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Abstract 23 

Previous studies have shown that increased parathyroid hormone (PTH) due to secondary 24 

hyperparathyroidism in chronic kidney disease accelerates the arteriosclerotic fibrosis and 25 

calcification. Although the underlying mechanisms remain largely unknown, endothelial cells 26 

(ECs) have recently been demonstrated to participate in calcification in part by providing 27 

chondrogenic cells via the endothelial-to-mesenchymal transition (EndMT). Therefore, this 28 

study aimed to investigate whether elevated PTH could induce endothelial to chondrogenic 29 

transition in aortic ECs and to determine the possible underlying signaling pathway. We 30 

found that treatment of ECs with PTH significantly upregulated the expression of 31 

EndMT-related markers. Accordingly, ECs treated with PTH exhibited chondrogenic potential.  32 

In vivo, a lineage tracing model subjected mice with endothelial-specific GFP fluorescence to 33 

chronic PTH infusion showed a marked increase in the aortic expression of chondrocyte 34 

markers, and confocal microscopy revealed the endothelial origin of cells expressing 35 

chondrocyte markers in the aorta after PTH infusion.  Furthermore, this in vitro study 36 

showed that PTH enhanced the nuclear localization of β-catenin in ECs, whereas, β-catenin 37 

siRNA or DKK1, an inhibitor of β-catenin nuclear translocation, attenuated the upregulation 38 

of EndMT-associated and chondrogenic markers induced by PTH.  In summary, our study 39 

demonstrated that elevated PTH could induce the transition of ECs to chondrogenic cells via 40 

EndMT, possibly mediated by the nuclear translocation of β-catenin. 41 
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1. Introduction 45 

Vascular calcification (VC) is a frequent complication of chronic kidney disease (CKD) and is 46 

associated with an increased risk of cardiovascular and all-cause mortality (27, 30).  47 

Numerous investigations have demonstrated that VC is a cell-regulated process with 48 

similarities to bone formation, driven by osteochondrogenic cells (27, 34).  Recently, 49 

emerging evidence has further revealed that endochondral bone formation initiated by the 50 

presence of chondrocytes is a characteristic hallmark of VC in animal models with chronic 51 

renal failure (CRF) and in human aorta specimens from transplant donors (23, 24, 42).  These 52 

findings showed that the accumulation of ectopic chondrogenic cells underlies the progression 53 

of VC in CKD. 54 

Previously, smooth muscle cells, mesenchymal stem cells and pericytes were considered to be 55 

the major precursors of ectopic chondrogenic cells in calcified vessels (5, 25, 31).  In recent 56 

studies, endothelial cells (ECs) have been demonstrated to participate in tissue calcification 57 

by providing osteochondrogenic cells via the endothelial-to-mesenchymal transition (EndMT) 58 

(8, 21, 33, 38).   59 

Elevated parathyroid hormone (PTH) levels are common in patients with CKD with the 60 

decline of renal function due to the development of secondary hyperparathyroidism(2).  61 

Although the importance of PTH in mineral metabolism is well recognized, a series of studies 62 

has recently suggested that PTH could directly induce endothelial dysfunction and contribute 63 

to VC (6, 26-29).  Nevertheless, the underlying mechanisms remain largely unclear.  Our 64 

recent experiments have found that PTH could induce EndMT and contribute to the 65 

progression of cardiac fibrosis in uremic rats (36).  However, whether ECs that underwent 66 
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EndMT could further be triggered into chondrogenic cells remains unknown.  In this study, 67 

we investigated the effect of PTH-induced EndMT on chondrogenic potential and sought to 68 

determine its underlying signaling pathway. 69 

2. Materials and methods 70 

2.1 Cell culture 71 

Primary human aortic ECs were purchased from ScienCell Research Laboratories (Carlsbad, 72 

California, USA) and cultured as previously described (33).  All experiments were 73 

performed with cells at passages 3 to 5.  74 

2.2 Cell differentiation 75 

After PTH(1-34) stimulation, the ECs culture medium was changed to a chondrogenic 76 

differentiation medium (Sciencell MCDM medium containing 10ng/ml TGF-β3 and 5 77 

mmol/L β-glycerophosphate) for 7 days.  78 

2.3 SiRNA transfection 79 

The β-catenin siRNA was purchased from Cell Signaling Technology (#6225). The 80 

non-targeting scramble-sequence siRNA was used as a negative control.  The siRNA 81 

transfection study was performed with the MACSfectin Reagent kit (130-098-411, Miltenyi 82 

