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Abstract

ACDC (arterial calcification due to deficiency of CD73) is an autosomal recessive disease 

resulting from loss-of-function mutations in NT5E, which encodes CD73, a 5′-ectonucleotidase 

that converts extracellular adenosine monophosphate to adenosine. ACDC patients display 

progressive calcification of lower extremity arteries, causing limb ischemia. Tissue-nonspecific 

alkaline phosphatase (TNAP), which converts pyrophosphate (PPi) to inorganic phosphate (Pi), 
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and extracellular purine metabolism play important roles in other inherited forms of vascular 

calcification. Compared to cells from healthy subjects, induced pluripotent stem cell–derived 

mesenchymal stromal cells (iMSCs) from ACDC patients displayed accelerated calcification and 

increased TNAP activity when cultured under conditions that promote osteogenesis. TNAP 

activity generated adenosine in iMSCs derived from ACDC patients but not in iMSCs from control 

subjects, which have CD73. In response to osteogenic stimulation, ACDC patient–derived iMSCs 

had decreased amounts of the TNAP substrate PPi, an inhibitor of extracellular matrix 

calcification, and exhibited increased activation of AKT, mechanistic target of rapamycin (mTOR), 

and the 70-kDa ribosomal protein S6 kinase (p70S6K), a pathway that promotes calcification. In 

vivo, teratomas derived from ACDC patient cells showed extensive calcification and increased 

TNAP activity. Treating mice bearing these teratomas with an A2b adenosine receptor agonist, the 

mTOR inhibitor rapamycin, or the bisphosphonate etidronate reduced calcification. These results 

show that an increase of TNAP activity in ACDC contributes to ectopic calcification by disrupting 

the extracellular balance of PPi and Pi and identify potential therapeutic targets for ACDC.

INTRODUCTION

Vascular calcification (VC) is a deleterious result of aging and disease. It alters vascular 

hemodynamics, contributes to stenosis and ischemia, and predicts cardiovascular morbidity 

and mortality (1). VC is associated with various common and complex diseases. For 

example, intimal layer calcification is frequently present in atherosclerotic plaques, and 

medial layer calcification is associated with maladies such as diabetes, end-stage renal 

disease, and rheumatoid arthritis (2). VC was once considered as a degenerative, passive 

biochemical process, but current evidence suggests that this pathology mimics active bone 

remodeling and is highly regulated (3).

We identified ACDC (arterial calcification due to deficiency of CD73) as an autosomal 

recessive disease caused by loss-of-function mutations in 5′-ectonucleotidase (NT5E), 

which encodes CD73, the major enzyme that converts extracellular adenosine 

monophosphate (AMP) to adenosine (4). ACDC patients exhibit disabling intermittent pain 

due to obstructive peripheral artery disease stemming from extensive calcification in the 

medial layer of their lower extremity arteries, as well as calcification in joint capsules of 

their hands and feet (4, 5). We previously showed that skin fibroblasts from ACDC patients 

have increased activity of tissue-nonspecific alkaline phosphatase (TNAP) and exhibited 

calcification in vitro, which can be inhibited with exogenous adenosine (4). Here, we 

address the mechanism by which CD73 deficiency leads to calcification in ACDC.

TNAP, an important enzyme in bone and tooth mineralization, metabolizes pyrophosphate 

(PPi), a potent endogenous inhibitor of VC, to inorganic phosphate (Pi) (6). Reduced 

amounts of PPi are in patients with generalized arterial calcifications of infancy (GACI), a 

rare recessive disease characterized by extensive medial arterial calcification in infants who 

also frequently develop joint calcifications. GACI is caused by inactivating mutations in 

ectonucleotide pyrophosphatase phosphodiesterase 1 (ENPP1). ENPP1 is a component of 

the purine metabolic pathway upstream of CD73 and converts extracellular adenosine 5′-

triphosphate (ATP) to AMP and PPi. In genetic murine models, inhibition of TNAP rescues 
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VC caused by functional inactivation of ENPP1 (7), and TNAP overexpression in vascular 

smooth muscle cells (VSMCs) or endothelial cells (ECs) causes extensive VC through 

dysregulation of PPi metabolism (8, 9). TNAP is also important in extracellular purine 

metabolism for hydrolyzing ATP and AMP, although it does so at lower metabolic rates 

compared to ENPP1 and CD73, respectively. Crosstalk between TNAP and CD73 has been 

described in both in vivo and in vitro mouse models (10–12). Adenosine is an important 

regulator of vascular homeostasis, exerting its effects through the P1 purinergic receptors 

