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Abstract

Background: Vascular calcification (VC), in which vascular smooth muscle cells (VSMCs)
undergo a phenotypic transformation into osteoblast-like cells, is one of the emergent risk
factors for the accelerated atherosclerosis process characteristic of chronic kidney disease
(CKD). Phosphate is an important regulator of VC. Methods: The expression of different
smooth muscle cell or osteogenesis markers in response to high concentrations of phosphate
or exogenous bone morphogenetic protein 2 (BMP-2) was examined by gRT-PCR and
western blotting in rat VSMCs. Osteocalcin secretion was measured by radioimmunoassay.
Differentiation and calcification of VSMCs were examined by alkaline phosphatase (ALP) activity
assay and Alizarin staining. Short hairpin RNA-mediated silencing of $-catenin was performed
to examine the involvement of Wnt/B-catenin signaling in VSMC calcification and osteoblastic
differentiation induced by high phosphate or BMP-2. Apoptosis was determined by TUNEL
assay and immunofluorescence imaging. Results: BMP-2 serum levels were significantly higher
in CKD patients than in controls. High phosphate concentrations and BMP-2 induced VSMC
apoptosis and upregulated the expression of B-catenin, Msx2, Runx2 and the phosphate co-
transporter Pitl, whereas a BMP-2 neutralization antibody reversed these effects. Knockdown
of B-catenin abolished the effect of high phosphate and BMP-2 on VSMC apoptosis and
calcification. Conclusions: BMP-2 plays a crucial role in calcium deposition in VSMCs and VC
in CKD patients via a mechanism involving the Wnt/[-catenin pathway.
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Introduction

Vascular calcification (VC) is the deposition of calcium phosphate crystals in
cardiovascular tissues [1]. In the past, VC was considered a passive and degenerative process
[2]. However, recent evidence led to its recognition as a pathobiological process sharing
features with embryonic bone formation, which promoted an increased interest in the study
of VC and its clinical implications [3]. It is currently recognized as a process similar to that of
bone developmentin which different factors interactin response to mechanical, inflammatory
and morphogenetic signals governing skeletal, or in this case arterial, mineralization. The
result is a reduction of arterial elastance and impairment of cardiovascular hemodynamics
leading to hypertension, aortic stenosis, cardiac hypertrophy and other cardiovascular
diseases [2]. The pathogenesis of VC is complex and involves a process by which vascular
smooth muscle cells (VSMCs) undergo apoptosis and are transformed into osteoblast-like
cells, releasing matrix vesicles with the capacity to concentrate calcium and phosphate,
promoting mineralization [4].

Phosphate is an important regulator of VC and high serum phosphate levels are
an important risk factor for cardiovascular mortality in CKD patients [5, 6]. High levels
of extracellular phosphate have been linked to processes that regulate arterial medial
calcification such as VSMC apoptosis and osteogenic differentiation. During their phenotypic
transition into osteoblast-like cells, VSMCs cease to express smooth muscle markers
such as smooth muscle alpha actin (a-SMA) and SM22 and instead express bone-forming
genes such as Runx2/Cbfal, alkaline phosphatase, osteopontin and osteocalcin [7, 8]. The
active transport of phosphate into cells is mediated by three types of sodium-dependent
phosphate transporters, of which the type III transporters Pitl and Pit2 are ubiquitously
expressed and are the predominant phosphate transporters in humans, and Pit1 is required
for the osteogenic differentiation of VSMCs [9, 10]. In patients with chronic kidney disease
(CKD), disseminated and fast-progressing calcification of the vascular system is associated
with cardiovascular disease and increased mortality [11-13]. Structural and functional
alterations of the cardiovascular system such as endothelial dysfunction, arterial stiffening
and VC contribute to the risk of cardiovascular disease in CKD patients [14], and arterial
remodeling involves several bone-associated proteins such as osteocalcin, osteopontin and
bone morphogenetic proteins (BMPs) that are expressed in calcified arterial lesions [15, 16].

