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Abstract

Context—Calcific Aortic Valve Disease (CAVD) is an active pathological process leading to
biomineralization of the aortic cusps. We characterized circulating and tissue Osteopontin (OPN)
as a biomarker for CAVD.

Objectives—Here we investigate the post-translational modifications of circulating OPN and
correlate the phosphorylation status with the ability to prevent calcification.

Methods—Circulating OPN levels were estimated in CAVD patients (n=51) and controls (n=56).
In a subgroup of 27 subjects, OPN was purified and the phosphorylation status analyzed.

Results—Plasma OPN levels were significantly elevated in CAVD patients as compared to the
controls and correlates with the aortic valve calcium score. Our study demonstrates that phospho-
threonine levels of OPN purified from controls were higher when compared to CAVD subjects,
while phosphoserine and phospho-tyrosine levels were comparable between the two groups.

Conclusion—The dephosphorylation of circulating OPN correlates with severe valvular
calcification in patients with CAVD.

Introduction

Calcific Aortic Valve Disease (CAVD) is a slow, but progressive, pathological condition of
the aortic valve characterized, in its final stage, by dystrophic calcification of the valve
leaflets (Freeman and Otto 2005, Goldbarg et al 2007). It is the most frequent valvular
disease, with a prevalence of 3-9%, and the main cause for valve replacement in the adult
population (Bach et al 2007). Despite the high prevalence and mortality associated with
aortic valve calcification little is known about its pathological mechanisms. For many
decades, the disease has been considered a result of normal aging resulting from prolonged
“wear and tear” of the aortic valve with concomitant passive calcium deposition on the valve
leaflets (Cowell et al 2004). However, recent data does not support this simplistic concept.

9To whom correspondence should be addressed: Giovanni Ferrari, PhD, Research Assistant Professor of Surgery, Perelman School of
Medicine at the University of Pennsylvania, Harrison Department of Surgical Research, 500 S. Ridgeway Ave, Room 257, Glenolden,
PA 19036, Phone : (267) 350 9617, Fax : (267) 250 9627, Giovanni.Ferrari@uphs.upenn.edu.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sainger et al.

Page 2

The degeneration of aortic valve starts with a normal trileaflet aortic valve; initial phases of
the disease include mild thickening of the leaflets (aortic valve sclerosis, AVSc) while more
advanced stages are associated with impaired leaflet motion and resistance to forward blood
flow (aortic valve stenosis, AVS). The current understanding of the pathophysiological
mechanisms underlying CAVD is still not fully elucidated. It has been suggested that
mechanical stress, in addition to atherosclerotic risk factors, leads to valvular endothelial
dysfunction/leakage followed by neo-angiogenesis, deposition of lipids and other
compounds. This triggers inflammation, thereby activating valvular interstitial cell leading
to their osteoblastic transdifferentiation, extracellular matrix remodeling which ultimately
leads to active calcification (Freeman and Otto 2005, Goldbarg et al 2007, O’Brien 2006 and
Beckmann et al 2010)

Clinical examination, echocardiography and cardiac catheterization are the major methods to
diagnose CAVD and the treatment of choice for symptomatic AVS is aortic valve
replacement (AVR) (Cowell et al 2004). Other treatment options, such as percutaneous
valve replacement or aortic valvuloplasty, offer some benefits in terms of lower invasiveness
and hospitalization time, but are not applicable to all patients (Balmer et al 2004, Perin et al
2009). Balloon aortic valvuloplasty is a well-established and well-studied procedure with
nontrivial complication rates, very high rates of recurrent stenosis and moderately high rates
of aortic insufficiency (Balmer et al. 2004, Wang et al 1997). Recently completed
PARTNER trial on percutaneous aortic valve implantation in inoperable patients with severe
aortic stenosis shows significantly reduced death rates in patients and significant
improvements in health-related quality of life that were maintained for at least 1 year (Leon
et al 2010, Reynolds et al 2011). However long term performance of these prostheses
remains unknown at the present time. Mineralization of bioprostheses is also a major
contributor to failure (Siddiqui, Abraham and Butany 2009). The mechanisms involved in
dystrophic calcification of these valves are believed to resemble closely the bio-
mineralization process in native aortic valves (Freeman and Otto 2005, Speer and Giachelli
2004). Notably, surgical valve replacement in any of its forms leaves the underlying
mechanism that caused the original valvular degeneration, untreated. Acceleration of valve
failure of either native or bioprosthetic valves is attributed to active calcium deposition and
degeneration of the leaflets. The calcification of aortic bio-prostheses suggests that
circulating molecules implicated in the regulation of bio-mineralization must be involved in
the calcification process.