A1, A2a, A2b, and A3. A1 and A3 adenosine receptors (ARs) couple with Gi proteins and 

inhibit the cyclic AMP (cAMP) pathway; A2a and A2b ARs couple with Gα proteins and 

activate cAMP pathways (13). In addition to these canonical AR signaling pathways, 

noncanonical signaling downstream of ARs includes activation of phosphatidylinositol 3-

kinase (PI3K) and AKT.

Determining the role of AR signaling in regulating TNAP will be key to understanding the 

disease mechanism that leads to VC in ACDC patients. Mice with CD73 deficiency, 

however, cannot be used to study the ACDC disease mechanism because they do not mimic 

the human vascular phenotype (14). Therefore, we have established patient-specific in vitro 

and in vivo disease models using induced pluripotent stem cell (iPSC) technology to 

determine the mechanisms by which CD73 deficiency leads to VC in ACDC patients. 

Generating iPSCs from patients with genetic disorders offers enormous promise for 

understanding the pathogenesis of human diseases. In particular, disease-specific iPSCs and 

iPSC-derived cells open new possibilities for generating continuous supply of diseased 

human cells for mechanistic studies and drug screening (15, 16).

Here, we show accelerated and severe calcification in ACDC patient iPSC–derived 

mesenchymal stromal cells (iMSCs) in culture and in ACDC patient iPSC–derived teratomas 

in mice. We found that cells from ACDC patients had increased abundance of TNAP relative 

to cells from control subjects and that this increased TNAP reduced the amount of PPi, 

which promotes calcification. We also found that the increased abundance of TNAP and 

increased calcification in ACDC patients are mediated by A2bAR, AKT, and the 

mechanistic target of rapamycin complex (mTORC). We evaluated several treatment 

strategies and demonstrated that the bisphosphonate etidronate, the A2bAR agonist BAY 

60-6583, and the mTOR inhibitor rapamycin each inhibit calcification in ACDC patient–

specific in vitro and in vivo models. Our findings provide proof of concept for the use of 

these patient-specific iPSC-based disease models for identifying new disease mechanisms 

and therapeutic strategies for patients with VC.

RESULTS

Cells from ACDC patients can be used to derive iPSCs

We generated iPSCs from dermal skin fibroblasts isolated from healthy control volunteers 

and patients with ACDC using a lentiviral delivery system for the Yamanaka factors (Oct4, 

Sox2, Klf4, and c-Myc) under feeder-free and chemically defined conditions. We selected 

colonies that expressed the pluripotency marker Tra-1-60 (tumor rejection antigene 1 to 60) 

and expanded them for further characterization. We obtained similar numbers of Tra-1-60–

positive colonies from control and ACDC fibroblasts (76.67 ± 21.9 and 67.75 ± 14.66 
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colonies per 1 × 105 fibroblasts, respectively; fig. S1), indicating that CD73 is not required 

for reprogramming fibroblasts into iPSCs. All iPSC lines from five affected individuals in 

two different families were propagated and expressed the endogenous pluripotency markers 

Nanog, Oct4, Tra-1-60, and SSEA-4 (Fig. 1A). We verified the pluripotency of these iPSC 

lines by demonstrating that they could differentiate into cells of each of the three germ 

layers. After 5 days of monolayer differentiation, iPSCs exhibited reduced abundance of the 

endogenous pluripotency markers Nanog, Oct4, and Sox2 (Fig. 1B) and a concomitant 

increase in germ layer differentiation markers for the mesoderm (RUNX1), endoderm 

