calcification area
in the control, week 5, and week 15 treatment groups. However, BiP treatment beginning at 10
weeks of diet significantly increased the total calcification area in the female mice compared to the
male mice (Fig. 4, panel A). The mean calcification area (mineral average size) remained
unchanged between the males and females in the control, week 10, and week 15; however, in week
5, the male mice showed a significantly elevated mean calcification area compared to the females
(Fig. 4, panel B). Regardless of the time at which BiP treatment began, the maximum calcification
area in the male groups was higher than the females; however, no significant differences were
detected in the control group between males and females (Fig. 4, panel C). These data suggest that

BiP treatment may interact with and alter the morphology of mineral in the plaque.
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Figure 4. BIiP treatment affects the mineral morphology differently in males and females. Panel (A)
comparison of total plaque calcification between male and female mice; Panel (B) comparison of mean
calcification area between male and female mice; Panel (C) comparison of maximum calcification area
between male and female mice. *P < 0.05, **P < 0.01, ***P <0.001, and ****P< 0.0001, Welch’s t-test.
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BiP treatment does not affect serum alkaline phosphatase nor cholesterol

We measured the level of alkaline phosphatase, an enzyme required for calcification, in the serum
collected at the study endpoint. We observed no significant differences between the BiP-treated
and the control groups across either sex (Fig. 5, A and B). Furthermore, the total serum cholesterol
remained unchanged across BiP-treated groups compared to the controls for both male and female

mice (Fig. 5, C and D).
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Figure 5. BiP treatmentdoesnot affect the serum TNAP activity and total cholesterol. Serum TNAP activity
in (A) male mice and (B) female mice; serum total cholesterol in (C) male mice and (D) female mice. No
statistically significance observed across the groups, two-way ANOVA with Tukey’s post-hoc test.
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Bone remodeling correlates positively with the BiP treatment duration

Analyses of the resected bones showed dramatic increased bone volume in BiP-treated mice
compared to the control group. The longer treatment with BiP (i.e., beginning the BiP treatment at
the early time point) results in a higher bone volume in both cortical and trabecular areas
(metaphyseal and epiphyseal regions), as shown in Fig. 6, panel A and B. The cortical bone
thickness followed a similar trend and exhibited a positive correlation with the duration of BiP
treatment. The thickness of the trabecular bone, both metaphyseal and epiphyseal regions, was
significantly increased in the longest BiP-treated group (beginning of BiP regimen after 5 weeks
of diet); this parameter remained unchanged for week 10 and week 15 groups compared to the

control mice. Table 1 summarizes the bone microstructure parameters analyzed for each group.
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Figure 6.Boneremodeling positively correlates with duration of BiP treatment. (A) reconstruction of femoral
bone microstructure for the different treated and untreated groups; Panel (B) bone volume fraction (bone
volume/totalvolume)forcorticaland trabecularregions; Panel (C) bone thickness for cortical and trabecular
regions. *P <0.05,**P<0.01, ***P<0.001,and ****P<0.0001, two-way ANOVA with Tukey’s post-hoc

test.
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Table 1. Bone structural parameters for BiP-treated and control groups.

Parameter Control Week 5 Week 10 Week 15
N=4 N=4 N=4 N=4
Distal femur
Epiphyseal Trabecular Bone
BV/TV (%) 16.22+0.37 39.3+0.96 324405 27.48+0.76
Th.N (mm™) 7.63+1.11 12.8620.11 12.8240.32  12.05+0.34
Tb.Th (mm) 0.052+0.001  0.062#0.001  0.053:0.001  0.053+0.001
Tb.Sp (mm) 0.59+0.06 0.41+0.02 0.42+0.02 0.43+0.02
(an’{r?z\/m ) 0.065:0.002  0.059+0.003  0.057+0.003  0.062+0.003
EF 0.017+40.003  0.033#0.005  0.034+0.009  0.016+0.003
EF,.. 0.885:0.004  0.902+0.005  0.887+0.004  0.88+0.009
EF.., -0.8240.003  -0.825:0.008  -0.812+0.007  -0.810.009
DA 1.43+0.05 1.39+0.04 1.42+0.03 1.4+0.07
Metaphyseal Trabecular Bone
BV/TV (%) 4.82+0.29 248405 16.840.75  11.86205
Th.N (mm) 41+03 13.1%0.09 11.0240.07  7.62+0.49
Tb.Th (mm) 0.036+0.001  0.041#0.001  0.037+0.001  0.038+0001
Th.Sp (mm) 0.56+0.094 0.29+0.04 0.27+0.015  0.44+0.022
BS/BV 0.092+0.003  0.085:0.001  0.092+0.003  0.092+0.01
(mm?2/mm?3)
EF 0.12+0.02 0.07¢0.005  0.086+0.017  0.07+0.03
EF,.. 0.835+0.019 0.87+0.002 0.86£0.012  0.855+0.03
EF,.. -0.6740.036  -0.765:0.013  -0.71#0.022  -0.73%0.052
DA 1.77+0.14 1.640.15 15224009  1.78+0.09
Femoral midshaft
Cortical Bone
Mean CtTh(mm)  0.133+0.002  0.187+0.004  0.159+0.001  0.137+0.005
BV/TV (%) 13.9+0.48 23.9+0.25 20.2+0.6 17.320.24
Ps.Pm (mm) 5.65+0.11 5.37+0.2 535+0.22  5.33%0.18
Ec.Pm (mm) 4.75+0.11 4.2+0.18 4.1540.2 4.17+0.21
3 (mm?) 0.49+0.03 0.455+0.04  0.417+0.007  0.50.1

Data were collected using X-ray Computed Tomography of distal femur and femoral
midshaft. Values represent the mean+SEM.

BV/TV= Bone Volume/Total Volume; Th.N= Trabecular Number; Th.Th= Trabecular
Thickness; Th.Sp= Trabecular Separation; BS/BV= Specific Bone Surface: Bone Surface
Area/Bone Volume; EF= Ellipsoidal Factor; DA= Degree of Anisotropy; Ct.Th= Cortical
Thickness; Ps.Pm= Periosteal Perimeter; Ec.Pm=Endocortical Perimeter; J= Polar Moment
of Inertia.
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3.4. Discussion

Atherosclerotic plaque calcification in Apoe” mice fed a chow diet begins around 45-60 weeks of
age [101]; however, feedingthe mice an atherogenicdiet (21%fatand 15% cholesterol) accelerates
plaque calcification dramatically following 10-12 weeks of the diet [98, 102]. Apoe”- mice fed an
atherogenic diet develop early plaque, including lipoproteins accumulation, immune system
activation, and formation of cholesterol-rich foam cells between 4 to 14 weeks of feeding. Lipid
cores develop following 14 to 16 weeks of the diet, and fibrous cap formation and mature plaque
developmentoccurover 18to 20 weeks of the diet [103]. Here, we studied the role of BiP treatment
on atherosclerotic plaque calcification in Apoe” mice. The animals received BiP treatment twice
per week at three different time points: after 5 weeks of the diet, when the plaque formation has
started but prior to calcification formation; after 10 weeks of diet, at the onset of plaque
calcification; and after 15 weeks of diet, when the plaque is developed and contains calcified
regions.

We showed that the total calcification burden was increased by both the early (week 5) and late
(week 15) BIiP treatment regimens in male mice compared to the control group. The early BiP
treatment led to a higher mean calcification area (bigger mineral size average) compared to the late
one, which may stabilize the plaque by reducing the rupture risk. Given the fact that maximum
calcification area was comparable between early and late BiP treatment groups, a smaller mineral
size average inthe week 15 group means the presence of awider range of mineral size distribution,
which may influence the plaque stability. In terms of mid-term BiP treatment (week 10), smaller
average and maximum mineral size were observed compared to other BiP treated male mice. In the
female mice, even though thetotal calcification remained unchangedacross the BiP-treated groups,
the early treatment showed higher average and maximum mineral size compared to the mid-term
group. The average size of the early and late treated group was similar, with reduction in maximum

mineral size for the late BiP-treated group, which indicates a narrower distribution of the mineral

31



size, which may contribute in plaque stability. It should be mentioned that mouse plaques do not
rupture, which limited us to perform biomechanical analyses in this study. However, our data
suggest that timing of BiP intervention in relation to ongoing atherosclerotic remodeling could
influence mineral morphology and thus plaque stability. Previous studies using electron
microscopy revealed that timing of BiP regimen affects the morphology and topography of the
mineral aggregates (less than 5 um?) of the plaque microcalcifications [76]; longer BiP treatment
led to bigger individual mineral aggregates with higher surface roughness, while later time points
reduced both mineral aggregates size and surface roughness [76]. Furthermore, mineral aggregates
associated with later BiP treatment beginning showed qualitatively disorganized and loose
morphologies [76]. Along with these outcomes, our data support the fact that BiP potentially alters
the morphology of the microcalcifications, which may play role in plaque stability.

We showed thatearlyand late BiP treatment initiationsaffected thetotal calcificationareasimilarly
in male and female mice. However, for mid-term BiP regimen, during plague remodeling and
mineral deposition onset, total calcification area was higher in female mice compared to males.
Interestingly, the mean calcificationarea (average of the mineral size) was similar across males and
females in this group; yet, male mice showed bigger maximum calcification area compared to the
females, which suggest a wider mineral size distribution in males. These results may indicate a
critical timing in respect of BiP usage. Recent clinical studies indicate a negative correlation
between the cumulative BiP dosage (an indication of portion of day covered) to hazard ratio of
hospitalization due to atherosclerotic cardiovascular events [104]. Interestingly, in intermediate
group, female patients indicated higher hazard ratio (0.958) compared to associated male patients
(0.897) [104]. Furthermore, these clinical outcomes support our data that the longer BiP usage
duration may lead to bigger minerals, but narrow size distribution, which in silico studies suggest
as stable plaque with lower rupture risk [59, 105].

In humans, 95% of the serum TNAP originate from bone and liver [106], and unbalanced bone
turnover, aging, and chronic kidney disease correlate with abnormal elevated serum TNAP [107,
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108]. Postmenopausal women showed no increase in serum TNAP, however, it increased in
osteoporotic postmenopausal women [107]. BiPs lowered serum TNAP in osteoporotic
postmenopausal women and men with heterotopic ossification [107, 109, 110]. Yet, our results
showed unchanged TNAP in serum across the treated and untreated groups. Thus, elevated plaque
calcification in all treated groups appears to be independent of systemic TNAP changes.

Clinical trials reported serum LDL reduction in osteoporotic females treated with BiPs; however,
the level of high density lipoprotein and lactate dehydrogenase remained unchanged [111-113]. Of
note, we showed total cholesterol remained unchanged in all animals, regardless of the BiP
treatment. This may originate from the fact that these animals (Apoe ) are deficient in cholesterol
clearance and continuous feeding with an atherogenic diet maintains hypercholesterolemia. Thus,
our dataindicate that BiP treatment did notaffect the total cholesterol level, which may demonstrate
that BiP treatment does not affect the lipid metabolism and plaque progression in Apoe”- mice.
The outcomes from bone microstructure analyses demonstrate the substantial effect of BiP
treatment on bone remodeling. These results reveal a time-dependency of BiP regimen with the
final bone volume and thickness in cortical and trabecular areas. Of note, we showed a p ositive
correlation between bone remodeling and increased plaque calcification for early BiP treatment in
Apoe’- mice. Long term BIiP treatment led to increased mineralization in both bone and
atherosclerotic plaque. However, for later time points, beginning BiP treatment after 10 and 15
weeks of diet, the data demonstrate a negative correlation between bone remodeling and plaque
calcification. Both cortical and trabecular bone volumes are significantly higher in the week 10
group, compared to week 15, while plaque calcification for the latter is significantly higher
compared to former. Previous studies reported that BiP may imitate the effects of pyrophosphate,
a mineralization inhibitor in the cardiovascular system; however, our data did not support the
inhibitory role of BiP to reduce cardiovascular calcification to non-treated controls. Importantly,
the choice of animal models or patients in clinical trials may affect the BiP outcomes;
atherosclerotic plaque calcification represents a complex process in which several cell types,
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including VSMCs and macrophages [114, 115], are involved, thus, the BiP treatment may affect

multiple aspects of plaque progression and calcification.