Osteopontin (OPN) is a multifunctional glycol-phospho-protein that plays an important role
in bone remodeling via differentiation and stimulation of osteoclasts. Besides its function in
bone tissue, OPN is also implicated in a variety of acute, as well as, chronic inflammatory
processes, including wound healing, fibrosis and atherosclerosis (Cho et al 2009).
Furthermore, OPN is involved in the biomineralization of dystrophic and ectopic sites,
including the aortic valve According to available reports, phosphorylation status is important
in regulating OPN interaction with macrophages, its ability to modulate inflammatory
pathways and inhibition of calcification in vitro (Ashkar et al 2000, Jono, Peinado and
Giachelli. 2000).

We have previously reported that high plasma OPN levels are associated with the presence
of CAVD, suggesting OPN could serve as a novel biomarker to monitor the calcification
process (Yu et al 2009). We observed that individuals with no signs of valve calcification
had lower OPN levels in comparison to patients suffering from moderate to severe aortic
valve calcification suggesting a correlation between plasma OPN levels and the severity of
CAVD. However, the biological activities of OPN are controlled by multiple mechanism(s)
including post-translational modifications of the protein. In the present study we report the
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plasma purification and immuno-phosphorylation analysis of circulating OPN protein to
establish its role as a biomarker for CAVD.

Patient Population

The present study has been conducted in accordance to the code of ethical standards of the
University of Pennsylvania School of Medicine Institutional Review Board (IRB)
guidelines. We enrolled subjects who were undergoing routine echocardiography at the
echocardiographic laboratory and patients with any degree of CAVD undergoing aortic
valve surgery. IRB approval and informed consent were obtained for the subject enroliment.
Clinical information of the subjects was obtained by personal interview and chart review.
Exclusion criteria for the study included: presence of bicuspid aortic valve, premature
menopause and/or osteoporosis, prior aortic valve surgery, rheumatic heart disease,
endocarditis, active malignancy, chronic liver failure, calcium regulation disorders
(hyperparathyroidism, hyperthyroidism, and hypothyroidism), serum creatinine > 1.5mg/dl,
and chronic or acute inflammatory states (sepsis, autoimmune disease, and inflammatory
bowel disease). Control tissues were obtained through collaborations with the Valley-
Columbia Heart and Vascular Institute, the heart transplant research program of the
University of Pennsylvania School of Medicine and The Gift of Life Program.

Echocardiographic and Doppler data

All patients underwent a comprehensive echocardiographic assessment including, M-mode,
two-dimensional and Color Doppler and were conducted by a certified echo-cardiographer
using commercially available ultrasound systems. All measurements were performed
according to the American Society of Echocardiography recommendations. Patients with
echocardiographically normal aortic valve with calcium scores 1 (no calcium) were included
as controls. Presence of aortic stenosis was defined as an aortic valve area (AVA) <2.0 cm?.
Aortic valve calcification was assessed, and a calcium score of 1 to 4 was assigned by a
single cardiologist based on the method described as: 1- no calcification; 2 - mildly calcified
(small isolated spots); 3- moderately calcified (multiple larger spots); 4 - severely calcified
(extensive thickening and calcification of all cusps) (Rosenhek et al 2000).

Plasma OPN analysis

Blood samples were collected in EDTA vials centrifuged, separated plasma and stored at
—80°C until analysis. Plasma OPN levels were measured in Human Osteopontin ELISA Kit
(R&D Systems, Minneapolis, MN), following the manufacturer's instructions.