(AFP), and ectoderm (Nestin) (Fig. 1C). All the ACDC iPSC lines that we generated 

retained their original homozygous (c.662C→A, p.S221X) or compound heterozygous 

(S221X and c.1609dupA, p.V537fsX7) mutations in NT5E (Fig. 1D) and exhibited no 

chromosomal abnormalities (fig. S2). Control iPSCs and ACDC iPSCs also displayed the 

capacity to generate the three developmental germ layers in teratomas after injection into the 

hindlimb of NOD/SCID/IL2rγnull (nonobese diabetic/severe combined immunodeficient/

interleukin-2 receptor γ null) (NSG) mice (Fig. 1, E and F). These data illustrate that iPSCs 

can be generated from ACDC dermal fibroblasts and that these cells are functionally similar 

to iPSCs generated from healthy controls.

ACDC iPSC teratomas develop calcification

In our initial histological evaluation of teratomas, we noted an increase of macroscopic 

calcifications in teratomas derived from ACDC iPSCs in comparison to teratomas derived 

from control iPSCs. Microcomputed tomography (microCT) analysis revealed that teratomas 

from ACDC iPSCs, unlike those from control iPSCs, developed extensive and distinct 

nodules of calcification, and restoring CD73 expression in ACDC iPSCs rescued this 

phenotype (Fig. 2A and fig. S3). In line with the microCT analysis, von Kossa histological 

staining, which indicates mineralization, showed that sections of teratomas derived from 

ACDC iPSCs were significantly more calcified than sections of teratomas derived from 

control iPSCs and that these mineralized structures displayed typical features of ectopic 

calcification (Fig. 2B). Alizarin Red S staining confirmed the presence of calcium in the 

calcified areas, and the osteoblast-specific transcription factor osterix and the structural 

protein osteopontin were also present in calcified areas (Fig. 2C).

TNAP is more abundant in dermal fibroblasts from ACDC patients compared to dermal 

fibroblasts from control subjects and increases further after osteogenic stimulation (4). 

Similarly, ACDC iPSC teratomas exhibited increased TNAP staining in the vicinity of 

calcified nodules (Fig. 2D). Tissue scraped from the inner wall of the popliteal artery of an 

ACDC patient undergoing an embolectomy and patch reconstruction further confirmed up-

regulation of TNAP at sites of calcification in vivo (Fig. 2E), whereas a control femoral 

artery from a patient who did not have ACDC showed no presence of TNAP (fig. S4). These 

results confirm the link between CD73 and ectopic calcification in the in vivo iPSC teratoma 

assay and affirm that TNAP is a key component in this calcification process and in that 

occurring in the vessels of ACDC patients.
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ACDC iPSCs display an accelerated calcium precipitation potential

The bone-forming cells (osteoblasts and osteocytes) that stimulate calcium precipitation 

arise from the MSC lineage. Because ACDC iPSC teratomas exhibit calcification, we 

hypothesized that CD73-deficient stem or progenitor cells may more readily induce calcium 

precipitations. To test this, we developed a protocol to differentiate control and ACDC iPSCs 

into iMSCs (fig. S5). MSCs are characterized by the presence of CD105, CD73, and CD90 

and the absence of CD31 and CD45 (17). After differentiation, we confirmed by flow 

cytometry that our control and ACDC iMSCs had this well-established MSC signature (Fig. 

3, A and B). CD73 is a cell surface marker used to identify MSC populations, but the genetic 

mutations in ACDC patients (4) render the CD73 protein inactive. Control iMSC lines 

exhibited robust production of Pi when given exogenous AMP, whereas ACDC iMSC lines 

did not (Fig. 3C). Stable overexpression of CD73 rescued this effect (fig. S6). MSCs are 

defined by their ability to give rise to adipocyte-, osteoblast-, and chondrocyte-like lineages 