3.5. Summary

Atherosclerotic plaque calcification represents a significant predictor of lesion vulnerability.
Patients with bone disorders are prone to develop ectopic cardiovascular calcification. Clinical
trials correlated BiPs, a common osteoporotic pharmaceutical family, with contradicting
cardiovascular outcomes. Here, we demonstrated the importance of treatment timing in BiP-
induced mineral disruption or promotion. We indicated that BiP can alter key morphological
features of the microcalcifications within the atherosclerotic plaque of Apoe - mice, which may
determine the risk of plaque rupture. Early beginning of BiP regimen, i.e., before calcification
initiates, increased the total calcification in both males and females, however, it led to narrower
mineral size distribution. Later regimen timings, either after mineralization starts or when the
plaque is developed, result in wider mineral size distribution, which correlates with plague
destabilization and a higher risk of rupture. Interestingly, early BiP regimen elevated mineralization
in both bone and atherosclerotic plaque. However, BiP regimen correlates negatively with bone

mineralization and plague calcification if given after the onset of plaque mineralization.
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Chapter IV: Aim 2 — Mechanistic Study on Calcifying Extracellular Vesicle
Biogenesis

4.1. Introduction

Previous studies revealed that calcification of mesenchymal stem cells requires actin-based
contractility induced by dexamethasone in commonly used osteogenic culture [116, 117], but the
associated mechanisms linking contraction to mineral formation remain unclear. Cell contraction
activates Src tyrosine kinase (STK), a component of the focal adhesion complex, which mediates
epidermal growth factor receptor (EGFR) and caveolin-1 protein (CAV1) phosphorylation [118].
CAV1 plays a key role in biogenesis of calcifying EVs, by mediating endocytosis of the caveolar
domains (Q-like invaginations on the plasma membrane [119]) [1]. CAV1 knockdown led to
significant reduction of TNAP activity and consequently, in vitro calcification of vascular smooth
muscle cells [1]. STK and EGFR also share many downstream signal transduction mediators [120].
EGFR (HERZ1) exists within the larger ErbB family of tyrosine kinase receptors with three other
members: HER2, HER3, and HER4. Except for HER2, ErbB family members bind extracellular
ligands with the epidermal growth factor (EGF) motif [121]. HER2 does not bind these ligands;
however, it is activated by heterodimerization with EGFR. Phosphorylated residues of EGFR and
HER2 function as docking sites for scaffolding proteins, including CAV1 [121, 122]. Clinical
studies revealed a robust correlation between HER2 with mammographic calcifications in breast
cancer [122]. Activation of HER2 depends on EGFR phosphorylation [121], which enhances the
CAV1 phosphorylation efficiency [123]. STK promotes caveolar domains detachment [124], and
phosphorylated CAV1 interactions with actin stress fiber forming molecules facilitates inward
trafficking of these domains [125, 126].

In endothelial cells, caveolae endocytosis occurs through CAV1 interaction with F-actin cross-
linking protein filamin A (FLNA). FLNA reduces CAV1 internalization with no changes in actin
stress fiber formation[127,128]. Of note, STK enhances the interactionbetween CAV1and FLNA,
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and mediates trafficking of caveolar domains [127]. FLNA plays role in phosphorylation of small
GTPases of the Rho family, also known as RhoA/Rho kinase or ROCK, which is involved in actin
stress fiber formation and cellular contractility [129]. A previousstudy on neural progenitor cells
indicated FLNA and ROCK interactions regulate cell morphology [130]. Furthermore, elevated
cellular contractility recruits ROCK to caveolar domains [131]. ROCK translocation to caveolar
domains and consequent ROCK-CAV1 interactions result in ROCK-dependent force production in
ratartery [132], demonstrating the interconnectivity between CAV1 and actin dynamics.

Racl, another member of the Rho family, regulates cell locomotion by mediating actin
polymerization and filament formation during the protrusion-retraction cycle. ROCK and Racl
functionin inhibitory feedback loops in cell locomotion, where ROCK reduces the activity of Racl
and vice versa [133]. ROCK drives contraction at the trailing edge, while Rac1 facilitates the
extension at the leading edge [134]. In VSMCs, angiotensin Il promotes Racl recruitment to the
caveolar domains, where it interacts with CAV1 [135]. In sum, vascular calcification occurs
downstream of alteredactin dynamics, the formation of calcifying EVs requires CAV1endocytosis
and trafficking, and CAV1 is functionally linked to the actin cytoskeleton and actin -altering
proteins. However, the direct relation between actin dynamics, CAV1 trafficking, and calcifying
EV biogenesis has not been previously reported. Here, we investigated the role(s) of actin
interactors in calcification of VSMCs and osteoblasts. The outcomes of this study could yield new
mechanistic insight in physiological and pathological mineralization and may help identify
therapeutictargets to prevent VSMC-dependent calcification, a direct contributor to cardiovascular

morbidity.

36



4.2. Methods

Osteogenic Stimulation and In vitro Calcification

Primary human coronary artery vascular smooth muscle cells (VSMCs, ATCC, PCS-100-021)
were cultured using vascular smooth muscle cell media and growth kit (ATCC, PCS-100-042).
VSMCs (passage 4-6) were harvested using 0.05% trypsin-EDTA solution (Caisson Labs, TRL04)
and seeded with a density of 26,320 cells.cm2 and incubated for 72 hoursat 37°C, 5% CO, with
controlled humidity prior to treatment. VSMCs were treated with either control media, consisting
of DMEM (HyClone, SH30022.01), 10% v/v bovine calf serum (iron-supplemented, R&D
Systems, S11950), and 1% v/v penicillin-streptomycin (Gibco, 15070-063), or with an osteogenic
media (OS) optimized to induce calcification [5, 136]. OS media were supplemented with 10 mM
B-glycerophosphate (Sigma, 13408-09-8), 0.1 mM L-ascorbic acid (Sigma, 113170-55-1), and 10
nM dexamethasone (Sigma, 50-02-2). To assess the role of various inhibitors, including PP2 (Src
tyrosine kinase inhibitor, 4 uM, Santa Cruz Biotechnology, sc-202769), Calpain inhibitor (5 uM,
Cayman Chemical Company, 14921), Y-27632 (RhoA protein kinase inhibitor, 10 uM, Santa Cruz
Biotechnology, sc216067), InSolution Rac-1 inhibitor Il (12.5 uM, EMD Millipore, 553512), and
methyl-B-cyclodextrin (mBCD, 1mM, Cayman Chemical Company, 21633), were added to the OS
media. An equal volume of the vehicle was added to the control and OS groups for each inhibitor.
We found that 28 days in OS culture media led to robust calcification by VSMCs; therefore, all
cultures (n = 3, independent donors, male and female) were treated for 28 days and media were
replaced every three days.

Osteoblasts (from human fetus, hFOB 1.19, ATCC, CRL-11372) were cultured and grown in
DMEM containing 10% v/v bovine calf serum and 1% v/v penicillin-streptomycin. Osteoblasts
(passage 4-6) were harvested using 0.25% trypsin-EDTA solution (Caisson Labs, TRL01), seeded
with a density of 5,200 cell.cm?, and incubated for 24 hoursat 37°C and 5% CO, with controlled

humidity. The cells were treated in three groups of control, OS, and OS supplemented with
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inhibitors, including PP2 (4 uM), Calpain inhibitor (5 uM), Y-27632 (10 puM), Rac-1 inhibitor
(12.5 uM), and methyl-B-cyclodextrin (1 mM), for 21 days and media were changed every three

days.

Alizarin Red S Staining and Quantification

Atthe end of experiments (28 and 21 days of treatment for VSMCs and osteoblasts, respectively),
media were removed, and the cells were fixed using formalin (10%, Fisher Chemical, SF100) for
15 min. To visualize in vitro calcification, Alizarin Red S stain (ARS, Ricca, 500-32) was added to
the wells and incubated for 30 min at room temperature. The stain was then removed, and the cells
were washed three times with milliQ water. To quantify the in vitro calcification, ARS stain was
extracted using acetic acid (1.67 M, Fisher Chemical, A38S) on a shaker. After 30 min, the
supernatants were collected, briefly vortexed, and heated at 85°C for 10 min. The samples were
then cooled on ice for 5 min and centrifuged at 20,000xg for 15 min to remove background
particles. Sample absorbance of 405 nm light was measured using a multi-mode reader (BioTek,

Synergy HTX).

Quantitative Real Time Polymerase Chain Reaction

Following 14 days in control, OS, or OS plus mBCD media, osteoblasts were lysed in 1 mL TRIzol
solution (Invitrogen, 15596018). Total RN A was isolated according to the manufacturer’s protocol.
To performthe quantitative real time polymerase chain reaction (qQRT-PCR), Power SYBR Green
RNA-to-CT 1-Step Kit (Applied Biosystems, 4391178) was used. Isolated template RNA (50 ng)
were added to each reaction for qRT-PCR. The results were normalized to Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) expression level as the housekeeping control. The relative
gene expression levels were calculated using comparative CT method, considering control groups
asthe reference. The following human primerswere purchased from Integrated DNA Technologies

(IDT); GAPDH Forward: CTTCGCTCTCTGCTCCTCCTGTTCG and  Reverse:
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ACCAGGCGCCCAATACGACCAAAT; RUNX2 Forward: GCTCTCTAACCACAGTCTATGC
and Reverse: AGGCTGTTTGATGCCATAGT; ALPL Forward:
GGAGTATGAGAGTGACGAGAAAG and Reverse: GAAGTGGGAGTGCTTGTATCT;
Osteocalcin ~ (BGLAP) Forward: TCACACTCCTCGCCCTATT and Reverse:
CCTCCTGCTTGGACACAAAA; COL1AlForward: ACATCCCACCAATCACCT andReverse:

GTCATCGCACAACACCTT.

Alkaline Phosphatase Activity Assay

To assess the activity of intracellular tissue non-specific alkaline phosphatase (TNAP), a
colorimetric assay kit (BioVision, K412) was used. VSMCs (n = 3) and osteoblasts (n = 3)
following 14 days of treatment with control, OS, and OS plus any of the inhibitors, were lysed in
120 pL assay buffer. Each sample (80 uL) was mixed with 50 uL of 5 mM pNPP solution and
incubated for 60 min at 25°C. The colorimetric change resulting fromthe reaction was detected
using a plate reader to measure absorbance at 405 nm. The results were normalized to the total

protein for associated samples measured by a BCA protein assay (BioVision, K813).

RNA interference

To assess the role of CAV1in in vitro mineralization of osteoblasts, CAV1 was knocked down in
either control or OS cultures. RNA silencing was perfumed using 20 nM validated CAV1 siRNA
(Ambion, 4390824) and On-target plus non-targeting pool (negative control, Dharmacon, D-
001810-10-20). Following the culture of the osteoblasts, DharmaFECT (Dharmacon, T-2001-02)

was used for CAV1silencing. The siRNA and media were replaced every three days for 21 days.

Gel Electrophoresisand Protein Immunoblotting

VSMCsand osteoblasts were lysed in RIPA lysis and extraction buffer supplemented with protease

inhibitor. After adding Laemmli SDS-sample buffer (1:4 v/v, Boston BioProducts, BP-110R) to
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each lysate, the samples were denatured at 100°C for 10 min, loaded into 7.5-12% 1-mm SDS-
PAGE gel (15 to 20 pg protein per lane), and run at 170 V. The proteins were then transferred to
Trans-Blot turbo nitrocellulose membranes (BIO-RAD, 1704158) at 25 V for 7 min. To quantify
the total protein, the membranes were stained using 2% w/v Ponceau stain (Alfa Aesar,
AAJ6074409) for 20 min, followed by one wash with 5% acetic acid and milliQ water for 5 min.
After imaging, the intensity of each lane was measured in ImageJ for total protein normalization.
Membranes were blocked with 5% wi/v bovine serum albumin (HyClone, SH30574.01) in TBS-
Tween (1X) for 1 hour. The membranes were incubated with primary antibodies of interest,
includingCAV1 (1:200, Abcam,ab2910) and TNAP (1:200, Invitrogen, 702454) overnightat 4°C.
Afterthree washes with TBS-Tween (1X), the membranes were incubated with secondary antibody
(1:1000, Li-Cor) for 1 hour, followed by three washes with TBS-Tween (1X). The protein bands
were visualized with Odyssey CLx scanner (Li-Cor), and quantified using Image Studio Lite

software (Li-Cor).

Immunofluorescence Staining and Imaging

VSMCs were fixed after 14 days of culture using formalin (10%) for 15 min and washed with PBS.
A solution of PBSand Triton X (0.1% v/v) permeabilized the plasma membrane for 10 min atroom
temperature. To avoid non-specific antibody binding, the cells were incubated with a blocking
buffer solution, consisting of BSA (1% wi/v) and glycine (22.5 mg/mL) in PBS for 30 min at room
temperature. Next, the cells were incubated for 2 hours with primary antibody against CAV1
(1:200) and washed three times with PBS. Cells were then incubated with a secondary antibody,
Alexa Fluor 594 (1:500, Abcam, ab150080), for 1 hour at room temperature, followed by three
washeswith PBS. To visualize actin filaments, samples were incubated for 20 min with Phall oidin-

iFluor 488 conjugate (1:50, Cayman Chemical, 20549) followed by three washes with PBS.
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In vitro Total Cholesterol Quantification

Following 14 days in control, OS, or OS plus mBCD media, VSMCs and osteoblasts were lysed in
a lysis solution of hexane (Sigma-Aldrich, 178918) and isopropanol (Fisher Chemicals, A417-1)
in a ratio of 3:2 (250 pL/well) and centrifuged at 14,000 rpm for 10 min. The aqueous phase from
each sample was extracted and dried using a vacuum chamber. The samples were then resuspended
in 10 pL isopropanol. To quantify the in vitro total cholesterol, a Wako Free Cholesterol E kit
(FUJIFILM Medical Systems USA, 99902601) was used. Briefly, 10 puL of each sample were
resuspended in 1 mL of assay color reagentand incubated at 37°C for 5 min. The colorimetric
change resulting from the reaction was detected using a plate reader to measure absorbance at 600

nm.