Cells, antibodies and reagents

Human coronary artery smooth muscle cells, alpha medium, L-glutamine, fetal bovine
serum and Penicillin streptomycin solutions were purchased from Invitrogen (Carlsbad,
CA). Removal of IgG and human serum albumin was carried out using the Proteoprep®
Blue Albumin and IgG depletion kit, Sigma. Recombinant human OPN and anti human
OPN goat polyclonal antibody were purchased from R&D systems. Phospho-threonine and
phospho-tyrosine from Cell Signaling (Danvers, MA), Anti-OPN Rabbit polyclonal
(Santacruz Biotechnology, CA) and phosphoserine antibody was purchased from Invitrogen
(Carlsbad, CA). Phosphorylation of recombinant OPN was carried out using Casein kinase
I1 (New England Biolabs, Ipswich, MA).
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Circulating OPN purification

A two-step purification protocol was designed to partially purify OPN from plasma of
CAVD patients and controls. Albumin and 1gG were removed from 250l plasma sample
using Cibracon blue/Protein A gel (Proteoprep® Blue Albumin and 1gG depletion Kit,
Sigma). This step removes human serum albumin (HSA) and the major subclasses of
gamma globulin (IgG) from serum and plasma. After HSA/IgG removal, plasma samples
were incubated with anti-human OPN Rabbit 1gG (Santacruz Biotechnology, CA) overnight
at 4° C. The immunoprecipitated product was incubated with protein A Agarose beads and
washed extensively to minimize non specific binding of antibody. The product was then
detected by western blotting. Recombinant OPN and non-immune IgG were used as
controls.

Characterization of OPN phosphorylation status

Post-translational phosphorylation status of plasma OPN was analyzed using phospho
specific antibodies. HSA/IgG depleted plasma samples were immunoprecipitated with the
anti-OPN polyclonal antibody as described above, partially purified OPN was then analyzed
by Western blotting and probed with different antibodies. Blots were developed and scanned
using densitometry.

Calcification assay

In vitro calcification assay was performed using Human coronary artery smooth muscle
cells. Cells were cultured in Alpha MEM containing Penicillin streptomycin, L-glutamine
and 10% FBS, until 70-80% confluent. At this point, the growth medium was replaced by
calcification media (a-MEM containing 2mM phosphate buffer) in all wells except the
control. 50ng of recombinant OPN (R&D Systems) was used directly along with Casein
Kinase 11 phosphorylated recombinant OPN in separate wells. Media was replaced every
two days in similar way. At day 14, media was aspirated from each well; cells were washed
twice with PBS and incubated overnight in 0.6N HCL at 4°C for calcium extraction.
Calcium was estimation from the supernatant using the Calcium assay reagent (Biovision,
Mountain View, CA). The remaining cells were washed and harvested using 1N NaOH +
3%SDS. Total proteins were estimated and amount of calcium deposited was expressed as
Calcium conc. mg /ml of protein.

Statistical Analysis

Results

Statistical analysis was carried out using SPSS software (Version 15). Continuous variables
were expressed as Mean + Standard Error. Comparisons of continuous variables between
groups were performed with the Student’s t test. Non-parametric (Mann-Whitney U test)
tests were carried out for all categorical variables. A value of p < 0.05 was considered
significant.

Baseline Patients Characteristics

On the total of 51 patients, 56.9 % were male. Their age was 76.16+8.26 years. The initial
aortic valve area was 0.82+0.05, 38 patients had systemic hypertension, 15 had diabetes and
28 had cholesterol level above 200 mg. All patients underwent comprehensive
echocardiographic assessment including, M-mode, two-dimensional and color Doppler
echocardiography. Table-1 further characterizes the study groups. Plasma OPN levels were
estimated in 51 CAVD patients and 56 controls. Individuals with CAVD exhibited higher
plasma levels of OPN compared to controls (64.38 vs 30.32ng/ml; p<0.001) [Figure 1A].
Aortic valve calcification score was 3.28+0.08 in CAVD patients and 1.0 £ 0.0 in controls (p
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< 0.001) [Figure 1B]. Plasma OPN levels in CAVD patients with calcium score 3 and 4
were comparable but significantly lower as compared to the controls [Figure 1C].