(18). Both control and ACDC iMSCs exhibited similar adipocyte morphology with 

accumulation of lipid droplets following an adipogenic stimulation protocol (Fig. 3D). After 

undergoing a chondrogenic stimulation protocol, both control and ACDC iMSCs showed 

characteristics of chondrogenic cells, as illustrated by Alcian Blue staining and the presence 

of the cartilage marker aggrecan (Fig. 3E). After undergoing osteogenic stimulation, we 

assessed calcification using Alizarin Red S staining, as described previously (4). All tested 

cells were calcified in vitro at the 21-day time point; however, we observed robust calcium 

deposition in ACDC iMSCs at earlier time points than for control iMSCs or commercially 

available hMSC lines (Fig. 3F). These data indicate that a lack of enzymatically functional 

CD73 enhances calcification potential.

Increased TNAP activity generates adenosine and decreases PPi in ACDC cells

We previously showed that lack of CD73 function is directly linked to the enhanced 

calcification phenotype in fibroblasts from ACDC patients (4), and we observed increased 

TNAP activity in patient fibroblasts (4). However, the functional link between these two 

closely related glycosylphosphatidylinositol (GPI)–anchored ectoenyzmes, both of which 

can metabolize AMP, although at different affinities, is not understood (10–12), nor is their 

impact on the generation of extracellular adenosine during osteogenic stimulation.

Similar to primary fibroblasts from ACDC patients, ACDC iMSCs exhibited a significant 

increase in TNAP activity compared to control iMSCs when exposed to osteogenic 

stimulation medium (Fig. 4A). Stable overexpression of CD73 in ACDC iMSCs rescued this 

effect (fig. S7). ACDC-associated mutations ablate CD73 enzymatic functions (4), so there 

was significantly less adenosine in the medium of ACDC iMSCs under osteogenic 

stimulation compared to control iMSCs; nevertheless, there was no concomitant increase in 

AMP (Fig. 4B). When provided with an excess of the CD73 substrate AMP, control iMSCs 

produced robust quantities of adenosine (Fig. 4C, upper left). With an excess of AMP, 

ACDC iMSCs were also able to generate adenosine, albeit to a much lesser extent than 

control iMSCs (1.438 ± 0.23 versus 131.8 ± 26.15 SEM, respectively; Fig. 4C, upper right). 

This occurred despite the absence of CD73 function, indicating that another enzyme is 

generating adenosine from the excess AMP. Under these conditions, control iMSCs did not 

accumulate AMP because it is rapidly converted to adenosine by CD73 (Fig. 4C, lower left), 
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but ACDC iMSCs did accumulate AMP (Fig. 4C, lower right). Because TNAP can also 

hydrolyze AMP to produce adenosine (6) and is abundant in cells from ACDC patients, we 

tested whether the TNAP inhibitor levamisole reduced adenosine production in the presence 

of excess AMP. In ACDC iMSCs, levamisole alone significantly decreased adenosine (Fig. 

4C, upper right), whereas there was no effect in control iMSCs (Fig. 4C, upper left). 

Furthermore, in the presence of excess AMP, control iMSCs showed no difference in 

adenosine production from AMP when cells were pretreated with levamisole (Fig. 4C, upper 

left). However, in ACDC iMSCs, levamisole significantly reduced adenosine production to 

the degree seen under conditions of no exogenous AMP treatment (Fig. 4C, upper right). 

This suggests that TNAP can produce adenosine in the absence of CD73 activity but likely 

does not produce enough adenosine to stimulate ARs (19).

The main substrate for TNAP, PPi, is a potent endogenous inhibitor of ectopic calcification. 

We hypothesized that increased TNAP activity would accelerate PPi degradation during 

osteogenic stimulation in ACDC iMSCs compared to control iMSCs, leading to ectopic 

calcification. In support of this hypothesis, the concentration of PPi was significantly 

reduced in supernatants from ACDC iMSCs compared to control iMSCs (Fig. 4D). These 

findings suggest that whereas increased TNAP activity in ACDC iMSCs partially 

compensates for the lack of CD73-generated adenosine, this increased activity also 

drastically decreases PPi in ACDC cells, which potentiates calcification and overwhelms 

thecompensatory effect of the small amount (100-fold less; Fig. 4C) of adenosine generated 

by TNAP.