Wnt signaling, which plays a critical role in the commitment of pluripotent mesenchymal
cells, is activated during VC [17]. Wnt proteins bind to a coreceptor complex formed by
proteins of the frizzled (Fzd) family and lipoprotein receptor related 5/6 proteins (Lrp5/6).
In the canonical Wnt pathway, the inactivation of a destruction complex that targets B-catenin
for proteasomal degradation results in the translocation of -catenin to the nucleus to
regulate the expression of target genes [18]. The activation of 3-catenin signaling modulates
the proliferation and differentiation of osteoblasts [19, 20]. Wnt signaling promotes
osteogenesis through the stimulation of Runx2 expression [21]. BMPs and Wnt ligands have
been implicated in the regulation of the osteoblastic transdifferentiation of VSMCs, and a
BMP-Wnt/(-catenin axis has been implicated in the osteogenic regulation of VC [22-24].

In the present study, we examined the link between VC in CKD and the expression of
BMPs, and explored the underlying mechanisms. Our results indicate that BMP-2 promotes
the osteogenic differentiation of VSMCs via a mechanism involving the Wnt/B-catenin
signaling pathway, suggesting a potential mechanism of VC in CKD and providing novel
therapeutic targets for the treatment of patients with kidney diseases.

Materials and Methods

Patients
Ninety-one CKD patients including 46 men and 45 women aged 25-81 years (mean age, 58.19 *
17.35 years) were recruited from the Nephrology Department at Shanghai Changzheng Hospital between
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January 2013 and February 2014. The patient diagnoses are Table 1. Patint renal diagnoses

summarized in Table 1. Thirty-five healthy subjects with Diagnosis n %
normal renal function were selected as the control group. Chronic glomerulonephritis 41 45.05
The present study was approved by the local investigational Hypertensive nephrosclerosis 20 21.98
review board and written informed consent was obtained Diabetic nephropathy 18 19.78
from all participants. Polycystic kidney disease 3 330
Obstructive nephropathy 1 110
Other 8 8.79

Samples and analysis

Blood samples were collected in serum separator tubes from patients and healthy participants,
centrifuged at 1,000g for 10 min and serum was stored at -70°C until evaluation. All samples were analyzed
simultaneously. Serum BMP-2 levels were measured using a commercially available ELISA kit (R&D System,
Minneapolis, MN, USA) according to the manufacturer’s instructions.

VSMCs culture and treatments

Animal experimental procedures were approved by the Animal Care and Use Committee of Shanghai
Changzheng Hospital. VSMCs were isolated from the thoracic aorta of male Sprague-Dawley (SD) rats (n=>5,
8-10 weeks) using the explants technique, and cultured in M199 (Gibco, NY, USA) with 10% fetal bovine
serum (FBS) (Gibco) and 1% penicillin/streptomycin at 37°C in 5% CO,. Immunocytochemical staining
with a-SMA antibody (a-SMA; Dakopatt, Copenhagen, Denmark) showed that more than 90% of the cells in
culture were VSMCs.

Primary VSMCs were seeded onto 12-well plates (1x10°/ml) and grown to confluence. Cells were
synchronized by serum deprivation for 24 h before the addition of ionic phosphate (NaH,PO, was used to
supplement ionic phosphate) or BMP-2 in fresh serum-free medium. VSMCs were treated with different
phosphate concentrations (0, 1.5, 2.5 or 3.5 mM) for 3 days to determine BMP-2 levels or for different times
to measure calcium deposition, and with 50 ng/ml BMP-2 [25] or 2.5 mM phosphate for 3 days, or pretreated
with a BMP-2 neutralization antibody (2 pg/ml, R&D Systems, Minneapolis, Minn., USA) for 30 min.