Statistics

Data are presented as the mean of independent replications, and error bars represent the standard
error of the mean. The reported n values represent independent biological replicates. Statistical
significance between groups was calculated using one-way ANOVA with Tukey’s post-hoc test in
GraphPad Prism 8. A p-value less than 0.05 was considered statistically significant. In case of
comparison between two groups, the statistical significance was calculated using t-test with p-

values less than 0.05.

4.3. Results

Osteoblasts mineralization is independent from caveolin-1

We studied the role of CAV1 knockdown in mineralization of osteoblasts. Following 21 days of
treatment with OS media supplemented with either siCAV1 or scrambled RNA, osteoblasts
mineralized in both cultures (Fig. 7). Thus, we concluded that in vitro calcification of osteoblast

does not depend on CAVL1.
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Figure 7. CAV1 silencing in osteoblastsdoes notpreventin vitro calcification.
Src tyrosine kinase plays role in calcification of vascular smooth muscle cells.

Following 14 days of treatment, intracellular CAV1 levels within VSMCs in OS culture increased
significantly compared to the control group (Fig. 8, A). Interestingly, co-treatment with OS media
and PP2 (Src tyrosine kinase inhibitor) elevated the intracellular CAV1 compared to both control
and OS cultures. Intracellular TNAP levels exhibited a similar trend as CAV1; OS media
significantly elevated the TNAP level compared to control group, while Src tyrosine kinase
inhibitor significantly increased the intracellular TNAP compared to both control and OS
conditions (Fig. 8, B). However, Src tyrosine kinase inhibition significantly reduced intracellular
TNAP activity in OS media (Fig. 8, C). Along with the reduction in TNAP activity, Src tyrosine
kinase completely prevented in vitro calcification of VSMCs (Fig. 8, D). Qualitative analysis of
confocal micrographs (Fig. 8, E) indicated thicker stress fibers and CAV1 alignment parallel to
actin filamentsin VSMCs cultured under OS media compared to control group; Src tyrosine kinase
reduced the density of the stress fibers and formed clusters of CAV1in VSMCs. Interestingly, Src

tyrosine kinase did not prevent in vitro mineralization of osteoblasts (Fig. 8, F).
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Figure 8. Src tyrosine kinase inhibitor prevents in vitro calcification of VSMCs. (A and B) Intracellular
CAV1 and TNAP protein in VSMCs after 14 days of culture; (C) Intracellular TNAP activity in VSMC
cultures following 14 days of treatment; (D) Alizarin red staining and quantification in VSMC cultures after
28 days; (E) Immunofluorescence staining of VSMCs after 14 days of treatment (400x, scale bar 10 pum);
and (F) Alizarin red staining and quantification in osteoblasts cultures following 21 days. *P < 0.05, **P <
0.01, ***P<0.001, and ****P< 0.0001, ANOVA with Tukey’s post-hoc test.
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Filamin A is involved in calcification of vascular smooth muscle cells

Calpain inhibitor (prevents cleavage of FLNA c-terminal fragment [137]) significantly increased
intracellular CAV1 and TNAP protein levels in VSMCs (Fig. 9, A and B). However, calpain
inhibitor significantly reduced intracellular TNAP activity in OS cultures (Fig. 9, C). Alizarin red
staining and quantification revealed that calpain inhibitor completely prevented VSMCs in vitro
calcification (Fig. 9, D). Theseresults suggestthat FLNA cleavage is required for TNAP activation
and calcification of VSMCs in OS culture. Immunofluorescence staining of the VSMCs treated
with Calpain inhibitor showed clusters of CAV1 between actin filaments, compared to the CAV1
organization along filaments in OS culture (Fig. 9, E). Calpain inhibitor increased the in vitro
mineralization of the osteoblasts, which indicates prevention of FLNA cleavage potentially

promotes bone mineralization (Fig. 9, F).
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Figure 9. Calpain inhibitor prevents in vitro calcification of VSMCs. (A and B) Intracellular CAV1 and
TNAP protein in VSMCs after 14 days of culture; (C) Intracellular TNAP activity in VSMC cultures
following 14 daysof treatment; (D) Alizarin red staining and quantification in VSMC cultures after 28 days;
(E) Immunofluorescence staining of VSMCs after 14 days of treatment (400x, scale bar 10 um); and (F)
Alizarin red staining and quantification in osteoblasts cultures following 21 days. *P < 0.05, **P < 0.01,
*#%P <0.001,and ****P< 0.0001, ANOVA with Tukey’s post-hoc test.
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Rho-associated protein kinase inhibition prevents in vitro calcification of vascular smooth
muscle cells

Y-27632, a cell-permeable small molecule, inhibits the activity of the ROCK [138]. Our results
showed that ROCK inhibition leads to elevated intracellular CAV1 in VSMCs (Fig. 10, A). The
level of intracellular TNAPand TNAP activity increasedin both OSand OS co -treated with ROCK
inhibitor, with no significant differences between these two groups (Fig. 10, B and C). Despite no
changesin TNAP activity level in ROCK inhibited cultures, Alizarin red standing showed complete
prevention of in vitro calcification of VSMCs following 28 days of treatment (Fig. 10, D). ROCK
inhibitor Y-27632 reduces cellular contractility by affecting actin filament formation [139]; our
confocal micrograph showed thin and disrupted stress fiber in VSMC cultures treated with ROCK
inhibitor compared to OS cultures. ROCK inhibition also affected the distribution of CAV1 by
formingprotein clusters (Fig. 10, E). Interestingly, ROCK inhibitionusing Y-27632 did not prevent

in vitro mineralization of osteoblasts (Fig. 10, F).
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Figure 10. ROCK inhibitor prevents in vitro calcification of VSMCs. (A and B) Intracellular CAV1 and
TNAP protein in VSMCs after 14 days of culture; (C) Intracellular TNAP activity in VSMC cultures
following 14 daysof treatment; (D) Alizarin red staining and quantification in VSMC cultures after28days;
(E) Immunofluorescence staining of VSMCs after 14 days of treatment (400x, scale bar 10 um); and (F)
Alizarin red staining and quantification in osteoblasts cultures following 21 days. *P < 0.05, **P < 0.01,
***%P <0.001, and ****P<0.0001, ANOVA with Tukey’s post-hoc test.
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Racl inhibition prevents vascular smooth muscle cell calcification in vitro

Racl inhibition increased the intracellular protein levels of CAV1 and TNAP compared to both
controland OSconditions (Fig. 11, Aand B). Interestingly, intracellular TNAP activity, whichwas
significantly elevated in OS cultures, decreased to control levels in Racl inhibited VSMCs (Fig.
11, C). Following 28 days of culture, Racl inhibition completely prevented VSMCs calcification
(Fig. 11, D). Our fluorescence staining showed qualitatively stronger stress fibers with clusters of
CAV1 between filaments in Racl-inhibited VSMCs (Fig. 11, E). However, Racl did not affect

mineralization of the osteoblasts (Fig. 11, F).
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Figure 11.Racl inhibitor prevents in vitro calcification of VSMCs. (A and B) Intracellular CAV1 and TNAP
protein in VSMCs after14 daysof culture; (C) Intracellular TNAP activity in VSMC cultures following 14
days of treatment; (D) Alizarin red staining and quantification in VSMC cultures after 28 days; (E)
Immunofluorescence stainingof VSMCs after 14 days of treatment (400x, scale bar 10 pm); and (F) Alizarin
red staining and quantification in osteoblasts cultures following 21 days. *P< 0.05,**P<0.01, ***P<0.001,
and ****P<0.0001, ANOVA with Tukey’s post-hoc test.
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Targeting cholesterol-rich domains in VSMCs membrane increases in vitro calcification

CAV1 protein resides in caveolar lipid raft domains, which contain high level of cholesterol.
Methyl-B-cyclodextrin (mBCD) selectively removes the cholesterol from plasma membrane [140,
141]anddisrupts caveolar domains [142].Our resultsshowed increased intracellular CAV1 in both
OS and OS co-treated with mBCD in VSMCs compared to non-treated controls; however, mpCD
reduced intracellular CAV1 compared to OS culture alone (Fig. 12, A). OS media increased the
level of total cholesterol in VSMCs and removing the cholesterol domains from the membrane
using mpCD significantly increases the total cholesterol measured in the VSMCs (Fig. 12, B).
Intracellular TNAP activity increased in OS cultures co-treated with mBCD compared to both
control and OS media (Fig. 12, C). Elevated TNAP activity associated with significantly higher in

vitro calcification of VSMCs compared to OS culture (Fig. 12, D).
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Figure 12. MBCD increases in vitro calcification of VSMCs. (A) Intracellular CAV1 in VSMCs after 14 days
of culture; (B) Intracellular cholesterol level following 14 days of treatment in VSMCs; (C) Intracellular
TNAP activity in VSMC cultures following 14 daysof treatment; (D) Alizarin red staining and quantification
in VSMC cultures after 28 days; (E) Immunofluorescence staining of VSMCs after 14 days of treatment
(400x, scale bar 10 pm). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P< 0.0001, ANOVA with Tukey’s
post-hoc test.

mpBCD prevented mineralization of osteoblasts after 21 days of treatment (Fig. 13, A). Interestingly,
mpBCD treatment decreased intracellular TNAP activity to the control level (Fig. 13, B). OS media
increased intracellular CAV1 in osteoblasts; interestingly, co-treatment with OS media and mpCD

dramatically reduced CAV1 level to the control level (Fig. 13, C). Like VSMC cultures, mpCD
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increased the total intracellular cholesterol measured in osteoblasts (Fig. 13, D). Following 14 days
of culture, the expression of RUNX2 in osteoblasts under both OS media and OS supplemented
with mBCD was reduced (Fig. 13, E), indicating a commitment to osteogenic differentiation [143,
144]. mBCD increased the expression of BGLAP in osteoblaststo higher level compared to OS
media (Fig. 13, H). However, both COL1A1 and ALPL expression were significantly reduced by

mpBCD treatment in OS cultures (Fig. 13, Fand G).
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Figure 13. MBCD prevents in vitro calcification of osteoblasts. (A) Alizarin red staining and quantification
in osteoblasts cultures after 21 days; (B) intracellular TNAP activity in osteoblasts following 14 days of
treatment; (C) Intracellular CAV1 in osteoblasts after 14 daysof culture; (D) Intracellular cholesterol level
following 14 days of treatment in osteoblast; (E, F, G, and H) gene expression changes in osteoblasts
following 14 day of treatment for RUNX2, ALPL, COL1A1, and BGLAP, respectively. *P <0.05, **P<0.01,
***%P <0.001, and ****P<0.0001, ANOVA with Tukey’s post-hoc test.
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4.4. Discussion

The formation of cardiovascular calcification involves VSMC-derived calcifying EVs that serve as
nucleating foci for mineralization. This process mimics physiological bone mineralization by
osteoblasts. However, reduction in bone mineral density correlates with elevated cardiovascular
calcification—a phenomenon known as the “calcification paradox [6].” Yet, the cellular processes
that distinguish VSMC-dependent calcification from osteoblasts are unclear. Previous studies
reported that a membrane scaffolding protein, CAV1, actively participates in the biogenesis of
calcifying EVs in VSMCs. CAV1 abundantly resides in caveolar domains, cholesterol-rich
membrane rafts that play a critical role in cardiovascular physiology [145]. CAV1 may represent a
key to understand the divergence between VSMC and osteoblast mineralization. Silencing of
CAV1 reduced intracellular TNAP activity and in vitro calcification of VSMCs. However, in vivo
studies in CAV1” mice revealed increased bone mass density. Our data showed that CAV1
knockdowndoesnotaffectthe in vitro mineralization of osteoblasts, which supports our hypothesis
that CAV1 is required for VSMC mineralization specifically. Here, we investigated known CAV1
interactors in modulating VSMC and osteoblast calcification.