Biotec Inc, USA) and corresponding protocol.  83 

2.4 Real-time PCR analysis 84 

Total RNA from ECs were extracted and reverse transcribed.  The real-time PCR 85 

amplification was performed using an ABI Prism 7300 Sequence Detection System (Applied 86 

Biosystems, USA) with the SYBR Green Real-time PCR Kit (TAKARA, China).  The 87 

relative amount of mRNA was normalized to β-actin and calculated using the standard curve 88 
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method as described previously (43). In brief, the pre-PCR product of each gene was used as 89 

the standard. The standard curve was established with a 10-fold serial dilution of the product 90 

and was included in all PCR runs. The ratio of target gene abundance/housekeeping gene 91 

abundance was used to evaluate the expression level of each gene. Controls consisting of 92 

ddH2O were negative in all runs. 93 

2.5 Western blot analysis 94 

Western blot analysis was carried out as described previously (37). Immunoblotting was 95 

performed with primary antibodies against CD31(sc-1506, Santa Cruz), FSP1(ab27957, 96 

Abcam), α-SMA (ab5694, Abcam), β-catenin (ab32572, Abcam), SOX9 (ab185230, Abcam) 97 

and COL2A1 (sc-52658, Santa Cruz), followed by incubation with horseradish 98 

peroxidase-labeled secondary IgG antibodies (Santa Cruz).  The signals were detected using 99 

an advanced ECL system (GE Healthcare, UK).  100 

2.6 Mice 101 

Endothelial tracing was achieved by tamoxifen administration to inducible Tie2-Cre mice 102 

(tamoxifen-inducible Cre activation under the control of endothelium-specific Tie2 promoter) 103 

crossed with membrane-targeted tdTomato (mT)/membrane-targeted EGFP (mG) mice (15, 104 

23) at the Durham VA Medical Center, NC, USA.  Study protocols were approved by the 105 

DVAMC Institutional Animal Care and Use Committee and conducted in accordance with the 106 

NIH Guide for the Care and Use of Laboratory Animals.  In brief, experimental mice were 107 

randomly divided into 2 groups: the control group (CTL, n=5) and the PTH-infusion group 108 

(PTH, n=5). An Alzet model 2ML4 osmotic minipump was implanted subcutaneously in each 109 

mouse.  In the PTH group, human recombinant PTH fragment 1-34 (P3796, Sigma, USA) 110 
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was continuously infused at a infusion rate (0.11μg/100g/h).  In the CTL group, the 111 

minipumps were used to deliver vehicle only (PBS, Gibco).  During the 8-week 112 

experimental period, all mice were maintained on a 1.5% phosphorus diet (#113345, Dyets 113 

Inc, USA).  By the end of the study period, aorta was collected for histological analysis.  114 

2.7 Histology and immunohistochemical staining   115 

Paraffin-embedded aortic sections (3-μm thick) were prepared using a routine procedure.  116 

The sections were subjected to alcian blue staining for assessing chondrocyte proteoglycans 117 

and immunohistochemical staining to detect the expression of SOX9 (ab185230, Abcam) and 118 

COL2A1 (sc-52658, Santa Cruz).     119 

2.8 Immunofluorescent staining  120 

Frozen aortic sections or coverslips were processed and immunofluorescently stained as 121 

described previously (37).  Images were captured using a laser scanning confocal 122 

microscope (LSM 510 META, Zeiss, Germany). 123 

2.9 Statistical analysis 124 

Data are expressed as mean ± standard deviation (SD) and were analyzed with SPSS 16.0.  125 

Comparisons between two groups were done using the unpaired t-test when appropriate.   126 

Differences among groups were tested by one-way analysis of variance (ANOVA) followed 127 

by Bonferroni correction for normally distributed data and a Mann Whitney test for 128 

non-normally distributed data.  A value of P<0.05 was considered to be statistically 129 

significant. 130 

3. Results 131 

3.1 PTH induced EndMT in cultured aortic ECs 132 
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Our previous dose-finding studies revealed that PTH induces EndMT in primary human aortic 133 