Western blot analysis

Protein lysates were prepared from VSMCs using a lysis buffer (10 mmol/L HEPES, 10 mmol/L KCl, 0.1
mmol/L EDTA, 0.1 mmol/L EGTA, 1 mmol/L dithiothreitol, 0.5 mmol/L PMSE 70 mg/ml protease inhibitor
cocktail and 0.6% Igepal CA-630, pH 7.9). Protein concentration was determined using the BCA protein Assay
Kit (Beyotime, Jiangsu, China). Proteins were separated on 8-10% SDS-polyacrylamide gels (Invitrogen,
Carlsbad, CA) and transferred to nitrocellulose membranes (Invitrogen). Membranes were blocked with
5% nonfat dried milk in PBS for 1 h at room temperature followed by incubation in primary antibody for
2 h at room temperature. Primary antibodies and dilutions were as follows: anti-BMP-2 (1/500), anti-SM
22a (1/200), anti-a-SMA (1/200), anti-B-catenin (1/500), anti-Msx2 (1/200), anti-Runx2 (1/200), anti-
Pit1 (1/500), anti-GAPDH (1/1000). All antibodies were purchased from Abcam. Secondary antibodies
were goat polyclonal anti-rabbit IgG - H&L - Pre-Adsorbed (HRP) at 1/2000 dilution. Blots were developed
on autoradiographic film using the ECL Plus western blotting detection system (Amersham Biosciences,
Little Chalfont, England). Densitometric values were determined using a gel image analysis system (Bio-
Rad, Hercules, CA).

Calcium deposition

For assessment of calcium deposition, cells were first decalcified in HCI (0.6 mol/L) for 24 h. The
calcium content was determined by measuring the concentration of calcium in the HCl supernatant by
atomic absorption spectroscopy and normalized to the protein content of cells measured using the BCA
protein Assay Kit after solubilization in 0.1 M NaOH/0.1% sodium dodecyl sulfate.

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

Apoptosis was measured using the TUNEL cell apoptosis detection kit (Beyotime). VSMCs were
cultured in 6-well plates and treated as indicated, fixed with 4% paraformaldehyde in PBS, rinsed twice
with PBS, and permeabilized using 0.1% Triton X-100. Cells were then subjected to TUNEL staining for 1 h
at 37°C. FITC-labeled TUNEL-positive cells were imaged by fluorescent microscopy at wavelengths of 488
nm excitation and 530 nm emission. Nuclei were stained by DAPI.

2051

KARGER


http://dx.doi.org/10.1159%2F000366400

C€||U|ar PhYSIO|08Y Cell Physiol Biochem 2014;34:2049-2060

. . DOL 10.1129/000366400 © 2014 S. Karger AG, Basel
and B|OChem|Stry Published online: November 28, 2014 www.karger.com/cpb

Rong et al.: BMP-2 and Wnt/B-Catenin Pathway in CKD

B-catenin shRNA and transfection Table 2. Primers used in real time RT-PCR analysis
To generate an shRNA-expression plasmid,
two pairs of shRNA sequences and one pair of _Primer Sequence (5" to 3')

[-catenin - F AGATGCAGCAACTAAACAGGA
[-catenin - R GTACTACATTTTAAGCCATCT
SM 22a-F TGAACAGCCTGTACCCCGAG
from GeneBank. The targeting nucleotide SM 22a-R CTCTGCACTGCTGCCATATCT
sequences were as follows: [B-catenin shRNA1, osteocalcin-F  CAAAGCCCAGCGACTCTGA
5'-AACAGTCTTACCTGGACTCTG-3; B -catenin  osteocalcin-R TCCATTGTTGAGGTAGCGCC

scrambled sequences were designed according to
the rat B-catenin nucleotide sequence obtained

shRNA2, 5'-GGTGCTGACTATCCAGTTGA-3'; ~ Msx2-F GTCCGGGACGCTCACAGTC
scrambled shRNA, 5'-TTCTCCGAACGTGTCACGT-3', ~ Msx2-R ARGL IGUE TR ARG TR
Each ShRNA . ted into th Runx2 - F AGCTATTAAAGTGACAGTGGACG
ach s sequence was “Iserted Into e punx2 - R GAGGATTGTGTCTGCCTGGG
pLVTHM lentiviral vector (Sigma) at the Mlul/  pjt1-F CAAAGATGGCTCCTGGCGA