Activation of the A2b AR reduces calcification in vivo

Adenosine generated from the breakdown of AMP by CD73 can be converted to inosine by 

adenosine deaminase (ADA). Alternatively, adenosine can act as a signaling molecule by 

binding to one of the four ARs—A1, A2a, A2b, and A3 (20, 21). ACDC cells produced 

significantly less adenosine than did control cells (Fig. 4), and we hypothesized that the 

consequent reduction in AR signaling leads to a concomitant increase in TNAP, which 

degrades PPi, thus promoting calcification. To evaluate the effects of AR activation on 

calcification in vivo, we used teratoma formation as a model. Mice were injected with 

ACDC iPSCs with concurrent administration of AR agonists or vehicle control. Treatment 

with A2aAR (CGS-21680) and A3AR (IB-MECA) agonists caused a significant increase in 

calcification volume, whereas the A1AR agonist (CCPA) produced no significant change in 

calcification volume (fig. S8) compared to the vehicle control. Treatment with the A2bAR 

agonist (BAY 60-6583) significantly reduced the calcification volume in ACDC iPSC–

derived teratomas (Fig. 5A). None of the treatments altered the total volume of teratomas 

(fig. S9). In vitro administration of BAY 60-6583 during osteogenic stimulation reduced 

calcification in ACDC iMSCs (Fig. 5B) and further decreased TNAP activity (Fig. 5C), 

confirming the in vivo data.

Treating primary fibroblasts from ACDC patients with the extracellular signal–regulated 

kinase 1 and 2 (Erk1/2) inhibitor U0126, the PI3K inhibitor LY249002, or the mTOR 

inhibitor rapamycin decreased TNAP activity (fig. S10). These inhibitors also decreased 

TNAP activity and calcification of primary hMSCs (figs. S10 and S11). We next investigated 
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A2bAR downstream signaling in ACDC and control iMSCs during osteogenic stimulation. 

A2bAR activation by BAY 60-6583 significantly decreased AKT and p70S6K 

phosphorylation in ACDC iMSCs during osteogenic stimulation to quantities seen in the 

control iMSCs, indicating activation of the mTOR pathway in ACDC iMSCs (Fig. 6A). On 

the basis of these in vitro findings, we tested the effects of the mTOR inhibitor rapamycin in 

the in vivo teratoma model. Mice harboring ACDC iPSCs were given daily intraperitoneal 

injections of rapamycin or vehicle control. Similar to in vivo BAY 60-6583 treatment, 

rapamycin significantly reduced calcification in ACDC iPSC–derived teratomas in vivo (Fig. 

6B) but did not significantly alter the size of teratomas compared to vehicle controls (fig. 

S12). These findings indicate that, in cells deficient in CD73, inhibiting the mTOR pathway 

significantly reduces osteogenesis, which highlights a potential therapeutic treatment 

regime.

Etidronate inhibits calcification in the in vivo and in vitro disease models

The lower extremity arteries of ACDC patients present with medial calcifications along the 

internal elastic lamina and myointimal proliferation (5), thus histologically resemble the 

disease GACI. Because the bisphosphonate etidronate has been used successfully for long-

term treatment of infants with GACI (22–24), we tested the effect of this drug on ACDC 

cells in vitro and in vivo. ACDC iMSCs exhibited a striking decrease in calcification when 

etidronate was administered during the 21-day osteogenic stimulation assay (Fig. 7A). 