ECs in a concentration- and time-dependent manner.  Based on this result, we treated aortic 134 

ECs with 10-7mol/L PTH for 48 h to observe the expression of EndMT-related markers.  The 135 

results of real-time PCR and western blot showed that PTH treatment led to a significant 136 

decrement in the mRNA and protein expression of CD31 and an increase in the expression of 137 

FSP1 and α-SMA (Fig. 1A-E).  Confocal microscopy detected that cells treated with PTH 138 

acquired FSP1 staining and lost CD31 staining compared with control cells (Fig. 1F).  139 

3.2 EndMT induces chondrogenic potential in ECs  140 

We next assessed the differentiation capability of ECs that undergo EndMT.  Western blot 141 

analysis indicated that the expressions of the chondrocyte specific markers SOX9 and Col2A1 142 

were significantly increased in PTH-treated cells compared with controls (Fig. 2A-B). 143 

3.3 Lineage tracing reveals the endothelial-to-chondrogenic transition in aortas 144 

following PTH-infusion 145 

To further observe the effect of elevated PTH on the transition of the ECs to a chondrocyte 146 

phenotype, an in vivo lineage tracing experiment was performed.  We crossed inducible 147 

Tie2-Cre mice with mT/mG mice to obtain tamoxifen-inducible Tie2-Cre+ mT/mG mice in 148 

which EGFP is expressed under the control of the endothelial-specific Tie2 promoter.  149 

Because PTH (1-34) is the shortest fragment with the same biological effect as the intact PTH, 150 

we infused PTH (1-34) into these mice and controls and evaluated the expression of 151 

chondrocyte markers.  As illustrated in Fig. 3A-B, alcian blue staining exhibited the 152 

conspicuously enhanced deposition of chondrocyte proteoglycans in aortic media from the 153 

PTH-infused group compared with controls (CTL) (arrows, Fig. 3B).  As determined by 154 
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immunohistochemical analysis, chondrocyte markers (SOX9 and Col2A1) protein were 155 

dramatically increased in aortas from the PTH-infusion group compared with CTLs (Fig. 156 

3C-F).  Furthermore, staining with anti-SOX9 antibody (blue) revealed EGFP-positive 157 

endothelial cells (green) that co-expressed chondrocyte specific markers SOX9 (arrows, cyan, 158 

Fig. 3G-H).  EGFP was only detected in the aortic endothelium in the control mice.  These 159 

results suggested the endothelial origin of ectopic chondrocytes in the aorta from mice with 160 

continuous PTH-infusion. 161 

3.4 Nuclear translocation of β-catenin mediates PTH-induced EndMT in aortic ECs  162 

To gain further insight into the mechanisms involved in EndMT triggered by PTH in ECs, we 163 

further examined the nuclear expression of β-catenin in cells treated with or without PTH.  164 

As shown in Fig. 4A-B, the nuclear protein levels of β-catenin were induced in a 165 

concentration-dependent manner in ECs treated with PTH, suggesting the nuclear 166 

translocation of β-catenin.  And immunefluorescence staining of β-catenin also showed a 167 

nuclear relocation of β-catenin in the cultured ECs stimulated with PTH (Fig. 4C).  Since 168 

canonical Wnt signaling culminates in β-catenin nuclear translocation, these data suggest that 169 

PTH can activate the canonical Wnt/β-catenin pathway.  170 

Next, we further evaluated whether canonical Wnt/β-catenin signaling activation is required 171 

for PTH-induced EndMT in our experiments.  ECs were incubated with PTH in the presence 172 

or absence of β-catenin siRNA or the canonical Wnt/β-catenin signaling inhibitor dickkopf-1 173 

(DKK1).  As shown in Fig. 5, down-regulation of β-catenin by siRNA significantly reduced 174 

the PTH-triggered induction of EndMT-related markers.  In addition, DKK1, the 175 

prototypical inhibitor of canonical Wnt signaling, also abolished the expression of 176 
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EndMT-related markers in response to treatment with elevated PTH (Fig. 6).  177 