Plasma purification of circulating human OPN

To the best of our knowledge, there are no currently available protocols to purify OPN from
human plasma. To analyze potential qualitative differences in circulating OPN from CAVD
patients and controls, OPN was analyzed in the plasma samples from 27 individuals by
Western blotting with antibody specific to OPN [Figure 1D, IE and 1F]. Because of the high
protein concentration in plasma, the detection of OPN in plasma by Western blotting was
not possible as the large excess of albumin (Human Serum Albumin — HSA) masks the
specific OPN bands [Fig. 1D — Lane: Plasma]. We therefore performed two-step
purification: First we removed albumin and IgG from plasma using a cibracon blue/protein
A gel (ProteoSeek Albumin/IgG Removal Kit, Thermo Scientific). This step removes human
serum albumin (HSA) and the major subclasses of gamma globulin (IgG). Notably, plasma
OPN is detectable in plasma deprived of HSA and 1gG [Figure 1D — Lane: HSA/IgG
depletion]. As a second purification step, we partially purified OPN from plasma by
immunoprecipitation as describe in the methods section. Briefly, the flow through of the
HSA/IgG purification step was immunoprecipitated using an OPN specific antibody over
night at 4 C. Western blotting analysis of partially purified OPN from plasma were
performed [Figure 1D — Lane: OPN IP]. The immunopurified protein was fractionated using
acid elution buffer. Fractions were analyzed for the presence of OPN [Figure 1E]. These
results demonstrate that circulating OPN can be partially purified from plasma of patients
with CAVD.

The same purification protocol was then performed on plasma of healthy controls enrolled in
the protocol after echocardiographic analysis confirms the absence of calcium (Calcium
score 1) in the leaflets. To maintain the same immunopurification protocol’s conditions, the
amount of plasma used from CAVD and controls was normalized based on the total OPN
levels detected by ELISA [Figure 1A]. Partially purified OPN from patients and controls
was analyzed by Western blotting as show in figure 1E. Interestingly Western blotting
analysis of partially purified OPN from plasma of CAVD patients shows two bands with
different electrophoretic mobility when compared to controls [arrows Figure 1D and 1F).
Differences in electrophoretic mobility could be explained by a differential post-
translational modification of OPN protein. OPN is synthesized as a 34 kDa protein that
undergoes a variety of post-translational modifications, Native human OPN contains up to
34 phospho-serine, 2 phospho-threonine, 5 O-glycosylated threonine and no N-glycosylation
sites [Figure 3A]. These modifications generate different forms of OPN with varying
apparent molecular masses of 44- to 75-kDa.

In vitro calcification assay

OPN phosphorylation on specific sites plays an important role in determining the
physiological functions. It is reported that phosphorylated OPN inhibits calcification in vitro
(Jono, Peinado & Giachelli 2000). To test this model we phosphorylated recombinant OPN
and tested the ability to control calcium deposition in a smooth muscle cell based in vitro
calcification assay. Representative western blot for the OPN and phospho-threonine
expression in the phosphorylated and non phosphorylated OPN recombinant protein are
shown in Figure 2A indicating equal amounts of the recombinant protein. As shown in
Figure 2B and 2C, bacteria-derived recombinant OPN, containing no post-translational
madification did not inhibit human smooth muscle cell bio-mineralization, while
phosphorylated recombinant OPN inhibits calcium deposition in vitro. These experiments
confirm that the phosphorylation status controls the ability of OPN to inhibit
biomineralization. We then analyzed post-translational modifications on purified circulating
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OPN from CAVD and healthy controls to understand why elevated levels of OPN, a protein
that inhibits calcification, are associated with calcified valves.

Differential post-translational modification of human circulating OPN in patients with
CAVD and healthy controls

Since there are no phospho-osteopontin antibodies commercially available we performed
OPN immunoprecipitation experiments followed by Western blotting using phospho-
specific antibodies to identify phosphorylated residues. We purified circulating OPN from
CAVD and healthy subjects as reported above. Figures 3A and 3B show that purified
circulating OPN in healthy controls is highly phosphorylated at the threonine residues when
compared to purified OPN from CAVD patients, while phospho-serine and phosphor-
tyrosine levels were comparable between the two groups of subjects. Figure 3C provides the
analysis of OPN protein using Netphos 2.0 Software to predict the serine threonine and
tyrosine phosphorylation sites in the OPN protein.