We showed that Src tyrosinekinase (a non-receptor membrane protein) inhibition prevents VSMC-
dependent calcification but does not affect mineralization by osteoblasts. Src tyrosine kinase
inhibition elevated intracellular CAV1 level and altered CAV1 patterns within VSMCs.
Furthermore, Src tyrosine kinase inhibition increased TNAP protein levels but decreased TNAP
activity. CAV1 endocytosisand trafficking through the Golgi apparatus activates TNAP in VSMCs
[1]. Our data suggest that although the OS media still leads to increased TNAP protein, Src
inhibition disrupts CAV 1 trafficking and prevents TNAP activation. Of note, several clinical trials
are studying the efficacy of STK inhibitors in cancer therapy, diabetes, and chronic kidney disease
[146, 147]. However, STK inhibitors as a diverse family require comprehensive studies for their

potential cardiovascular therapeutic outcomes.
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We also assessed the role of FLNA modulation in VSMC-dependent calcification. FLNA is a F-
actin crosslinking protein that interacts with CAV1 during caveolar domain endocytosis [127].
FLNA-knockdown endothelial cells constrained CAV1to the plasma membrane, while in control
group CAV1 was detected on intracellular vesicles, thus, FLNA mediates CAV1 trafficking within
the cell[127]. Ourresultsindicate elevated intracellular CAV1 in Calpain inhibited cultures, which
may result from altered CAV1 trafficking due to FLNA stabilization. Furthermore, fluorescence
staining showed clusters of CAV1 in Calpain inhibited VSMCs, which supports disrupted CAV1
trafficking. Similar to Src tyrosine kinase inhibitor, Calpain inhibition increased the level of
intracellular TNAP, but reduced TNAP activity in VSMCs. These results further indicate that
disrupting CAV1 trafficking affects TNAP activation. Interestingly, targeting FLNA solely
prevents calcification of VSMCs without affecting osteoblast mineralization. Several studies
reported the targeting of FLNA to hinder tumor progression in cancer mouse models [148, 149]
and neurological disorders [150], but no cardiovascular-related in vivo study has been reported.
Future studies will assess the role of FLNA targeting and its therapeutic efficacy in cardiovascular-
related pathologies.

Previous studies demonstrated that differentiation and calcification of mesenchymal stem cells
require cytoskeletal rearrangements that lead to actin filaments thickening [116]. Actin filaments
regulate cellular contractility [151], and osteogenic stimulation increased cell contraction.
Disrupting the actin filaments reduces the calcification [152]. We also showed that in vitro
calcification of VSMCs requires cellular contractility. ROCK playsa role in VSMC contraction,
by regulating focal adhesions and stress fiber formation [153]. Y-27632 targets p160ROCK (a
protein serine/threonine kinase [154, 155]) and actively prevents stress fibers formation [156], and
consequently reduces osteogenic-mediated VSMC contraction. Fluorescence images showed that
ROCK inhibition in our VSMCs cultures qualitatively reduced the density and thickness of the
stress fibers. ROCK inhibition also redistributed CAV1in VSMCs. Similar to the calpain and Src
inhibition data, intracellular CAV1was elevated in ROCK-inhibited VSMCs, which may indicate
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disrupted CAV1 trafficking. However, neither intracellular TNAP nor TNAP activity was affected
by ROCK inhibition. These outcomes suggest that ROCK inhibitor prevents vascular calcification
differently fromthe other CAV1 interactors. ROCK inhibition did not hinder in vitro calcification
of osteoblasts. Further studies are needed to investigate the efficacy and safety of ROCK inhibition
strategies in cardiovascular pathologies.

We showed that Racl inhibition attenuated in vitro calcification of the VSMCs. Racl, promotes
non-contractile stress fiber assembly [157]. Our fluorescence images qualitatively indicated
stronger actin filaments with clusters of CAV1 following Racl inhibition. Furthermore,
intracellular CAV1increased in response to Racl inhibition, which may suggest disrupted CAV1
trafficking. Despite elevated intracellular TNAP protein, the activity of this enzyme significantly
decreased, similar to the trends observed with calpainand Src inhibition. Racl inhibition did not
prevent osteoblast mineralization.

The effects of mBCD may representthemostinteresting results in this chapter. Removal of caveolar
domains from VSMCs significantly increased in vitro calcification, but completely abrogated the
osteoblasts mineralization. The elevated VSMC-dependent calcification associated with increased
intracellular TNAP activity. Our results showed elevated intracellular CAV1 in both OS cultures
and mBCD treated VSMCs. Previous studies reported that mBCD prevents stress fiber assembly
[141], which is consistent with our observations. We expected that depolymerization of the actin
stress fibers would reduce VSMC-dependent calcification; however, we observed the opposite
outcome. Interestingly, mBCD hinders osteoblasts mineralization by affecting osteogenic
differentiation. Reduced COL1A1 expression in osteoblasts suggests an inability to synthesize a
mature extracellular matrix for mineral deposition. Decreased ALPL expression also led to a
significant reduction in intracellular TNAP activity. For both VSMCs and osteoblasts, intracellular
cholesterol unexpectedly increased in mBCD cultures. This may be due to lipid addition

mechanisms within cells that compensates for constant cholesterol depletion at the membrane
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[158]. Further studies are needed to clarify the relation between cholesterol-depletion, CAV1

trafficking, and calcification.

4.5. Summary

VSMC calcification dependson CAV1 protein and endocytosis of caveolar domains [1, 5]. Thus,
CAV1 and its interactors may represent ideal targets to develop therapeutic options to prevent
VSMC-dependent calcification. We studied the role of inhibiting of several upstream and
downstream molecules that are involved in CAV1 activation and trafficking. Interestingly, we
showed that altering CAV 1 trafficking does not negatively impact physiological mineralization of
osteoblasts. We concluded that despite shared mineralization characteristics, the mechanism(s) of
calcification is/are different in these cells. This suggests the possibility of developing therapeutic
strategies that prevent vascular calcification, but not bone mineralization. In Chapter V, we
investigate the therapeutic potential of a known CAV1 interactor and build upon our observations

that altered CAV1 trafficking affects mineralization.

57



Chapter V: Aim 3 — Epidermal Growth Factor Receptor Inhibition Prevents Vascular
Calcification

Text for Chapter V taken from:

[159] — A. Bakhshian Nik , H. H. Ng, P. Sun, F. lacoviello, P. R. Shearing, S. Bertazzo, D. Mero,
B. B. Khomtchouk, and J. D. Hutcheson. "Epidermal Growth Factor Receptor Inhibition Prevents
Caveolin-1-dependent Calcifying Extracellular Vesicle Biogenesis.” BioRxiv, 2021.

5.1. Introduction

Medial calcinosis manifests as the formation of calcium phosphate mineral in the media layer of
arterial walls, leading to vascular stiffening, dysfunction, and cardiac overload [160, 161]. Medial
calcinosis highly correlates with cardiovascular morbidity and mortality [162]. Calcification of
arterial media commonly occurs in patients with chronic kidney disease (CKD) [161, 163]. CKD
patients with no detectable vascular calcification have 8-year all-cause survival rates of around
90% compared to 50% survivability in age-matched patients with medial calcification [164].
Imbalanced serum calciumand phosphorous levels elevate the risk of medial calcinosisin CKD
patients. Impaired renal excretion of phosphorous also leads to abnormal bone remodeling and
mediates osteogenic differentiation of vascular smooth muscle cells (VSMCs) in the arterial walls
[165].

Osteogenic differentiationof resident VSMCs and release of calcifyingextracellular vesicles (EVs)
mediate nucleation and growth of ectopic vascular calcification [162, 166]. This process mimics
aspects of the physiological mineralization of osteoblasts and chondrocytes in bone via release of
matrix vesicles [167]. Although calcifying EVs released into the vascular wall and bone matrix
vesicles contribute to similar endpoints of mineralization, they originate through different pathways
[33, 168]. The development of pharmaceuticals for vascular calcification targeting mechanisms
specific to vascular calcifying EVs could avoid deleterious off-target effects on bone. Formation of
calcifying EVs by VSMCs requires caveolin-1 (CAV1), a scaffolding membrane protein [169].

CAV1 resides in caveolar domains, small invaginations (50-100 nm) on the plasma membrane,
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which consist of the caveolin protein family, cholesterol, sphingolipids, and receptors [170, 171].
Caveolar functionsincludeintra/extracellular lipidtransfer, endocytosis, mechanotransduction, and
signaling mediation [171, 172]. Calcifying VSMCs release CAV1-enriched EVs, and CAV1
knockdown abrogates calcification in these cells [169].

Epidermal growth factor receptor (EGFR) is a tyrosine kinase transmembrane glycoprotein [173],
which localizes abundantly in caveolar domains. EGFR interacts with and modulates CAV1
trafficking [174] and recruits signaling proteins to caveolar domains [175]. EGFR actively
participates in human cancer progression, and EGFR tyrosine kinase inhibition has become a
widely utilized strategy in cancer therapies [176]. BothCAV1and EGFR are elevated during breast
cancer progression [177], andclinical studies indicate that overexpression of EGFR in breast cancer
associates with increased ectopic calcification [178]. In cardiovascular pathogenesis, elevated
EGFR activity correlates with oxidative stress and chronic inflammation [179]. EGFR inhibition in
apolipoprotein E-deficient mice fed a high-fat diet prevented atherosclerotic plaque development
[179]. However, therole of EGFR in VSMC-mediated calcification has not been reported.

Here, we computationally analyzed 7651 individuals in the Multi-Ethnic Study of Atherosclerosis
(MESA) and Framingham cohorts, revealing a positive correlation between genetically mediated
serum EGFR and coronary artery calcification (CAC) measured by computed tomography. Given
these associations and the known interactions between CAV1 and EGFR, we hypothesized that
EGFR inhibition would prevent vascular calcification by mitigating the biogenesis of calcifying
EVs. We showed that EGFR inhibition reduces the release of pro-calcific CAV1-positive EVs and
prevents calcification in osteogenic VSMC cultures and in CKD mice fed a high-phosphate diet.
The EGFR inhibitor treatmentalsosignificantly reversed bone mineral loss in the CKD mice. Given
the demonstrated clinical safety, our data suggest that EGFR inhibition could represent a viable

therapeutic strategy to prevent vascular calcification in patients with CKD.

59



5.2. Methods

Identification of Instrumental Variables for Mendelian Randomization

Instrumental variables (1Vs) were selected using an agnostic p-value threshold, i.e. p <5x10%, as
advised by the methodological literature on Mendelian Randomization (MR) [180]. Single
nucleotide polymorphisms (SNPs) associated with significantly elevated serum EGFR
concentration (p < 5x10-) from a previous proteomics study were compared against genotyped
SNPs in the Multi-Ethnic Study of Atherosclerosis (MESA) SNP Health Association Resource
(SHARe), and all SNPs presented in both the proteomics study and MESA genotyping data
associated beyond this p-value threshold were included as Vs for the MR analysis [181]. In total,
three SNPs of rs12666347, rs2371816, and rs7806938 were included. The same 3 IVVs and measure
of CAC were used to replicate the significance of the MR analysis and validate results in the

Offspring Cohort of the Framingham Heart Study (FHS).

Calculation of SNP-EGFR and SNP-CAC Association in the MESA and FHS Cohorts

Effect sizes of each SNP on EGFR concentration, as well as their standard errors, were extracted
from the publicly available summary statistics [181]. To calculate the effect sizes of each SNP on
calcification levels, we identified 1,896 individuals from the FHS Offspring cohort, and 5,755
individuals who completed MESA Exam 1 who had available genotyping information. For each of
these individuals, genotyping information, age, sex, study site, race, and Agatston score were
extracted. Agatston scores are a measure of CAC determined through cardiac imaging, with an
increasing Agatston score representing increased CAC. Associations between each 1V SNP and
CAC is calculated using logistic regression, treating Agatston scores as a binary variable (=0 vs >
0) and including age, sex, study site, and race as covariates in the model. All analyses were

conducted using the R programming language.
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Mendelian Randomization

Following identification of SNP-CAC and SNP-EGFR association and standard error values, MR
analysis was performed to determine the presence and estimate the magnitude of causal effect that
elevated serum EGFR has on CAC. 11 different regressions were included in the MR analysis to
correctforpossible pleiotropiceffects, a possiblesource of confounding. Included regressions were
simple median, weighted median, penalized median, inverse-variance weighted (IVW), penalized
IVW, robust IVW, penalized-robust IVW, MR-Egger, penalized MR-Egger, robust MR-Egger, and
penalized-robust MR-Egger. MR analysis was performed using the Mendelian Randomization
package in R [182, 183] (R Core Team, 2021; Yavorska and Staley, 2021). We accounted for

multiple testing errors using a Bonferroni-adjusted 0.05 significance level of 0.0045 (0.05/11).