Bisphosphonates can inhibit mineral deposition by competing with hydroxyapatite formation 

(25). To test this function in our biological system, we differentiated hMSCs under 

osteogenic conditions for 21 days, which causes the accumulation of calcified deposits in the 

culture and were then given a bolus of 1 mM etidronate. After seven additional days, 

calcification was resolved (Fig. 7B), suggesting that this drug has potential for treating 

calcifications that have already developed. To explore these effects in vivo, we injected mice 

with ACDC iPSCs, followed by a clinically relevant dosage of 30 mg/kg subcutaneous 

injection of etidronate or vehicle control three times per week starting either the day of or 10 

days after iPSC injection and continuing until teratomas reached 20 mm or 8 weeks after 

injection. MicroCT analysis showed that both treatment regimens resulted in significantly 

reduced calcification of ACDC iPSC teratomas (Fig. 7C). These data from our in vivo 

ACDC disease model show that etidronate is a potential treatment for this ectopic 

mineralizing disorder. Furthermore, the patient-specific iPSC teratoma model may be used 

as a drug screening tool in cases where the teratoma itself exhibits features similar to human 

disease pathology.

DISCUSSION

We developed a patient-specific in vitro and in vivo disease modeling system using iPSC 

technology to identify the signaling mechanisms underlying the calcification process in 

ACDC patients. The findings will not only enhance our understanding of this detrimental 

pathology, but the mechanisms identified may be operative in more common disorders 

characterized by ectopic VC. Injection of primary MSCs has been widely used to study bone 

formation and ectopic calcification in vivo (26, 27). The biology of MSCs is complex, and 

MSCs display different characteristics depending on their origin (28). It is well established 
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that iMSCs exhibit a trilineage (chondrogenic, adipogenic, and osteogenic) differentiation 

potential similar to that observed in primary MSCs (29, 30). We successfully generated 

iMSCs from iPSCs derived from both control and ACDC patients. Our in vitro studies 

focused on ectopic calcification using standard osteogenic stimulation medium because this 

provides a source of Pi only in the presence of TNAP, which is increased in ACDC cells at 

baseline. However, we did not perform ectopic bone formation assays in mice because 

although ACDC patients develop extensive ectopic calcification, they do not develop ectopic 

bone formation and do not have impaired formation of hard tissue such as bone and teeth. 

iPSC-derived teratomas (31) have previously been used for in vivo disease modeling, and 

now, we demonstrate that patient-specific iPSC-derived teratomas can model ectopic 

calcification and are useful to test new treatment strategies for VC.

Here, we show accelerated calcification and increased TNAP abundance and activity in 

ACDC iMSCs and high abundance adjacent to sites of calcification in a sample of a femoral 

artery isolated from an ACDC patient. In ACDC but not control iMSCs, TNAP activity 

generates low amounts of adenosine to compensate for the loss of CD73 function but also 

leads to a concomitant decrease in the amount of PPi, resulting in calcification. These 

findings, which highlight the importance of extracellular purine metabolism in the 

development of VCs, are consistent with the disease mechanisms proposed for other 

monogenetic diseases involving ectopic calcification, such as GACI (32, 33). GACI, for 

example, is a rare, recessive, severe infantile form of medial VC disease characterized by 

rapidly progressing medial calcification caused by loss-of-function mutations in ENPP1, 

which is upstream of CD73 and converts extracellular ATP to AMP and PPi.

Treatment strategies in GACI are focusing on inhibition of TNAP and downstream processes 

involved in initiation and propagation of calcification. Bisphosphonates have been used 

successfully in small patient cohorts, on the basis of their functions as inhibitors of 

mineralization. Further evidence of the important role of TNAP as a key enzyme in 

mineralization stems from the rare inherited systemic bone disease called hypophosphatasia 

(HPP), which is caused by loss-of-function mutations in ALPL, the gene that encodes 

TNAP, and leads to high amounts of PPi in the serum and hypomineralization of hard tissues 

in affected patients (34).

Furthermore, crosses between TNAP and ENPP1 knockout mice rescue the calcification 

phenotypes, thus emphasizing the importance of the TNAP to PPi ratio in murine models of 

VC (35). Two murine models overexpressing TNAP in either VSMCs (9) or ECs (8) exhibit 

extensive medial arterial calcification, indicating that increased TNAP function alone is 

sufficient to induce extensive VCs. Last, PPi administration in chronic kidney disease rodent 

models prevents VC (36). These studies support our findings and also indicate the 

importance of these metabolic pathways in other rare or common forms of inherited medial 

VC.