Discussion

In vitro and in vivo studies have shown that valvular calcification is an active process
controlled by inflammatory mediators and the balance between osteoblast-like
differentiation and osteoclast recruitment at the tissue level, as well as the levels of bone
matrix proteins, such as OPN. The hemodynamic severity and progression of aortic stenosis
is well correlated with both the presence and degree of aortic valve calcification (Davies,
Gershlick and Balcon 1991).

High levels of OPN in native human calcified aortic valves from patients undergoing valve
replacements have been shown by immunohistochemistry, reverse transcription—polymerase
chain reaction, Western blotting, and in situ hybridization analyses (Mohler et al 1997,
O’Brien et al 1995, Rajamannan et al 2003). In addition to native valves, increased OPN
levels were also found by immunohistochemistry in calcified valve allografts (Shetty et al
2006) and in areas of calcification in glutaraldehyde-pretreated bioprosthetic porcine valves
(Shen et al 1997). Elevated circulating OPN levels are also reported in other cardiovascular
diseases, such as atherosclerosis, ischemic heart disease, heart failure, and rheumatic mitral
stenosis (Minoretti et al 2006, Soejima et al 2007, Soejima et al 2006) An association
between elevated levels of plasma OPN and both aortic valve calcification and the degree of
aortic stenosis was also described in a recent report (Yu et al 2009). Also other plasma and
serum markers such pro-BNP (Weber et al 2005), BNP (Berger-Klein J et al 2004), and
ADMA (Ngo et al 2007) have previously been shown to be associated with aortic valve
calcification and stenosis. However, OPN appears to be the only biomarker implicated in
both inflammation and biomineralization stages during aortic valve calcification and
subsequent stenosis.

In this study, we begin the characterization of the post-translational modifications between
OPN purified from CAVD patients and healthy controls. Based on the reported results, the
phosphorylation of OPN threonine residues is detected in healthy controls and absent in the
circulating OPN isolated from CAVD patients. A phosphorylation site prediction analysis of
OPN protein, based on commercially available software, reveals presence of threonine at
147 and 155 position, which could be the possible sites for threonine phosphorylation.
Interestingly, OPN is variably phosphorylated on both Serine and Threonine residues, which
appears to control its biological activity. Furthermore the characterization of human
circulating OPN correlates with the biological activities of phosphorylated (control) and
dephosphorylated recombinant OPN (CAVD patient) suggesting that the dephosphorylation
of circulating human OPN correlates with severe valvular calcification in patients with
Calcific Aortic Valve Disease [Figure 4].
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Conclusion

The general purpose of biomarkers includes disease identification, grading disease severity,
providing pathophysiological clues, prognostic information, and assessing the effects of
different therapeutic interventions. Due to the multiple biological pathways leading to
CAVD, several potential biomarkers have been described which can be helpful in
identifying the presence, severity, progression and prognosis of CAVD (Beckmann et al
2010). The association of these biomarkers with CAVD so far has been studied only
quantitatively, but the biological activities of these molecules are often controlled by
different mechanism(s) like protein-protein interactions and post-translational modifications.
Here we present the first post-translational characterization of OPN as a biomarker for
CAVD demonstrating the importance of its phosphorylation status as a key factor in
maintaining the protective effects to prevent ectopic calcification. Future studies will be
directed towards the identification of a better timing of this process with the goal of
developing therapeutic measures before calcific deposits irreversibly damage the aortic
valve.
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Figure 1. Circulating OPN purification