3.5 Blockade of EndMT by suppressing the canonical Wnt/β-catenin pathway prevents 178 

the expression of chondrocyte markers in cells 179 

We further examined whether β-catenin siRNA or DKK1 could prevent the expression of 180 

chondrocyte markers in cells undergoing EndMT induced by PTH.  And we found a 181 

significantly decreased protein level of chondrocyte markers in cells treated with β-catenin 182 

siRNA (Fig. 7A-B) or DKK1 (Fig. 7C-D) before growth in chondrogenic medium compared 183 

with control.      184 

4. Discussion 185 

The mechanisms responsible for VC are complex. They typically require a decrease of 186 

calcification inhibitors with a concomitant increase in activators of biomineralization, both of 187 

which are tightly regulated at the cellular level (7). Vascular smooth muscle cells (VSMCs) 188 

are the best-characterized source of osteochondrogenic progenitors in the calcified 189 

vasculature. Numerous investigations have demonstrated that the transdifferentiation of 190 

VSMCs shares common molecular pathways with skeletal mineralization (32). During this 191 

process, VSMCs increase the expression of osteochondrogenic transcription factors and start 192 

the secretion of matrix vesicles, membrane microparticles that initiate hydroxyapatite 193 

crystallization. Notably, recent studies suggest that cells of endothelial origin can also 194 

promote ectopic calcification (3, 14, 40). ECs isolated from solid tumors of the prostate, in 195 

which ectopic calcification was co-localized with endothelial marker CD31, clearly show ex 196 

vivo differentiation plasticity toward chondrocytes or osteoblasts (8). In the vascular system, 197 

experimental studies using lineage-tracing mice revealed that ECs contribute to the 198 
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osteochondrogenic pool in aortic lesions in VC models associated with matrix 199 

ë-carboxyglutamic acid protein deficiency (Mgp knockout) and genetically determined 200 

diabetes (Akita mice) (39).  In addition, clinical investigations have also revealed a correlation 201 

between circulating endothelial progenitor cells and vascular calcification in patients with 202 

atherosclerosis and diabetes (9-12, 42). It is recognized that the prevalence of VC is markedly 203 

higher in patients with CKD than in the general population. Experimental and clinical studies 204 

have revealed that heterotypic chondrocyte accumulation underlies uremic VC (23). However, 205 

whether endothelial phenotypic alterations contribute to chondrocyte accumulation in uremic 206 

calcified lesions has not been investigated yet.  207 

The elevation of serum PTH concentration is a common condition in CKD with the decline of 208 

glomerular filtration rate. In this study, chronic infusion of PTH to mouse showed a 209 

Tie2-positive chondrocytes in aortic samples by immunofluorescence analysis, suggesting an 210 

endothelial origin of ectopic cartilage in the aorta (Fig. 3). Moreover, the in vitro studies 211 

further showed that expression of chondrocyte markers SOX9 and COL2A1 were 212 

significantly increased in PTH-treated cells compared with the control (Fig. 2). These data 213 

clearly indicated that elevated PTH could induce the endothelial to chondrogenic 214 

phenotypical transition in ECs. Considering the involvement of PTH in the progression of 215 

uremic calcified lesions (6,26), this PTH-induced phenotypic alteration in ECs might 216 

represent a novel mechanism contributing to VC in uremia.  217 

Previous studies showed that animal receiving continuous PTH infusion developed media 218 

calcification (25). In our in vivo study, the cartilage proteoglycan is also mainly located in 219 

aortic media (Fig.3). Recently, investigations have demonstrated that EndMT is a source of 220 
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osteochondeogenic cells in media calcification (38, 39). Yao et al. showed that the expression 221 

of endothelial markers was detected deep in the calcified media (39). Furthermore, they found 222 

that cell co-expressing endothelial and osteochondrogenic marker was highly abnormal and 223 

detached from the internal elastic lamina to penetrate into the media as visualized by phase 224 

contrast and transmission electron microscopy in calcified aortas. In lesions of aortic 225 

calcification in Mgp-deficient mice, the internal elastic lamina was gradually degraded and 226 