Chronic Kidney Disease and Vascular Calcification Mouse Model

The in vivo study was approved by the Institutional Animal Care and Use Committee (IACUC) at
Florida International University under protocol AN20-006 and conformed to current NIH
guidelines. The experimental design was based upon procedures established in a previous study to
induce CKD and vascular calcification in mice [184]. 8-week-old wild type C57BL/6J mice (n =
38, 19 per biological sex) were fed an adenine-supplemented diet (0.2%, TestDiet, Richmond, IN)
for 6 weeks to induce severe kidney injury. The mice then received a diet containing 1.8%
phosphate (TestDiet, Richmond, IN) and 0.2% adenine for an additional two weeks to induce
medial calcinosis. Alongwith this calcifyingdiet, agroup of mice (n =19) received daily tyrphostin
AG1478 (10 mg/kg mouse, Millipore Sigma, T4182) via oral gavage. The remaining mice (n = 19)
received vehicle treatment (1% wi/v, carb oxymethylcellulose sodium salt, Sigma, C5678). For non-
diseased controls, a third group of mice (n =12, 6 per biological sex) were fed a regular chow diet
and received the vehicle for the final two weeks. During the oral gavage, animals were partially

anesthetized using isoflurane (1%, Patterson Veterinary, 07-893-1389, in 2 L.min-t oxygen flow).
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All animals received a tail vein injection with the calcium tracer OsteoSense 680EX (80 nmolkg
mouse, PerkinElmer, NEV10020EX) 48 hours prior to euthanization. Atstudy endpoint, mice were
anesthetized with isoflurane (1%, in 2 L.min* oxygen flow) followed by retro-orbital bleeding for
blood collection. Mice were then immediately euthanized by laceration of the diaphragm before
tissue collection. After resection, the aortas were imaged using a near-infrared scanner (LI-COR
Odyssey)to visualize the vascular calcification burden. A custom MATLAB script quantified the
total area of the calcium tracer, which was normalized to the total scanned aorta area.

Immediately after scanning, the tissue was incubated in a digestive solution [185] of sucrose (0.25
M, Sigma, S7903), NaCl (0.12 M, Fisher Chemical, BP358), KCI (0.01 M, Fisher Chemical, P217),
Tris hydrochloride (0.02 M, Fisher Chemical, BP153), and collagenase (600 U/mL, Worthington
Biochemical, LS004174) for 2 hours at 37°C. The solution wasthen centrifuged at 1,000xg for 15
min to remove cell debris and at 33,000xg for 30 min to remove microvesicles. Finally, the
supernatants were ultracentrifuged (Beckman Coulter, Optima MAX-TL) at 100,000xg for 1 hour
to isolate the EVs of interest. The pellet was suspended in RIPA lysis and extraction buffer (G
Biosciences, 786-489) supplemented with pierce protease inhibitor (Thermo Scientific, A32963).

To yield sufficient protein concentration for analysis, EVs isolated from 2 to 3 aortas were pooled.

Osteogenic Stimulation, In vitro Calcification, and Extracellular Vesicle Isolation

Primary human coronary artery vascular smooth muscle cells (VSMCs, ATCC, PCS-100-021)
were cultured using vascular smooth muscle cell media and growth kit (ATCC, PCS-100-042).
VSMCs (passage 4-6) were harvested using 0.05% trypsin-EDTA solution (Caisson Labs, TRL04)
and seeded with a density of 26,320 cells.cm and incubated for 72 hoursat 37°C, 5% CO, with
controlled humidity prior to treatment. VSMCs were treated with either control media, consisting
of DMEM (HyClone, SH30022.01), 10% v/v bovine calf serum (iron-supplemented, R&D
Systems, S11950), and 1% v/v penicillin-streptomycin (Gibco, 15070-063), or with an osteogenic

media (OS) optimized to induce calcification [5, 136]. OS media were supplemented with 10 mM
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B-glycerophosphate (Sigma, 13408-09-8), 0.1 mM L-ascorbic acid (Sigma, 113170-55-1), and 10
nM dexamethasone (Sigma, 50-02-2). To assess the role of EGFR inhibition, tyrphostin AG1478
(Millipore Sigma, T4182) was dissolved in the vehicle (DMSO:Methanol, 1:1) and added to OS
media to a final concentration of 2.5 pM. An equal volume of the vehicle was added to the control
and OS groups. We found that 28 days in OS culture media led to robust calcification by VSMCs;
therefore, all cultures (n = 3, independent donors, male and female) were treated for 28 days and
media were replaced every three days. On days 6, 13, 20, and 27 the media were replaced by an
extracellular-vesicle-free (EV-free) media (ultracentrifuged for 15 hours at 100,000xg at 4°C to
remove background EVscommon in the serum). After 24 hours, conditioned media were collected
ondays 7,14, 21, and 28. Collected media were centrifuged at 1,000xg for 5 min to remove cell
debris. EV isolation was performed using ultracentrifugation at 100,000xg for 1 hour.

Osteoblasts (from human fetus, hFOB 1.19, ATCC, CRL-11372) were cultured and grown in
DMEM containing 10% v/v bovine calf serum and 1% v/v penicillin-streptomycin. Osteoblasts
(passage 4-6) were harvested using 0.25% trypsin-EDTA solution (Caisson Labs, TRL01), seeded
with a density of 5,200 cell.cm?, and incubated for 24 hoursat 37°C and 5% CO, with controlled
humidity. The cells were treated in three groups of control, OS, and OS supplemented with
tyrphostin AG1478 (2.5 uM) for 21 days and media were changed every three days. Compared to
VSMCs, we observed more rapid mineralization in osteoblasts cultured in OS with full matrix
mineralization apparent after 21 days. Similar to the VSMC experiments, EV -free media were
added to the cultures on days 6, 13, and 20, and collected 24 hours later on days 7, 14, and 21.
Collected media were centrifuged at 1,000xg for 5 min to remove cell debris. Matrix vesicles were

isolated using the ultracentrifugation at 100,000xg for 1 hour.

Alizarin Red S Staining and Quantification

Atthe end of experiments (28 and 21 days of treatment for VSMCs and osteoblasts, respectively),

media were removed, and the cells were fixed using formalin (10%, Fisher Chemical, SF100) for
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15 min. To visualize in vitro calcification, Alizarin Red S stain (ARS, Ricca, 500-32) was added to
the wells and incubated for 30 min at room temperature. The stain was then removed, and the cells
were washed three times with milliQ water. To quantify the in vitro calcification, ARS stain was
extracted using acetic acid (1.67 M, Fisher Chemical, A38S) on a shaker. After 30 min, the
supernatants were collected, briefly vortexed, and heated at 85°C for 10 min. The samples were
then cooled on ice for 5 min and centrifuged at 20,000xg for 15 min to remove background
particles. Sample absorbance of 405 nm light was measured using a multi-mode reader (BioTek,

Synergy HTX).

Kidney Histological Analysis

To assess histological changes in kidneys due to renal injury, Hematoxylin and Eosin (H&E)
staining was performed. The kidneys resected from the mice were fixed using formalin (10%) for
three hours. Tissues were embedded using Tissue-Plus OCT (Fisher Scientific, 23-730-571). The
samples were cryosectioned with a thickness of 12 pm and stained using rapid chrome H&E

staining kit (Thermo Scientific, 9990001).

Quantitative Real Time Polymerase Chain Reaction

Following 7 or 14 days in control, OS, or OS plus EGFR inhibitor media, VSMCs and osteoblasts
were lysed in 1 mL TRIzol solution (Invitrogen, 15596018). Total RNA was isolated according to
the manufacturer’s protocol. To perform the quantitative real time polymerase chainreaction (QRT-
PCR), Power SYBR Green RNA-to-CT 1-Step Kit (Applied Biosystems, 4391178) was used. 50
ng of isolated template RNA were added to each reaction for qRT-PCR. The results were
normalized to Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression level as the
housekeeping control. The relative gene expression levels were calculated using comparative CT
method, considering control groups as the reference. The following human primers were purchased

from Integrated DNA Technologies (IDT); GAPDH Forward:
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CTTCGCTCTCTGCTCCTCCTGTTCG and Reverse: ACCAGGCGCCCAATACGACCAAAT;
RUNX2 Forward: GCTCTCTAACCACAGTCTATGC and Reverse:
AGGCTGTTTGATGCCATAGT; ALPL Forward: GGAGTATGAGAGTGACGAGAAAG and
Reverse: GAAGTGGGAGTGCTTGTATCT; Osteocalcin (BGLAP) Forward:
TCACACTCCTCGCCCTATT and Reverse: CCTCCTGCTTGGACACAAAA.

To isolate RNA from the resected kidneys, the tissues were homogenized using a grinder (Sigma,
Z529672) and lysedin 1 mL TRIzol solution. After 10 min incubation at room temperature, the
samples were centrifuged at 12,000xg for 10 min at 4°C. The supernatants were collected and 200
pL of chloroform (Sigma Aldrich, C2432) were added to each sample. The samples were vortexed,
incubated at room temperature for 10 min, and centrifuged for 15 min at 12,000xg, 4°C. The
aqueous phase was collected from each sample and 500 pL of isopropanol were added; the samples
were vortexed, incubated for 15 min at room temperature followed by 15 min on ice, and
centrifuged at 21,000xg for 15 min. The supernatants were discarded, and pellets were washed
twice with 500 uL cold ethanol (75% v/v) and centrifuged at 21,000xg for 5 min [186-188]. The
isolated RNA templates were heated at 65°C for 15 min, and the concentrations were measured
using a spectrophotometer (NanoDrop Lite, Thermo Scientific). Power SYBR Green RNA-t0-CT
1-Step Kitwith 100 ngisolated template RNA per reactionwas used. The following mouse primers
were purchased from Eurofins Scientific; Gapdh Forward: AACGACCCCTTCATTGAC and
Reverse: TCCACGACATACTCAGCAC; Collal Forward: CCTCAGGGTATTGCTGGACAAC
and Reverse: ACCACTTGATCCAGAAGGACCTT, Tgfbl Forward:

TGGAGCAACATGTGGAACTC and Reverse: CAGCAGCCGGTTACCAAG.

Alkaline Phosphatase Activity Assay

To assess the activity of intracellular tissue non-specific alkaline phosphatase (TNAP), a
colorimetric assay kit (BioVision, K412) was used. VSMCs (n = 3) after 14 days and osteoblasts

(n=3) after 7 days, were lysed in 120 pL assay buffer. 80 pL of each sample were mixed with 50

65



pL of 5 mM pNPP solution and incubated for 60 min at 25°C. The colorimetric change resulting
from the reaction was detected using a plate reader to measure absorbance at 405 nm. The results
were normalized to the total protein for associated samples measured by a BCA protein assay
(BioVision, K813).For EV or matrix vesicle TNAP activity measurement, after ultracentrifugation
at 100,000xg for 1 hour, the pellets were re-suspended in 120 pL assay buffer. The assessment was
performed using the same assay protocol described for intracellular TNAP activity and the results
were normalized to the total protein for each sample. For mouse serum TNAP activity, the samples

were diluted 1:20 and assessed according to the manufacturer’s protocol.

Extracellular Collagen Assessment

After 28 days of treatment, soluble collagen was extracted from the cultures using acetic acid (0.5
M) through overnight incubation at 4°C. A colorimetric assay, Sircol soluble collagen assay
(Biocolor, S1000), measured the total soluble extracellular matrix (ECM) collagen in each group.
Samples were prepared and assessed according to the manufacturer’s protocol. Results were then

normalized to the total protein measured using BCA assay.

Subcellular Fractionation for VSMCs and Aortas

8-week-old wild type C57BL/6J mice (n =20, female) received the adenine-supplemented diet for
6 weeks to induce CKD, followed by two additional weeks of the diet containing 1.8% phosphate
and 0.2% adenine to induce medial calcinosis. Mice were split into two groups (10 per group). The
first group received daily tyrphostin AG1478 (10 mg/kg mouse), while the other group received
vehicle (1% wi/v, carboxymethylcellulose sodium salt). At study endpoint, the animals were
euthanized, and the aortas were resected. A subcellular protein fractionation kit for tissue
(Thermofisher,87790) was used to isolate cellular cytosolic fraction from the resected aortas, using
the manufacturer’s protocol. Briefly, the tissues were minced and homogenized using a grinder.

The sampleswere then incubated in a cytoplasmic extraction buffer for 10 min at 4°C, followed by
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centrifugation at 1000xg for 5 min. The supernatants yielded the cytosolic fraction. To obtain
sufficient protein foranalyses, two aortas were pooled per data point.

VSMCs were treated with control, OS, and OS supplemented with tyrphostin AG1478 (2.5 uM)
for 14 days. At the experiment endpoint, using a subcellular protein fraction kit for cultured cells
(Thermofisher, 78840), cytosolic fraction was isolated according to the manufacturer’s protocol.
Briefly, VSMCs were harvested using 0.25% trypsin solution and resuspended in cytoplasmic
extraction buffer. After 10 min incubation at 4°C, the samples were centrifuged at 1000xg for 5
min and the supernatants were collected as cytosolic fractions. The protein concentration foraortic
tissue and VSMC fractions were quantified using a BCA assay and samples were prepared for

protein immunablotting.