(A) Plasma OPN level in control and CAVD patients. Graph bar representing circulating
OPN level in CAVD patients and healthy controls. OPN levels were measured in triplicates
using ELISA assay. Value represents mean +SE. * denotes p- value <0.05. (B) Bar graph
representation of aortic valve calcium score in controls and CAVD patients. * denotes p-
value <0.05. Controls had calcium score of 1 while CAVD patients represented 3 and 4. (C)
Bar graph representation of plasma OPN levels in controls and CAVD patients with calcium
score 3 and 4. Values represent mean+SE. * denotes p-value<0.05 (D) Representative
pattern for osteopontin purification from CAVD patients and healthy controls. 50 ng of
recombinant OPN was used as a positive control (Labe 1). Total plasma (2"9 lane) was
depleted of HSA and 1gG using ProteoSeek Albumin/lgG Removal Kit (3™ lane) and then
used for OPN Immunoprecipitation with a specific OPN antibody (Lane 4). The experiments
were repeated for the subjects enrolled in the study as reported in table I. (E) Western blot
showing different fractions collected during sample elution. Fraction 39 had the highest
amount of purified OPN. (F) Western blotting of purified OPN from CAVD patients and
controls. Arrows indicates double bands.
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(A) Representative western blot for OPN and phospho-threonine expression in the
phosphorylated and non-phosphorylated OPN recombinant used for the in vitro analysis.
Ponceau staining shows equal loading of the samples. (B) Human aortic smooth muscle cells
treated with 3mM phosphate buffer (Pi) in presence or absence of phosphorylated/
dephosphorylated OPN. Cells treated with Pi + rOPN showed calcium deposits while Pi+
phosphorylated OPN completely prevents calcium deposition as indicated in the figure. (C)
Bar graph representation of calcium levels in the treated smooth muscle cells. Amount of

total calcium was expressed as calcium mg/ml of protein.
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Figure 3. Differential Post-translational Modification of human circulating Osteopontin in
patients with CAVD and healthy controls

(A) Representative western blot for the purified OPN from CAVD and Control subjects.
OPN were purified as described in the methods and subject to Western blotting analysis with
phospho-serine, phospho-threonine and phospho-tyrosine specific antibodies. (B)
Densitometry analysis of level of phospho-serine, phospho-tyrosine, and phospho-threonine
of circulation purified OPN from plasma of CAVD patients and control. * p- value <0.05.
(C) Analysis of osteopontin protein using NetPhos 2.0 Server to predict serine, threonine
and tyrosine phosphorylation sites.

Biomarkers. Author manuscript; available in PMC 2013 March 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Sainger et al.

Subjects
Circulating :E, 28 ]
Osteopontin £ 40-
Levels [ng/ml] E& By :

§ 10

°TControl | CAVD

Osteopontin ©
Phosphorylation:
Biological role of = 3
OPNgon Calcium Ca ++ Inhibition = Ca++Deposition

deposition

Figure 4. Schematic representation of correlation of OPN Dephosphorylation with valvular
calcification

Plasma osteopontin levels were higher in CAVD patients as compared to controls. We
observed increased phospho-threonine levels of purified OPN from healthy controls than
CAVD patients, while the levels of phospho-serine and phospho-tyrosine were consistent
between the two groups. Further, in vitro calcification assay confirms that phosphorylated
recombinant OPN, which resembles the circulating OPN from healthy controls, prevents
calcium deposition whereas the dephosphorylated protein which mimics patient’s plasma
OPN loses its protective role thereby allowing calcium deposition on the cellular surface.
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Table 1
Patients Baseline Characteristics.
Demographics Controls Aortic stenosis | Significance
N-56 N=51

Age (in years) 62.8+2.2 76.16+8.26 <0.001
Male 29 (51.7%) | 29 (56.9%) NS
Smokers 19 (33.9%) | 20 (39.2%) NS
Diabetes 15 (26.8%) | 15 (29.4%) NS
Hypertension 39 (69.6%) | 38 (74.5%) NS
Cerebral Vascular Accident | 1 (1.6%)) 01 (2.0%) NS
Peripheral vascular disease 4 (7.1%) 04 (8.0%) NS
Hyperlipidemia 29 (51.8%) | 28 (54.9%) NS
Coronary artery disease 17 (35.6%) | 17 (29.4%) NS
Adjusted calcium (mg/dl) 9.2+05 9.3+0.6 NS

AVC score 1.0+0.0 3.28+0.08 <0.001
Plasma Osteopontin (ng/ml) | 30.32+6.17 | 64.38+5.17 <0.001

CVA: Cerebral vascular accident, PVD: peripheral vascular disease, AVC: aortic valve calcium, NS: Non significant.
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