Clal site. pLVTHM-B-catenin shRNA1, pLVTHM- Pitl1 - R GGTTGCTGACGGTTTGACTG
B-catenin shRNA2 and pLVTHM- scrambled  GAPDH -F CGCTAACATCAAATGGGGTGA
shRNA were co-transfected with the packaging GAPDH -R CAGGATGCATTGCTGACAATC

vector psPAX2 and the envelope vector pMD2.G into 293T cells using Lipofectamine™ 2000 and 24 h after
transfection, media containing virus were harvested from transfected 293T cells. VSMCs were incubated
with lentivirus medium. After three infections, GFP-positive cells were sorted by flow cytometry. The
expression of 3 -catenin in GFP-positive VSMCs was determined by quantitative real-time PCR (qRT-PCR)
and western blotting. The empty vector pLVTHM or pLVTHM-scrambled shRNA served as negative control.

qRT-PCR

Total RNA was isolated from cells using the Trizol reagent (Invitrogen), and cDNA synthesis was
performed using the First-Strand cDNA synthesis kit (Invitrogen). Quantitative PCR was performed using a
LightCycler (Roche) and the FastStart DNA Master Plus SYBR green I kit (Roche). The expression of target
genes was normalized to that of GAPDH. Primers used for real time RT-PCR are shown in Table 2. PCR
conditions were as follows: 95°C for 15 s, 57°C for 30 s, and 72°C for 1 min.

Measurements of osteocalcin secretion

Normal VSMCs or VSMCs transfected with scrambled shRNA or -catenin shRNA1 were treated as
indicated for 7 days. Osteocalcin secretion into the culture medium was measured using aradioimmunoassay
kit (DiaSorin Corp., Stillwater, MN, USA) according to the manufacturer’s instructions. Protein expression
was normalized to total cellular protein using the BCA protein Assay Kit.

Alkaline Phosphatase Assay

VSMCs treated as indicated were washed and protein lysates were prepared using a lysis buffer (10
mM Tris-HCl, pH 7.5, 0.1% Triton X-100). Alkaline phosphatase (ALP) activity was determined using p-nitro
phenyl phosphate (Sigma-Aldrich) as a substrate. The hydrolyzation of the substrate by ALP yields a yellow
colored product that was detected by measuring absorbance at 405 nm.

Alizarin red staining

VSMCs treated as indicated for 14 days were washed, fixed with 4% paraformaldehyde in PBS for 15
min, stained with 2% Alizarin red S stain solution (Kanto Chemical, Japan) for 30 min at room temperature,
washed three times and imaged under 200x bright field microscopy.

Statistical analysis

Data are representative of at least 3 independent experiments. The results are expressed as mean *
SE. The significance of differences was estimated by ANOVA followed by Student’s and Newmann-Keuls
multiple comparison tests. All statistical analyses were performed using SPSS software (version 17.0, SPSS
Inc., Chicago, IL). p<0.05 was considered statistically significant.
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Fig. 1. High phosphate promotes BMP-2 expres-
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Results

Elevated serum BMP-2 levels in patients with chronic kidney disease

The association between CKD and VC was examined by measuring the levels of BMP-2
in 91 patients with CKD and 35 healthy controls. The mean serum BMP-2 concentration was
significantly higher in CKD patients than in the controls (86.49 + 5.70 vs. 35.72 + 2.51 pg/ml)
(p<0.01). The characteristics of the subjects included in the analysis are shown in Table 1.