The increased abundance of TNAP in ACDC iMSCs and the finding that TNAP can generate 

adenosine in our in vitro calcification assays were unexpected because gain of TNAP 

activity results from the loss of CD73-generated adenosine signaling. However, crosstalk 

between CD73-TNAP and bilateral modulation of AMP and adenosine metabolism has been 
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described. Similar to CD73, TNAP is a GPI-anchored 5′-ectonucleotidase and is important 

in purine metabolism, including the generation of adenosine from AMP, depending on the 

organ system. Although CD73 is generally regarded as the major source for extracellularly 

generated adenosine, TNAP plays a role in generating adenosine, especially when CD73 

function is genetically or pharmacologically diminished (9, 10, 12). In our model, TNAP can 

produce adenosine where there is loss of CD73 function, but TNAP-dependent generation of 

adenosine is not sufficient to prevent ACDC-specific pathologies. Inhibition of TNAP does 

not affect adenosine generation in the setting of control cells that have normal CD73 

function. However, when CD73 activity is absent, inhibiting TNAP blocks the remaining 

extracellularly generated adenosine, which has the potential to exacerbate the disease 

pathology.

The precise mechanism by which diminished abundance of adenosine triggers increasing 

TNAP activity requires further investigation. Treating ACDC skin fibroblasts with adenosine 

inhibits TNAP activity and calcification (4), suggesting that downstream targets of AR 

signaling are key factors in preventing VC. In hMSCs and human primary osteoblast cells, 

expression of the different ARs changes during the course of osteogenic differentiation (37). 

A2bAR is a low-affinity receptor for adenosine, but A2bAR expression is increased by 

stressors such as inflammation (13) and oxidative stress (38). Although A2bAR is the 

dominant AR receptor (39) in hMSCs and rat MSCs, the mechanism by which AR signaling 

regulates calcification in humans is not clear. Here, we discovered that the increased TNAP 

activity and calcification observed in ACDC iMSCs and ACDC teratomas can be inhibited 

by the adenosine A2b receptor–specific agonist BAY 60-6583 but not by A1AR, A2aAR, 

and A3AR receptor agonists. This further confirms A2bAR as the predominant receptor 

regulating TNAP activity and calcification in ACDC patients.

A2bAR is a Gαs and Gαq protein–coupled receptor. Activation of A2bAR increases cAMP 

production by Gαs-activating adenylyl cyclase. A2bAR also couples to Gαq to activate the 

PLC (phospholipase C) and PKC (protein kinase C) pathways (40). The PI3K-AKT-mTOR 

signaling pathway promotes VC, and AKT and activation of downstream targets induce 

calcification in mouse models (41). We found increased activation of the Akt, mTOR, and 

p70S6K in ACDC iMSCs during osteogenic stimulation, and treatment with the A2bAR 

agonist or the mTOR inhibitor rapamycin significantly reduced calcification in vitro and in 

vivo, suggesting that A2bAR signaling negatively intersects with mTOR signaling.

In contrast to GACI and HPP mouse models, CD73 knockout mice do not develop VC, 

although they do develop joint capsule calcification, another hallmark feature of ACDC (14, 

42). Mice are resistant to VC, and the lack of VC in CD73 knockout mice may be 

exacerbated due to differences in the adenosine metabolism between mice and humans: The 

half-life of adenosine in human blood is less than 15 s, but in mouse blood, the half-life is 2 

min (43). Although this difference could be affected by factors such as heart rate, a 

substantial component of this difference could be the lack of ADA2 in the murine genome. 

ADA2 plays a key role in vascular homeostasis, and humans with ADA2 deficiency develop 

extensive vascular and inflammatory phenotypes (44).
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The central finding of our study is that, in the absence of CD73 function, a compensatory 

increase in TNAP abundance results in decreased PPi, leading to the ectopic calcification of 

ACDC. Bisphosphonate drugs are widely used to interfere with bone metabolism and are 

structurally similar to PPi. The bisphosphonate etidronate has been used successfully to treat 

some GACI patients (45). Here, we demonstrated that etidronate is a potent inhibitor of in 

vitro and in vivo calcification in ACDC patient–specific disease models. Although these in 

vivo iPSC teratomas and in vitro iMSC models can be used to study the molecular basis of 

this disease, they are not the cell types affected in ACDC patients; thus, further confirmation 

of these findings should be conducted in an in vivo mammalian system. On the basis of these 

findings, we developed an ongoing clinical study to examine the effectiveness of etidronate 

on VC in ACDC patients (NCT01585402).