Gel Electrophoresisand Protein Immunoblotting

VSMCs, osteoblasts, isolated EVs (either from cells or mouse aortas), and matrix vesicles (from
osteoblasts) were lysed in RIPA lysis and extraction buffer supplemented with protease inhibitor.
After adding Laemmli SDS-sample buffer (1:4 v/v, Boston BioProducts, BP-110R) to each lysate,
the samples were denatured at 100°C for 10 min, loaded into 7.5-12% 1-mm SDS-PAGE gel (15
to 20 pg protein per lane),and runat 170 V. The proteins were then transferred to Trans-Blot turbo
nitrocellulose membranes (BIO-RAD, 1704158) at 25 V for 7 min. To quantify the total protein,
the membranes were stained using 2% wi/v Ponceau stain (Alfa Aesar, AAJ6074409) for 20 min,
followed by one wash with 5% acetic acid and milliQ water for 5 min. After imaging, the intensity
of each lane was measured in ImageJ for total protein normalization. Membranes were blocked
with 5% wi/v bovine serum albumin (HyClone, SH30574.01) in TBS-Tween (1X) for 1 hour. The
membranes were incubated with primary antibodies of interest, including CAV1 (1:200, Abcam,
ab2910), TNAP (1:200, Invitrogen, 702454), EGFR (1:00, EMD Millipore, 06-874), CD63 (1:200,
Abcam, ab231975), GAPDH (1:100, Abcam, ab181602), and Annexin V (1:200, proteintech,

11060-1-AP) overnight at 4°C. After three washes with TBS-Tween (1X), the membranes were
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incubated with secondary antibody (1:1000, Li-Cor) for 1 hour, followed by three washes with
TBS-Tween (1X). The protein bands were visualized with Odyssey CLx scanner (Li-Cor), and

guantified using Image Studio Lite software (Li-Cor).

Immunofluorescence Staining and Imaging

VSMCs were fixed after 14 days of culture using formalin (10%) for 15 min and washed with PBS.
A solution of PBSand Triton X (0.1% v/v) permeabilized the plasma membrane for 10 min atroom
temperature. To avoid non-specific antibody binding, the cells were incubated with a blocking
buffer solution, consisting of BSA (1% w/v) and glycine (22.5 mg/mL) in PBS for 30 min at room
temperature. Next, the cells were incubated for 2 hours with primary antibody against CAV1
(1:200) and washed three times with PBS. Cells were then incubated with a secondary antibody,
Alexa Fluor 594 (1:500, Abcam, ab150080), for 1 hour at room temperature, followed by three
washeswith PBS. To visualize actin filaments, samples were incubated for 20 min with Phalloidin-
iFluor 488 conjugate (1:50, Cayman Chemical, 20549) followed by three washes with PBS.

Resected mouse aortas were fixed in formalin (10%) for 2 hours. The tissues were rinsed with PBS
and embedded in OCT. The samples were cryosectioned with a thickness of 7 pm. The samples
were incubated with a blocking buffer containing donkey serum (10% v/v), Triton X (0.3% VvAN),
and BSA (1% w/v) in PBSfor 1 hour atroomtemperature. After blocking buffer removal, a solution
of donkey serum (1% v/v), Triton X (0.3% v/v), BSA (1% w/v) in PBS, with primary antibody
against either CAV1(1:200), EGFR (1:100), or TNAP (1:200) was added to the samples. After an
hour incubation at room temperature, the primary antibody solution was removed, and the samples
were washed with PBS. Secondary antibody, Alexa Fluor 594 (1:500, Invitrogen, A21207) was
added to the samplesandincubated for 1 houratroomtemperature. After washing the samples with
PBS, they were stained with DAPI (0.2 pg/mL, Cayman Chemical, 14285) for 10 min and washed
with PBS. The samples were mounted using Flouromount (Sigma Millipore, F4680). A confocal

microscopy system (Eclipse Ti, Nikon) was used to image both cellular and tissue samples.
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X-ray Computed Tomography (X-ray CT)

Femurs were dissected from mice, wrapped in parafilm and imaged directly in a Nikon XT H 225
scanner (macro-CT, Nikon Metrology, Tring, UK). The raw transmission images were
reconstructed using commercial image reconstruction software package (CT Pro 3D, Nikon
Metrology, Tring, UK), which employs a filtered back-projection algorithm. The scan was
performed using 80 kV beam energy, 70 pA beam current, and a power of 5.6 W. A PerkinElmer
1620 flat panel detector was used, with 200 um pixel size. The resulting effective pixel size was
5 um. The exposure time per projection was 0.5 s, and a total of 1601 projections were acquired,
resulting in a scanning time of approximately 13 minutes per sample. Bone structural parameters,
including thickness and volume fraction (the ratio of bone volume (BV) to total volume (TV)), for
both cortical and trabecular regions were assessed using a plug-in module, BoneJ, in ImageJ (NIH,

USA) [100].

Statistics

Data are presented as the mean of independent replications, and error bars represent the standard
error of the mean. The reported n values represent independent biological replicates. Statistical
significance between groups was calculated using one-way ANOVA with Tukey’s post-hoc test in
GraphPad Prism 8. A p-value less than 0.05 was considered statistically significant. In case of
comparison between two groups, the statistical significance was calculated using t-test with p-

values less than 0.05.

5.3. Results

Mendelian Randomization shows positive correlation between serum EGFR and CAC

Of the 11 MR regressions performed in the MESA cohort, all regressions predicted positive

correlation between serum EGFR concentration and CAC (i.e., elevated EGFR concentration
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predicts increased incidence of elevated CAC). Two of the MR regressions reached statistical
significance beyond the Bonferroni-adjusted significance threshold: robust MR-Egger and
penalized robust MR-Egger. The intercept tests for the MR-Egger estimates are statistically
significant at p = 1.9x10%, suggesting the presence of vertical pleiotropy among the 1V SNPs
accounted for in the MR-Egger type regressions (Fig. 14, A). The causal estimates of the effect of

EGFR concentration on increased CAC are associated with p-values of 0 (Table 2).

Table 2. Summary statistics of each MR regression in the MESA cohort. All statistically significant tests,
including intercept tests for vertical pleiotropy, have their associated p-values highlighted in red.

Standard 95% CI 95% CI

Method Estimate p-value
Error lower upper
Simple median 0.033 0.267 -0.49 0.556 0.9
Weighted median 0.093 0.244 -0.38 0.57 0.703
Penalized weighted ) 93 0.244 0.38 0.57 0.703
median
VW 0.147 0.194 -0.23 0.53 0.446
Penalized IVW 0.147 0.194 -0.23 0.53 0.446
Robu_st IvW 0.144 0.126 -0.1 0.39 0.251
Ip\iw'ze‘j robust 0.144 0.126 0.1 0.39 0.251
MR-Egger 0.755 0.513 -0.23 1.78 0.131
Intercept -0.101 0.076 -0.25 0.049 0.186
Penalized MR- 0.775 0.513 0.23 1.78 0.131
Egger
Intercept -0.101 0.076 -0.25 0.049 0.186
Robust MR-Egger 0.775 0.074 0.63 0.92 0
Intercept -0.101 0.024 -0.147 -0.05 0.000019
Penalized robust
MR-Egger 0.775 0.074 0.63 0.92 0
Intercept -0.101 0.024 -0.147 -0.05 0.000019

Replication of the 11 MR regressions in the FHS cohort also yielded significant estimates for the
robust MR-Egger and penalized robust MR-Egger regression estimates with p-values of 1.17x10%
for both. However, the intercept test for vertical pleiotropy was not statistically significant (p =
0.06), possibly trending towards significance due to insufficient sample size. However, both

regressions suggesta positive causal relationbetweenserum EGFR concentration and CAC (Table
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3). We subsequently explored the relationship between EGFR and vascular calcification via in vivo

and in vitro models.

Table 3. Summary statistics of each MR regression in the Framingham Heart Study (FHS). All statistically
significant tests, including intercept tests for vertical pleiotropy, have their associated p-values highlighted

in red.

Method Estimate Standard 95%Cl 95%Cl p-value
Error lower upper

Simple median 0.164 0.422 -0.662 0.991 0.697
Weighted median 0.282 0.361 -0.426 0.991 0.435
Penalized weighted
median 0.282 0.361 -0.426 0.991 0.435
VAV 0.235 0.312 -0.376 0.847 0.451
Penalized IVW 0.235 0.312 -0.376 0.847 0.451
Robust IVW 0.238 0.194 -0.141 0.617 0.219
f@(‘,\a/"zed robust 0.238 0.194 -0.141 0.617 0.219
MR-Egger 0.688 0.723 -0.726 2.1 0.34
Intercept -0.085 0.123 -0.323 0.154 0.487
Penalized MR- 0.688 0.723 0.726 2.1 0.34
Egger
Intercept -0.085 0.123 -0.323 0.154 0.487
Robust MR-Egger 0.688 0.142 0.411 0.965 1.17x10¢
Intercept -0.085 0.045 -0.173 0.0036 0.06
Penalized robust 5
MR-Egger 0.688 0.142 0.411 0.965 1.17x10
Intercept -0.085 0.045 -0.173 0.0036 0.06
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A Estimated Effects of EGFR Concentration on CAC
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Figure 14. Serum EGFR positively correlates with coronary artery calcification. Forest plot summarizing
effect estimates of each MR regression along with their 95% confidence intervals for: (A) MESA cohort; (B)
Offspring cohort of FHS. Robust MR-Egger and penalized robust MR-Egger estimates of effect are
statistically significant and highlighted in red.

EGFR inhibition reduces vascular calcification in a CKD mouse model

Visualization of the calcium tracer, OsteoSense, showed widespread vascular calcification in CKD
mice compared to the chow-fed control group. Daily EGFR inhibitor gavage (10 mg/kg/mouse) for
two weeks dramatically reduced vascular calcificationin CKD animals (Fig. 15,A). Quantification
of the OsteoSense intensity revealed a significant reduction in vascular calcification in the EGFR

inhibited group (p <0.0001), as shown in Fig. 15, B. The level of serum EGFR was elevated in the
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CKD group compared to chow fed animals (p = 0.038), with no significant difference between
CKD and EGFR inhibited groups (p =0.78) (Fig. 15, C). Further, serum TNAP activity (Fig. 15,
D) in CKD animals was significantly elevated compared to the control group (p =0.003). EGFR
inhibition did not reduce serum TNAP activity (p = 0.06). Gene expression of common renal
fibrosis markers, Tgfb1 and Collal (Fig. 15, E and F), were significantly increased in both CKD
mice (p =0.02 and p =0.02 for Tgfbl and Collal, respectively) and CKD mice treated with EGFR
inhibitor (p =0.02 and p =0.03 for Tgfb1 and Collal, respectively) when compared to chow-fed
control, with no significant differences between the CKD groups (p =0.7 and p = 0.6 for Tgfbol and
Collal, respectively). Qualitative assessment of histological sections of resected kidney tissues
showed enlarged tubular structures in both CKD and EGFR inhibitor treated CKD groups,
comparedto the chow-fed control (Fig. 15, G). These results indicate that EGFR inhibitionreduces

vascular calcification in CKD animals independent of effects on renal injury.

EGFR inhibition attenuates in vitro vascular smooth muscle cell calcification

VSMC:s calcified following 28 days of culture in OS media, as shown by ARS staining (Fig. 15,
H, representative image). Treatment of OS cultures with EGFR inhibitor abrogated in vitro
calcification of the VSMCs (Fig. 15, H). Gene expression analysis of the common osteogenic
markers, RUNX2 and ALPL, revealed that VSMCs cultured in both OS (p =0.02 and p =0.02 for
RUNX2 and ALPL, respectively) and OS treated with EGFR inhibitor (p = 0.04 and p = 0.03 for
RUNX2 and ALPL, respectively) acquired an osteogenic phenotype after 14 days of culture (Fig.
15, I and J), with no significant differences between the groups (p = 0.4 and p = 0.1 for RUNX2
and ALPL, respectively). Moreover, OS media promoted the accumulation of ECM collagen in
vitro, which creates a platform for calcifying EVs to initiate calcification [5] (Fig. 15, K); EGFR
inhibition did not affect the ECM collagen accumulation (p = 0.10). These data indicate that EGFR

inhibition attenuates VSMC calcification without affecting VSMC phenotypic changes.
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Figure 15. EGFR inhibition preventsvascularcalcification in vivo and invitro. (A) Visualization of vascular
calcification using calcium tracer OsteoSense; (B) Quantification of the OsteoSense to correlate with vascular
calcification burden; (C) Serum EGFR level collected from mouse groups; (D) Serum TNAP activity
collected from mouse groups; (E and F) Gene expression of renal fibrotic markers, Tgfb1 and Collal; (G)
H&E staining of mouse kidney tissues (20X, scale bar0.5 mm); (H) In vitro calcification visualization using
Alizarin Red S staining and quantification; (I and J) Gene expression of osteogenic markers, RUNX2 and
ALPL in VSMCs following 14 daysof treatment; (K) Extracellular matrix collagen accumulation in VSMC
cultures. *P < 0.05,**P<0.01, ***P <0.001,and ****P< 0.0001, ANOVA with Tukey’s post-hoc test.
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EGFR inhibition alters CAV1/TNAP intracellular trafficking