High phosphate promotes BMP-2 expression and calcium deposition in VSMCs

The effect of high phosphate on the expression of BMP-2 was examined in rat VSMCs
exposed to increasing concentrations of phosphate. Western blot analysis showed a
significant increase in the expression of BMP-2 in response to high phosphate concentrations
(2.5 and 3.5 mM), with the strongest effect observed with 2.5 mM phosphate for 3 days (Fig.
1A). Assessment of calcium deposition in response to different phosphate concentrations
showed a significant time-dependent increase in calcium deposition in VSMCs after 3 days
of treatment with 2.5 and 3.5 mM phosphate, whereas no changes were observed in cells
treated with 1.5 mM phosphate (Fig. 1B). Therefore, a phosphate concentration of 2.5 mM
and 3 days of exposure were the conditions selected for further experiments assessing the
effect of high phosphate on VSMC differentiation.

High phosphate and BMP-2 promote VSMC calcification

The effect of high phosphate and BMP-2 on the differentiation of VSMCs was examined
in cells treated with 2.5 mM phosphate, BMP-2 (50 ng/ml) or a BMP-2 neutralizing antibody
(2 pg/ml) for 3 days. Western blot analysis showed that phosphate and BMP-2 significantly
decreased the levels of the smooth muscle cell markers SM 22a and «-SMA and significantly
increased the levels of the osteogenesis markers Msx2, Runx2, Pitl and (-catenin, and
these effects were reversed by co-treatment with anti-BMP-2 (Fig. 2A and B). The effects of
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Fig. 2. High phosphate and BMP-2 promote calcification of vascular smooth muscle cells. VSMCs were trea-
ted as indicated for 3 days. The protein levels of (A) SM 22a, a-SMA and (B) -catenin, Msx2, Runx2, and Pit1
were determined by western blotting and normalized to the levels of GAPDH. *p<0.05, **p<0.01 compared
to the control group, #p<0.05. (C) Assessment of apoptosis in VSMCs by TUNEL assay and immunofluore-
scence staining. Representative images are shown (magnification, 200x). Nuclei are stained blue (DAPI) and
TUNEL-positive cells are stained green. The percentages of apoptotic nuclei were calculated by determining
the number of DAPI-stained nuclei that were also positive for TUNEL staining. *p<0.05, **p<0.01 compared
to the control group, #p<0.05.

phosphate and BMP-2 on apoptosis were examined using the TUNEL assay and fluorescent
imaging. Figure 2C shows representative images of TUNEL staining in the different groups.
Quantitative analysis of TUNEL positive cells showed that phosphate and BMP-2 caused
a significant increase in the percentage of apoptotic cells from approximately 2% in the
untreated controls to approximately 25% and 23%, respectively (p<0.01) and co-treatment
with anti-BMP-2 antibody significantly reversed this effect (p<0.05).

Knockdown of B-catenin

To examine the possible involvement of the Wnt/B-catenin signaling pathway in
mediating the effect of BMP-2, 3-catenin expression was knocked down by infecting cells
with lentiviral vectors carrying shRNAs targeting [(-catenin for 48 h. Both shRNA1 and
shRNAZ2 significantly downregulated the mRNA (Fig. 3A) and protein (Fig. 3B) expressions of
[3-catenin compared to the empty vector or scrambled shRNA transfected controls (p<0.01).
Quantification of B-catenin levels by densitometry and normalization to the levels of GAPDH
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showed an approximately 4-fold decrease in 3-catenin protein level compared to that in the
empty vector or scrambled shRNA transfected controls (p<0.01) (Fig. 3C).