ECs undergoing EndMT were oriented from the luminal side toward the aortic medial layer 227 

and calcifying lesional areas (38). Besides, numerous studies have disclosed that ECs could 228 

acquire the ability to migrate through EndMT (13,35). Taken together, all these findings 229 

suggest that EndMTs involves in media calcification in part by penetrating into the medial 230 

tissue and further trans-differentiating into osteochondrogenic cells. And in the present study, 231 

we observed the co-expression of endothelial marker (EGFP-positive cells) and chondrocyte 232 

marker (SOX9) in tunica media in PTH-infusion mice. Although the exact mechanisms are 233 

unclear, it might be associated with the cellular motility endued by EndMT. 234 

As shown by data from this study, cells undergoing EndMT acquire the transdifferentiation 235 

potential to become chondrocytes. Using siRNA or pharmacological approaches to inhibit 236 

PTH-induced EndMT in cultured aortic ECs attenuated the expression of chondrocyte 237 

markers SOX9 and COL2A1 in these cells (Fig. 7). Collectively, these results strongly 238 

suggest that EndMT enables cells to be further triggered into chondrocytes. This result was 239 

partly consistent with the previous work by Medici et al., which demonstrated that 240 

constitutive ALK2 activation in mature ECs resulted in EndMT and the acquisition of a stem 241 

cell-like phenotype to differentiate into osteoblasts, chondrocytes or adipocytes (20). As 242 
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EndMT generates fibroblastic cells to participate in specific developmental processes, cancer 243 

progression, and tissue fibrosis (16, 41), our findings further broaden the scope for the role of 244 

EndMT in disease pathogenesis.   245 

Because EndMT is the key phenotypic transition process for chondrogenic potential in 246 

endothelial cells, the molecular mechanisms underlying EndMT are of great interest.  247 

Previous studies have clearly revealed a role of TGF-β signaling in EndMT (21). Recent 248 

investigations have further provided evidence of the canonical Wnt/β-catenin signaling 249 

pathway in this process (4).  Using a Wnt-signaling reporter mouse strain, Liebner et al. 250 

demonstrated that endocardial EndMT in heart cushion is accompanied by activation of 251 

β-catenin activity (18).   Aisagbonhi et al. reported the activation of canonical Wnt 252 

activation and the associated EndMT in response to myocardial infarction (1).  And in 253 

EndMT during the progression of cerebral cavernous malformation (CCM) disease, increased 254 

β-catenin nuclear translocation and transcriptional signaling could also be detected (19).  255 

Moreover, Li et al. found that Wnt/β-catenin pathway mediated EndMT in diabetic kidney 256 

disease (17).  In this study, we showed that PTH-induced EndMT in aortic ECs was also 257 

accompanied by the nuclear translocation of β-catenin.  Conversely, the knockdown of 258 

β-catenin with siRNA or blockade of its nuclear translocation with the specific inhibitor 259 

DKK1 significantly attenuated the expression of EndMT-markers induced by PTH in ECs 260 

(Fig. 5 & Fig. 6).  These findings indicate that canonical Wnt signaling mediates 261 

PTH-induced EndMT in aortic ECs.  As endothelial dysfunction often initiates and propels 262 

the development and progression of cardiovascular disease, better understanding of the 263 

β-catenin-dependent Wnt pathway in EndMT might lead to the identification of novel 264 



13 
 

therapeutic targets for VC.  265 

In summary, this study demonstrated that elevated PTH could induce the phenotypic 266 

transition of ECs to chondrogenic cells via EndMT, partially mediated by the nuclear 267 

translocation of β-catenin. These findings suggest that strategies aimed at lowering PTH 268 

levels might prevent VC by preserving the integrity and phenotype of the vascular 269 

endothelium. 270 
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 403 

Figure Legends 404 

Fig. 1. Exposure to PTH induces EndMT in aortic ECs. (A-E) ECs were incubated with PTH 405 

(10-7mol/L) for 48h, as indicated. (A-B) The mRNA levels were assessed by real-time PCR. 406 