Both OS and OS cultured VSMCs treated with EGFR inhibitor significantly increased the total
level of intracellular CAV1 in VSMCs compared to the control group (p < 0.0001) (Fig. 16, A).
OS media also increased intracellular EGFR in VSMCs compared to the control group (p = 0.019,
Fig. 16, B). EGFR inhibition prevented the OS-induced increase in EGFR protein (p = 0.84).
Similar to the gene expressiondata (Fig. 15, J), both OS and OS cultured VSMCs treated with
EGFR inhibitor exhibited elevated intracellular TNAP activity (p = 0.03 and p = 0.03 for
intracellular CAV1and TNAP activity, respectively, compared to control) (Fig. 16, C). Confocal
micrographs of VSMCs (Fig. 16, panel D) showed alignment of CAV1 protein along actin
filamentsin VSMCs culturedin OSmedia. In the OS cultured VSMCs treated with EGFR inhibitor,
larger clusters of CAV1 were observed between filaments. Subcellular protein fractionation of
VSMCs revealed that both cytosolic CAV1 and TNAP were elevated in EGFR inhibited cultures
compared to control (p =0.02 and p = 0.003, respectively) and OS groups (p = 0.04 and p = 0.005,
respectively, Fig. 16, E and F). Qualitative analysis of confocal micrographs of CAV1, EGFR, and
TNAP immunofluorescence in the aorta of mice indicated elevation of all three proteins in CKD
mice and CKD mice treated with EGFR inhibitor, compared to the chow-fed controls (Fig. 17,
panels A, C, and E). Subcellular protein fractionation of aorta indicated higher cytosolic CAV1
and TNAP proteinsin EGFR inhibited CKD animals compared to the CKD group (p =0.04 and p

=0.0001, and p =0.018, respectively), similar to in vitro data (Fig. 17, B, D, and F).
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Figure 16. EGFR inhibition modulates CAV1 trafficking in VSMCs. Intracellular level of: (A) CAV1, (B)
EGFR, and (C) TNAP activity in VSMCs after 14 days of culture; (D) Confocal micrographs of CAV1
distribution in VSMCs following 14 days of treatment (1200X, scale bar: 0.5 um); Cytosolic level of: (E)
CAV1, and (F) TNAP protein following 14 daysof treatment; (G) CAV1 level on EVs isolated from VSMC
cultures after14, 21, and 28 days; (H) TNAP activity of the EVs isolated from VSMC cultures after14, 21,
and 28 days; EV level of : (1) EGFR, (J) Annexin V, and (K) CD63 liberated from VSMCs on day 28 of
treatment. *P< 0.05, **P < 0.01, ***P < 0.001,and ****P < 0.0001, ANOVA with Tukey’s post-hoc test.
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EGFR inhibition reduces the release of CAV1-positive EVs with high TNAP activity in vitro and
in vivo

EVs isolated from the aortas of CKD mice exhibited significantly elevated CAV1 protein and
TNAP activity compared to chow-fed controls (p <0.0001 and p = 0.02 for CAV1 and TNAP
activity, respectively, Fig. 17, G and H). The EVs isolated from the CKD mice treated with EGFR
inhibitor had significantly lower CAV1 protein and TNAP activity (p <0.0001 and p =0.003 for
CAV1and TNAP activity, respectively, Fig. 17, G and H). The EGFR inhibition led to similar
outcomes in vitro. EVs obtained from VSMCs cultured in OS media contained significantly
elevated CAV1 after 14, 21, and 28 days compared to controls (Fig. 16, panel G). EV TNAP
activity increased in OS VSMC cultures over time (Fig. 16, panel H). EGFR inhibition reduced the
release of CAV1-positive EVsby VSMCs (Fig. 16, panel G) and EV TNAP activity (Fig. 16, panel
H). Furthermore, EVs isolated from VSMCs cultured in OS media were enriched with Annexin V,
a calcium-binding protein,and EGFR (Fig. 16, I and J); EGFR inhibited groups showed reduced
levels of AnnexinV and EGFR on the EVs. Of note, the level of CD63, a common marker of the
EVs, was preserved across the in vitro groups following 28 days of culture (p = 0.9 between the

groups), as shown in Fig. 16, K.
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Figure 17. EGFR inhibition redistributes CAV1 and TNAP in vivo. (A) Immunofluorescence staining of
CAV1 and (B) cytosolic level of CAV1 in aortic tissue; (C) Immunofluorescence stainingof TNAP protein
and (D) cytosolic level of TNAP protein in aortic tissue; (E) Immunofluorescence stainingof EGFR and (F)
cytosolic level of EGFR in aortic tissue; EV Level of (G) CAV1 on EVs and (H) TNAP activity isolated
from the mouse aortas. (scale bar for 10X and 100X, 200 and 20 um, respectively). *P < 0.05, **P < 0.01,
*#%P<0.001,and ****P<0.0001, ANOVA with Tukey’s post-hoc test.
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EGFR inhibition does not cause deleterious effects on physiological bone mineralization

Both OS and OS cultured osteoblasts treated with EGFR inhibitor committed to osteogenic
transition by downregulation of RUNX2 [143, 144] (Fig. 18, A) and increased expression of ALPL
and Osteocalcin (BGLAP) [143], after 7 days (Fig. 18, B and C), with no significant differences
between the groups (p = 0.9 and p = 0.9 for ALPL and BGLAP, respectively). Like ALPL
expression, the osteoblasts demonstrated significantly increased intracellular TNAP activity after
7 daysinboth cultures (Fig. 18,D). Alizarin red staining demonstrated in vitro calcification in both
groups and quantification of the in vitro calcification showed no significant difference between the
groups (p =0.86, Fig. 18, E). In both OS and OS cultured osteoblasts treated with EGFR inhibitor,
intracellular CAV1proteinwas significantly increased comparedto the control group (p =0.02 and
p =0.01 forthe OS and OS with EGFR inhibitor groups, respectively, Fig. 18, F). Matrix vesicles
released by osteoblasts in both OS and OS treated with EGFR inhibitor groups had significantly
increased TNAP activity; however, the EVs from these cells had lower levels of CAV1 protein
compared to control on days 14 and 21 in culture (Fig. 18, panel G and H). We assessed the femurs
resected from murinegroups to analyzethe effects of EGFR inhibition onbone mineralization ( Fig.
19, A to C). The thickness and bone volume fraction of both trabecular (epiphyseal and
metaphysical regions) and cortical bone was significantly reduced in CKD animals compared to
chow-fed controls. EGFR inhibition increased the thickness of both trabecularand cortical bone
significantly in the CKD mice (p =0.04 and p =0.02 for epiphyseal and metaphysical regionsand
p = 0.004 for cortical bone) (Fig. 19, D to F). Interestingly, EGFR inhibition increased the bone
volume fraction in trabecular bone, both epiphyseal (p = 0.009) and metaphysical (p = 0.002)
regions, compared to CKD animals. However, it did not significantly change in cortical bone (p =
0.25) (Fig. 19, G to I). Detailed quantification of the bone structural parameters can be found in

Table 4.
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Figure 18. EGFR inhibition does not prevent osteoblast in vitro calcification. (A, B, and C) Gene expression
of common osteogenic markers, RUNX2, ALPL, and BGLAP in osteoblasts following 7 daysof treatment;
(D) Osteoblast intracellular TNAP activity following 7 days of treatment; (E) Alizarin Red S staining and
quantification of osteoblast cultures after 21 days; (F) Osteoblast intracellular CAV1 following 7 days of
treatment; (G) CAV1 level on matrix vesicles liberated from osteoblastson days7, 14,and 21 of culture; (H)
TNAP activity of matrix vesicles isolated from osteoblast cultures on days 7, 14, and 21. *P < 0.05, **P <

0.01, ***P <0.001, and ****P< 0.0001, ANOVA with Tukey’s post-hoc test.
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Figure 19. EGFR inhibition reverses deleterious effects on physiological bone mineralization. 3D
reconstructions of (A) femoralhead, (B) cancellous bone,and (C) cortical bone resected from mouse groups
(scale bar: 0.5 mm); Bone thickness at: (D) Cortical, (E) Metaphyseal trabecular, and (F) Epiphyseal
trabecularregions; Bone volume fraction (%) at: (G) Cortical, (H) Metaphyseal trabecular,and (I) Epiphyseal

trabecularregions. *P < 0.05, **P<0.01, ***P <0.001, and ****P<0.0001, ANOVA with Tukey’s post-
hoc test.
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Table 4. Bone structuralparameters forcontrol, CKD, and EGFR-treated groups.

Parameter Chow + Vehicle CKD + Vehicle CKD + AG1478
n=4 n=4 n=4
Distal femur
Epiphyseal Trabecular Bone
BVITV (%) 20.64+0.5 16.275+0.192 18.825+0.425
Th.N (mm) 5.16+0.11 4,92+0.25 5+0.19685
Tb.Th (mm) 0.052+0.003 0.0335+0.0002 0.0417+0.0004
Th.Sp (mm) 0.417+0.007 0.468+0.0106 0.450+0.0132
BS/BV 65.32+5.52 87.77+11.896 81.82+5.7973
(mm?2/mm?3)
EF 0.0215+0.0009 0.0252+0.0012 0.0227+0.0006
EFmax 0.876+0.007 0.8437+0.0082 0.8513+0.007
EFmin -0.805%0.008 -0.756+0.0175 -0.776+0.02
DA 1.462+0.030 1.263+0.0173 1.351+0.02
Metaphyseal Trabecular Bone
BV/TV (%) 5.35+0.2 2.9+0.15 4.1+0.008
Tb.N (mm™) 4.92+0.19 4.08+0.13 4.39+0.12
Th.Th (mm) 0.043+0.002 0.027+0.002 0.037+0.001
Th.Sp (mm) 0.408+0.02 0.472+0.013 0.44+0.017
(Brﬁé?z\/’mmg) 79.65+1.86 94.19+3.2 90.65+3.37
EF 0.086+0.004 0.117+0.006 0.098+0.004
EFmax 0.86+0.008 0.73+0.05 0.81+0.004
EFmin -0.76+0.005 -0.565+0.056 -0.64+0.012
DA 2.1+0.084 1.44+0.005 1.66+0.054
Femoral midshaft
Cortical Bone
'(\r"ner";‘]r)‘ Ct.Th 0.14+0.001 0.099:0.002 0.13+0.007
BVITV (%) 21.72+0.73 14.46+0.75 16.51+0.44
Ps.Pm (mm) 4.935+0.08 4.36+0.02 4.63+0.02
Ec.Pm (mm) 3.730+0.06 3.70+0.07 3.66+0.01
J (mm*%) 0.507+0.04 0.287+0.026 0.355+0.022

Data were collected using X-ray Computed Tomography of distal femur and femoral
midshaft. Values represent the mean+SEM.

BV/TV= Bone Volume/Total Volume; Th.N= Trabecular Number; Th.Th= Trabecular
Thickness; Th.Sp= Trabecular Separation; BS/BV= Specific Bone Surface: Bone Surface
Area/Bone Volume; EF= Ellipsoidal Factor; DA= Degree of Anisotropy; Ct. Th= Cortical
Thickness; Ps.Pm= Periosteal Perimeter; Ec.Pm= Endocortical Perimeter; J= Polar
Moment of Inertia.
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5.4. Discussion

CKD patients are prone to develop widespread vascular calcification, increasing from 25% of
patients in stages 3 and 4 to 50-80% of the population in stage 5 [189]. Our data indicate that CKD-
induced vascular calcification associates with increased serum EGFR in mice, like the association
between circulating EGFR and CAC in the MR regression analyses. Osteogenic transition of
VSMCs in the vessel wall and release of calcifying EVs orchestrate progression of vascular
calcification [189]. These EVs share similarities with matrix vesicles released by osteoblasts and
chondrocytes [162]. The plasma membrane protein, CAV1, plays a key role in formation of
calcifying EVs and VSMC-mediated calcification. Knockdown of CAV1 led to prevention of
VSMCs calcification in vitro [169]. EGFR co-localizes and interacts with CAV1 in caveolar
domains of the plasmamembrane. Previous studies showed that EGFR facilitates tyrosine kinase
mediated phosphorylation of CAV1 and modulates CAV1 trafficking [190-193]. Therefore, we
hypothesized that EGFR tyrosine kinase inhibition may prevent the CAV1-dependent formation of
calcifying EVs in CKD.

Here, we show that inhibiting EGFR tyrosine kinase activity prevents vascular calcification in a
CKD mouse model, with 100% survival rate. The in vivo results showed reduced calcium burden
in the aorta of CKD mice treated with EGFR tyrosine kinase inhibitor, AG1478. This effect was
independent of kidney remodeling as AG1478 treatment did not reduce the expression of common
markers of renal injury. Furthermore, previous reports indicated the correlation between elevated
serum TNAP activity and renal injury due to endothelial dysfunction and inflammation [194, 195].
High serum TNAP activity correlates with vascular calcification and dysfunctional bone tumover
in CKD [196]. Indeed, TNAP facilitates the hydrolysis of a common calcification inhibitor,
inorganic pyrophosphate, and mediates the calcification process [194, 197]. We showed similar

elevated serum TNAP activity in both CKD mice and CKD mice treated with EGFR inhibitor,
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demonstrating that EGFR inhibition prevented vascular calcification independent from serum
TNAP activity and renal injury.