Knockdown of B-catenin abolished the effect of high phosphate and BMP-2 on VSMC

apoptosis and calcification

To further examine the involvement of the Wnt/-catenin pathway in the differentiation
of VSMCs, apoptosis and the expression of different markers were assessed in cells treated or
not with shRNA against 3-catenin and stimulated with high concentrations of phosphate or
BMP-2 for 3 or 7 days. High phosphate and BMP-2 significantly increased the percentage of
apoptotic VSMCs by approximately 12-fold in empty vector or scrambled shRNA transfected
controls (p<0.01), whereas knockdown of B-catenin significantly weaken this effect (p<0.05)
(Fig. 4A). qRT-PCR analysis showed that knockdown of (3-catenin significantly reversed the
downregulation of the mRNA expression of SM 22a and the upregulation of osteocalcin,
Msx2, Runx2 and Pit1 caused by high phosphate and BMP-2. In the case of osteocalcin, Msx2,
Runx2 and Pit1, 3-catenin silencing restored mRNA expression to a level comparable to that
of the untreated controls (p<0.05) (Fig. 4B). Similar effects were obtained at the protein level
by western blotting and radioimmunoassay (Fig 4C, D and E).

The induction of vascular calcification by BMP-2 is mediated by [-catenin signaling

To further explore the role of the Wnt/B-catenin pathway in the osteoblastic
differentiation of VSMCs, ALP activity and calcium deposition were measured in cells treated
with or without shRNA against -catenin. Phosphate and BMP-2 treatment for 14 days
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Fig. 4. Effects of -catenin knockdown on high phosphate and BMP-2 induced vascular smooth muscle cell
apoptosis and calcification. (A) Normal VSMCs or VSMCs transfected with scrambled shRNA or -catenin
shRNA1 were treated with high-phosphate (2.5 mM) or BMP-2 (50 ng/ml) for 3 days and subjected to the
TUNEL assay. The percentage of apoptotic nuclei was calculated. VSMCs without any treatment served as
normal controls. *p<0.05, **p<0.01 compared to the normal control, #p<0.05. (B-E) VSMCs were treated as
described in (A) for 7 days. (B) mRNA levels of SM 22a, osteocalcin, Msx2, Runx2 and Pit1 were detected by
q RT-PCR and normalized to GAPDH expression. Data are expressed as fold-change relative to the normal
control. (C) Protein levels of SM 22«, Pit1, Msx2 and Runx2 were assessed by western blotting with GAPDH
as the loading control. (D) Quantification of protein levels was performed by densitometry and normalized
to the level of GAPDH. (E) Osteocalcin secretion was measured by radioimmunoassay. *p<0.05, **p<0.01
compared to the normal control, #p<0.05.

significantly (p<0.01) increased ALP activity (Fig. 5A) and calcium deposition (Fig. 5B) in
empty vector or scrambled shRNA infected VSMCs, whereas silencing of -catenin significantly
reversed these effects (p<0.05). Alizarin red staining of VSMCs treated as indicated above
showed a significant increase in the number of positively stained cells in empty vector and
scrambled shRNA transfected cells in response to phosphate and BMP-2, whereas this effect
was significantly attenuated in VSMCs infected with shRNA against 3-catenin (Fig. 5C). Taken
together, these results indicate that BMP-2 induces VC via a mechanism involving the Wnt/3-
catenin pathway.
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Fig. 5. Involvement of the B-catenin signaling pathway in BMP-2 induced vascular calcification. Normal VS-
MCs or VSMCs transfected with scrambled shRNA or (3-catenin shRNA1 were treated with high-phosphate
(2.5 mM) or BMP-2 (50 ng/ml) for 14 days. (A) ALP activity at OD 405 nm was measured. *p<0.05, **p<0.01
compared to the normal control, #p<0.05. (B) Calcium levels were determined in VSMCs treated as indica-
ted. *p<0.05, **p<0.01 compared to the normal control, #p<0.05. (C) Representative photomicrographs of
Alizarin red staining of VSMCs in various groups.

Discussion

The high frequency of cardiovascular disease in CKD has been associated with VC as a
predictor of subsequent vascular mortality [26]. VC in CKD is associated with oxidative stress,
uremia and hyperphosphatemia leading to the formation of osteoblast-like cells in the vessel
walls. Furthermore, the recruitment of progenitor cells and the expression of transcription
factors essential for their osteoblastic differentiation, such as Runx2 and Msx2, promote VC
in kidney disease. Despite significant advances in our understanding of the process of VC in
patients with kidney disease, the factors involved and the exact mechanism remain unclear.
In the present study, elevated serum BMP-2 levels in patients with CKD led to an analysis of
the effects of BMP-2 and high phosphate on the osteogenic differentiation of VSMCs and the
molecular mechanisms underlying VC in CKD.