(C-E) Protein expression levels were determined by western blot. The data are expressed as 407 

the means ± SDs (n=6). *P<0.05 vs. CTL group. (F) Immunofluorescence of CD31 (green) 408 

and FSP1 (red) was observed by confocal microscopy. Scale bar, 50 μm.  409 

Fig. 2. ECs that undergo PTH-induced EndMT exhibit chondrogenic potential. (A-B) Western 410 

blot analysis for chondrocyte specific markers SOX9 and Col2A1 in cells treated with PTH 411 

for 48h followed by growth in chondrogenic culture medium for 7 days, as indicated. The 412 

data are expressed as the means ± SDs (n=5). *P<0.05 vs. CTL group.  413 

Fig. 3. The expression of chondrocyte-related markers in aortas of Tie2-Cre+ mT/mG mice 414 

from CTL group (A, C, E, G) and PTH-infusion group (B, D, F, H). (A-B) Representative 415 

micrographs showing alcian blue staining for chondrocyte proteoglycans in aorta samples of 416 

mice (original magnification is 400×). (C-F) Representative micrographs showing 417 

immunohistochemical staining for aortic expression of chondrocyte specific markers SOX9 418 
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(C-D) and Col2A1 (E-F) in mice (original magnification is 400×). (G-H) Immunostaining of 419 

aortic tissues from Tie2-Cre+ mT/mG mice showed co-expression of Tie2-EGFP with 420 

chondrocyte specific marker SOX9 (original magnification is 600×). DAPI was used to 421 

visualize nuclei.  422 

Fig. 4. Effect of PTH on nuclear β-catenin abundances in aortic ECs. (A) Representative blots. 423 

(B) Graphic presentation. Lamin-B was used as internal control. The data are expressed as the 424 

means ± SDs (n=4). *P<0.05 vs. 0 group. (C) Immunofluorescent staining of β-catenin (red) in 425 

different groups of aortic ECs as indicated. DAPI was used for a nuclear stain (blue). Scale 426 

bar, 50μm. 427 

Fig. 5. β-catenin siRNA blocked mRNA and protein expression of EndMT-related markers 428 

after PTH treatment in aortic ECs. ECs were transfected with siRNA for β-catenin. The 429 

non-targeting scramble-sequence siRNA (vehicle, vehi) was used as the control. (A-B) 430 

Real-time PCR analyses showed mRNA expression of CD31, FSP1and α-SMA after various 431 

treatments for 48h as indicated. (C-D) Western blot analyses showed protein expression of 432 

CD31 and FSP1 after various treatments for 48h. The data are expressed as the means ± SDs 433 

(n=3). *P<0.05 vs. Vehi group; #P<0.05 vs. PTH+Vehi group. (E) Representative micrographs 434 

showing immunofluorescent staining of CD31 (green) and α-SMA (red) in ECs after various 435 

treatments, as indicated. Cells counterstained with DAPI (blue) to demonstrate nuclei. Scale 436 

bar, 20 μm.  437 

Fig. 6. Canonical Wnt/β-catenin pathway inhibitor DKK1 blocked mRNA and protein 438 

expression of EndMT-related markers after PTH treatment in aortic ECs. (A-C) Real-time 439 

PCR analyses showed mRNA expression of CD31 (A), FSP1 (B) and α-SMA (C) after 440 



21 
 

various treatments for 48h with 10-7mol/L PTH with or without 500 ng/mL DKK1 as 441 

indicated. (D-E) Western blot analyses showed protein expression of CD31, FSP1 and 442 

α-SMA in different groups as indicated. Representative western blots (D) and quantitative 443 

determinations of protein levels (E) are presented. The data are expressed as the means ± SDs. 444 

(n=3). *P<0.05 vs. CTL group; #P<0.05 vs. PTH group. CTL, control; PTH, parathyroid 445 

hormone. 446 

Fig. 7. PTH-induced EndMT is necessary for the acquisition of chondrogenic potential. (A-B) 447 

Western blot analysis showing the expression chondrocyte specific markers SOX9 and 448 

Col2A1 in cells exposed to PTH with or without β-catenin-specific siRNA. The data are 449 

expressed as the means ± SDs. (n=4). *P<0.05 vs. Vehi group, #P<0.05 vs. PTH+Vehi group, 450 

†P<0.05 vs. siRNA group. (C-D) Western blot analysis showing the protein expression of 451 

SOX9 and Col2A1 in cells with different treatment as indicated followed by growth in 452 

chondrogenic culture medium. The data are expressed as the means ± SDs. (n=3). *P<0.05 vs. 453 

CTL group, #P<0.05 vs. PTH group.     454 
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