We hypothesized that EGFR inhibition would prevent calcification by altering CAV1 traf ficking
and disrupting the biogenesis of calcifying EVs. Our findings demonstrated elevated CAV1-
positive EVs in the aorta of CKD mice, which was reduced by EGFR inhibition. Similarly, TNAP
activity was elevatedin EVsisolated fromthe aortae of CKD mice, while EGFR inhibition reduced
the activity of this enzyme in the EVs. Calcifying EVs are enriched in Annexin V, a collagen-
binding Ca?* channel [62, 162]. We found that Annexin V was elevated in VSMC EVs, which was
also reduced by EGFR inhibition. Taken together, these results support our hypothesis and suggest
that targeting the CAV1-dependent formation of calcifying EVs by EGFR inhibition reduced
vascular calcification in the CKD mouse model.

Since our data indicate that EGFR inhibition disrupts calcifying EV formation, we also set out to
determine whether the treatment alters other types of EV formation. We began by blotting for
CD63, a widely utilized marker enriched in exosomes and other EV subtypes, including high
phosphate-induced VSMC calcification [198]. The data demonstrate no differences in CD63
protein within EVs from VSMCs cultured in control, OS, or OS media samples treated with
AG1478. Itis unclear whether calcifying EVs considered in our study derive from a CD63-positive
population that is loaded with pro-calcific components, or whether they derive from a distinct
population of EVs. Though these data do not show changes in CD63, it is possible that CD63-
positive vesicles acquire pro-calcific properties in pathological conditions. The current data,
however, suggest that CD63-positive EV release is not altered by EGFR inhibition.

Our in-silico data analyses of the MESA and Framingham cohorts ultimately led us to our in vitro
results, which supported the in vivo findings that EGFR inhibition reduced the release of pro-
calcific CAV1-positive EVs. This cardioinformatics workflow [199] highlights the importance of
bridging not only the bench-to-bedside, also the informatics-to-medicine divide that still exists in
modern precision cardiology research to enable computationally-derived therapeutics.
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Interestingly, EGFR inhibition did not prevent osteogenic changes in the VSMCs cultures,
suggesting that the effect was specific to calcifying EV biogenesis. In addition to increased gene
expression of common osteogenic markers, VSMCs in OS media exhibited increased intracellular
TNAP activity and CAV1 protein levels, even in the presence of the EGFR inhibitor. However, the
EGFR inhibition prevented the release of active TNAP and CAV1 in calcifying EVs. Both in vivo
and in vitro outcomes confirm EGFR inhibition increases cytosolic TNAP and CAV1 protein
compared to other groups, indicating the role of EGFR in trafficking of these proteins. However,
the precise intracellular trafficking mechanisms within VSMCs that result in TNAP activation,
vesicle loading, and EV release remain unclear. These data suggest that EGFR inhibition blocks
vesicle maturation somewhere between CAV1-dependent TNAP activation and EV release.

Our data also suggest that osteogenic function of osteoblasts was not affected by EGFR inhibition.
Culturing osteoblasts in OS media resulted in the release of TNAP-positive EVs and robust
mineralization, neither of which was altered by EGFR inhibition. Interestingly, we showed reduced
CAV1 levels in matrix vesicles released by osteoblasts cultured in OS media. These observations
further suggestthat, despite many commonalities, bone matrix vesicles and vascularcalcifying EVs
originate through different mechanisms. CKD patients often exhibit bone disorders, including
decreased bone mass density [200]. Previous reports demonstrated that trabecular and cortical bone
mass density increased in CAV1-deficient mice [201, 202]. Here, we demonstrated that EGFR
inhibition significantly reversed reductions in trabecular and cortical thickness in the CKD miceg;
bone volume fraction in trabecular regions significantly increased by the treatment, while cortical
bone volume fraction was not improved. At the least, these results suggest that EGFR inhibition
does not induce deleterious bone remodeling and—at best—may improve CKD-induced bone
pathologies. The calcification paradox—the observation that bone and vascular mineral are often
negatively correlated [203]—is poorly understood. Future studies that further explore the role of
CAV1 and EGFR in calcification may provide new mechanistic insight into physiological and
pathological mineralization differences.
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5.5. Summary

Cardiovascular disease is the leading cause of death in patients with CKD, and the risk of mortality
is directly associated with the presence of vascular calcification. Therefore, the development of a
therapeutic strategy to prevent vascular mineralization in these patients would represent a
breakthrough in CKD management. Other therapeutic strategies in promising clinical trials slow
CKD-mediated vascular calcification by interacting directly with mineral [204]. Other proposed
pre-clinical strategies include targeting mechanisms that lead to a pro-calcific SMC phenotype.
However, a myriad of initiators results in vascular calcification. Our data suggest that EGFR
inhibition does not alter SMC phenotype, but directly affects caveolin-1 trafficking. This provides
a unique therapeutic strategy to modulate calcifying EV formation independent of cell phenotype.
EGFR inhibitors have demonstrated clinical safety and efficacy in cancer treatments [205]. The
accessibility of EGFR has led to the suggestion that it may represent a therapeutic target worth
exploring for cardiovascular diseases [206]. CKD patients represent an identifiable population in
need of therapeuticsfor vascular calcification. The confluence of anaccessible target with approved
therapeutics and a clear patient population that lack therapeutic options could accelerate the start

of clinical trials.
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Impact and Future Studies

According to American Heart Association, cardiovascular diseases (CVDs), including coronary
heart disease, heart failure, stroke, and hypertension, threaten 49.2% of adults (20 and older), and
positively correlate with age [79]. Of note, cardiovascular calcification is the most significant
predictor of cardiovascular events [11]. A National Heart, Lung, and Blood Institute report on the
MESA cohort (comprising White, Black, Chinese,and Hispanic adults, mean age of 63) shows that
the prevalenceof coronaryartery calcificationis 70.4,52.1,65.2, and 59.2%, respectively, in males,
and 44.6, 36.5, 34.9, and 41.9%, respectively, in females [79]. Calcification compromises the
biomechanical integrity of cardiovascular tissues. Despite the vital role of cardiovascular
calcification in morbidity and mortality, there is no known pharmaceutical to either reduce or
prevent pathological calcification. In this study, first, we investigated the off-target effects of
common anti-osteoporosis pharmaceuticals, bisphosphonates, on cardiovascular calcification. We
showed that bisphosphonates can alter calcification burden and mineral morphology in the
vasculature, both important factors in the association between calcification and cardiovascular
morbidity. Next, we studied the cellular mechanism through which vascular calcification occurs
and identified caveolin-1 dependent mechanisms that differentiate pathological cardiovascular
calcification from physiological bone mineralization. Finally, we assessed therole of epidermal
growth factor receptor (EGFR), aknown caveolin-1 interactor, in vascular calcification in vitro and
in vivo in a mouse model of chronic kidney disease. We showed that inhibition of EGFR prevents
vascular calcification. Given the efficacy and safety of EGFR inhibition in other pathologies, it

may represent an ideal target for future clinical trials to prevent vascular calcification.
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Appendices

Appendix |

MATLAB script used for analysis the OsteoSense signal along the aorta.

clear all

cd('C:\FILE ADDRESS');

Fileidir = ('RAW SCANNED IMAGE'") ;
FileList = dir(strcat(File dir, '*.tif'));
FileNames = {FileList.name};

FileNumber = length (FileNames) ;
for i = 1l:FileNumber

Image name = num2str (FileNames{i});
Fraction Positive Matrix{i,l} = Image name;
Mean Intensity Matrix{i,1l} = Image name;
Image string = strcat(File dir, Image name) ;
Image = bfopen(Image string);

Image = Image{l,1};

Image Image{1l,1};

Image = uintl6 (Image) *80;

Image (Image (:)==65535)=0;

figure, imshow (Image)

title (Image name) ;

colormap ('hot")

prompt = 'How many specimens are in this image? ';
n = input (prompt) ;

for k = 1:n

figure, BW = roipoly (Image);

Calc _image = imbinarize(Image,0.3);
Total image = imbinarize (Image,0.05);
Calc_image = Calc_ image.*BW;

Total image = Total image.*BW;
figure, imshow (Calc_image)
figure, imshow (Total image)

Calcification area = sum(sum(Calc_image));

Total area = sum(sum(Total image));

Percent positive = Calcification area/Total area;
Fraction Positive Matrix{i,k+l} = Percent positive;
Double image = double (Image);

Masked image = Total image.*Double image;

Mean Intensity Matrix{i,k+1} =
mean(mean(Masked_image))/Total_area;

end

end
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Appendix Il

The MATLAB script to analyze the total, mean, and maximum calcification in aortic roots.
Clear all

Image dir = '"'C:\FILE ADDRESS'';

file type = '*.nd2"';

filelist = dir(strcat(Image dir,file type));
Number of Images = length(filelist);

kk=0;

for ii = 1:2:Number of Images

image = bfopen(strcat (Image dir, filelist(ii, 1) .name));

image = image(1,1);
image = image{l,1};
image = image{l,1};
image = image*8;

image smoothed = imgaussfilt (image,1);

bw = imbinarize(image smoothed,0.4);
components = bwconncomp (bw) ;
stats = regionprops (components, 'basic');

Calcification areas{ii-kk,1} filelist(ii, 1) .name;
Calcification areas{ii-kk,2} = stats(:,1);

kk = kk +1;

end

103



The MATLAB script to extract data from the analyzed images.

clear,clc,close all

$% Load in data

load FileName.mat

%% Parse data

data to parse=Calcification areas(:,2);

n = numel (data to parse);
for ii = 1:n
temp = cellZmat (data to parse(ii));

temp = struct2table (temp) ;

temp = tablelZarray(temp);
if isempty (temp)
Calc(ii,1) = O;
Calc(ii,2) = 0;
Calc(ii,3) = 0;
else
Areas = temp(:,1);
Calc(ii,1) = (1/1.5972) *mean (Areas, 'all');
Calc(ii,2) = (1/1.59"2) *max (Areas) ;

Calc(ii, 3)
end
end

(1/1.5972) *sum (Areas, "all');
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Appendix I11

cd('C:\FILE ADDRESS');

File_dir = ('RAW SCANNED IMAGE'") ;
FileList = dir(strcat(File dir, '*.tif'));
FileNames = {Filelist.name};

FileNumber = length (FileNames) ;

for 1 = 1l:FileNumber
Image name = num2str (FileNames{i});
Fraction Positive Matrix{i,l} = Image name;
Mean Intensity Matrix{i,1l} = Image_ name;
Image string = strcat(File dir, Image_ name) ;
Image = bfopen (Image string);
Image = Image{l,1};

Image = Image{l,1};

Image = uintl6 (Image) *75;

Image (Image (:)==65535)=0;

figure, imshow (Image)

title (Image name) ;

colormap ('hot')

figure, Scale sample = roipoly(Image);
Scale image = double(Image).*Scale sample;
Max pixel = max(max(Scale image));
colormap ('hot")

caxis ((0 Max pixel));

title('Re-scaled Colormap')

prompt = 'How many specimens are in the image? ';
n = input (prompt) ;

for k = 1:n

figure, BW = roipoly(Image);
Calc_image im2bw (Image, 0.3);
Total image = im2bw (Image,0.05);
Calc_image = Calc_ image.*BW;
Total image = Total image.*BW;
figure, imshow(Calc_ image)
figure, imshow(Total image)

Calcification area = sum(sum(Calc_ image));

Total area = sum(sum(Total image));

Percent positive = Calcification area/Total area;
Fraction Positive Matrix{i,k+1} = Percent positive;
Double image = double (Image);

Masked image = Total image.*Double image;

Mean Intensity Matrix{i,k+1l} =
mean(mean(Masked_image))/Total_area;
end

end
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Appendix IV
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Blot and Ponceau stainingfor: (A) serum EGFR, (B) intracellular CAV1 in VSMCs, (C) Intracellular EGFR
in VSMCs, (D) VSMCs cytosolic CAV1 and GAPDH, (E) VSMCs cytosolic TNAP, (F) VSMCs EV CAV1,
(G) VSMCs EV EGFR, (H) VSMCs EV Annexin V, (1) VSMCs EV EGFR, (J) VSMCs EV CD63, (K) Aorta
cytosolic CAV1 and GAPDH, (L) Aorta cytosolic TNAP, (M) Aorta cytosolic EGFR, (N) Aorta EV CAV1,

(O) IntracellularCAV1 in HOBs, and (P) HOBs Matrix Vesicles CAV1.
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