Previous studies have shown that VSMCs cultured in high concentrations of phosphate
undergo osteogenic transformation and calcification [27, 28], and the role of BMPs in the
regulation of osteoblastic differentiation of VSMCs and VC has been studied extensively [2,
29]. In the present study, we showed that exposure of VSMCs to high phosphate increased
the expression of BMP-2 and calcium deposition, and induced VSMC apoptosis in parallel
with the differentiation into an osteoblastic phenotype. Increased concentrations of BMP-2
in uremic serum were shown to upregulate Runx2 expression and promote the calcification
of VSMCs [30]. In CKD, inflammation plays an important role in VC in part by upregulating
the expression of BMP-2 [31]. A link between oxidative stress, BMP-2 expression and VC in
CKD was recently proposed by Dalfino et al., who showed that oxidative stress promotes
the differentiation of VSMCs by stimulating the release of BMP-2 by endothelial cells
[11]. These results were confirmed by in vivo experiments showing that in CKD patients,
serum phosphate concentration and serum levels of BMP-2 are independently associated
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with arterial stiffness. These results confirmed previous findings showing that increased
phosphate uptake and upregulation of Pit-1 mediate the BMP-2 regulation of VC [32]. These
results support the findings of the present study clarifying the role of BMP-2 expression and
increased phosphate uptake on VC in CKD.

Bone derived factors and the pathways that regulate their expression have recently been
placed at the center of cardiovascular disease associated with CKD [33]. The Wnt/[3-catenin
signaling pathway is critical for the osteogenic commitment of mesenchymal cells and has
been shown to be activated during VC [24, 34]. In diabetic mice, Msx promotes the nuclear
localization of B-catenin, enhances Wnt signaling and induces osteoblast differentiation and
osteogenic calcification [24]. Alterations in the Wnt/[-catenin signaling pathway have been
implicated in the development of CKD [35]. Arecent study showed that Klotho, a coreceptor of
fibroblast growth factor-23 that functions as an inhibitor of Wnt signaling, is deficient in CKD
[36]. Wnt/B-catenin signaling, which plays an important role in the formation of nephrons
and kidney development, is activated in various CKDs including diabetic nephropathy,
polycystic kidney disease and obstructive nephropathy [37, 38]. In the present study, we
examined a possible link between BMP-2, VC and the activity of the Wnt/(3-catenin signaling
pathway in CKD, and showed that high phosphate upregulated -catenin in parallel with the
induction of VSMC apoptosis. Exogenous BMP-2 increased B-catenin levels and promoted
the differentiation of VSMCs into an osteogenic phenotype, whereas silencing of -catenin
reversed the effect of high phosphate and BMP-2 on VSMC apoptosis and osteogenic
differentiation. The inhibition of VSMC calcification by 3-catenin silencing indicates that the
osteogenic differentiation of VSMCs induced by BMP-2 occurs via a mechanism involving
the activation of Wnt/-catenin signaling. Our results thus provide a possible mechanism
by which alterations in Wnt/-catenin signaling play a role in the pathogenesis of CKD by
affecting the osteogenic differentiation of vascular smooth muscle cells.

In conclusion, in the present study, we showed that BMP-2 promotes the differentiation
of VSMCs into an osteoblastic phenotype and this effect was reversed by 3-catenin knockout,
implying the involvement of the Wnt/B-catenin signaling pathway in the BMP-2 induced
calcification and osteogenic differentiation of VSMCs. Our findings link VC in CKD to BMP-2
expression and the activity of the Wnt/{3-catenin pathway and suggest novel targets for the
treatment of kidney diseases.
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