Our study emphasizes the key role of iPSCs for in vitro and in vivo disease modeling and for 

translating findings to the clinic. Using an iPSC-based system, we uncovered a 

compensatory mechanism by which CD73 deficiency leads to an increase in TNAP activity, 

resulting in calcification. We also identified potential therapeutic targets for preventing this 

compensatory mechanism in ACDC and perhaps other ectopic calcification disorders.

MATERIALS AND METHODS

Derivation of patient-specific fibroblasts and generation and culture of human iPSCs

All patient samples were collected from patients enrolled in a study that had been approved 

by the respective institutional review board. Control and ACDC-derived human dermal 

fibroblasts (HDFs) were generated from explants of 4-mm punch biopsy skin specimen and 

grown in Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum (FCS) and 

1% penicillin-streptomycin as previously described (46). After 1 to 2 weeks, fibroblast 

outgrowths from the explants were passaged. HDFs were transduced with Human 

STEMCCA Cre-Excisable Constitutive Polycistronic (OKSM) Lentivirus Reprogramming 

Kit [Millipore; (47)]. Cells were harvested 3 to 4 days after transduction and replated on 

plates coated with Matrigel (BD Biosciences). On the following day, E8 medium without 

transforming growth factor–β (TGF-β) supplemented with 1 μM hydrocortisone and 100 

μM butyrate was added to cells and replaced every other day. After 2 weeks of transduction, 

those cells were fed in full E8 medium. The Tra-1-60–positive iPSC colonies were collected 

18 days after transduction and maintained in full E8 medium (STEMCELL Technologies) 

and passaged with 0.5 mM EDTA (K&D Medical). Twenty-five iPSC lines from five 

individuals (five lines for each patient) in two families and seven nonrelated control subjects 

were generated. Two ACDC lines were used in the TALEN rescue experiments.

Karyotyping and DNA sequencing

Chromosome karyotyping was performed by WiCell Research Institute (WiCell 

Cytogenetics Laboratory). All iPSC lines derived from ACDC patients (ACDC-iPSCs) and 

controls (CT-iPSCs) were tested. For each cell line, 20 total metaphases were examined. For 

DNA sequencing, genomic DNA was isolated using the DNeasy Kit (Qiagen) and sequenced 

as previously described (4).
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Pluripotency markers and germ layer markers analysis

Formaldehyde-fixed iPSCs were assessed for pluripotency markers Tra-1-60, SSEA-4, Oct4, 

and Nanog by immunohistochemical staining as previously described (48). Trilineage 

differentiation potential of iPSCs was tested in vitro by monolayer differentiation assays for 

5 days and in vivo by teratoma formation assays using established protocols (49). Total RNA 

was collected, and complementary DNA was produced as previously described (4). 

Expression of markers of undifferentiated cells (Oct3, Oct4, Nanog, and Sox2) and three 

germ layer markers (AFP, RUNX1, and Nestin) was assayed by quantitative reverse 

transcription polymerase chain reaction using standard TaqMan primer sets.

Overexpression of CD73 in ACDC iPSCs

The plasmids of AAVS1 (adeno-associated virus integration site 1) TALENs (pZT-AAVS1-

L1 and pZT-AAVS1-R1) and AAVS1-CAG-CD73 or AAVS1-CAG-EGFP were constructed 

as shown in (50). To establish CD73 overexpression of ACDC iPSC clones, we seeded the 

cells at a density of 50 to 70% confluency in a six-well plate (Falcon) precoated with 

Matrigel. Five micrograms of each AAVS1 TALENs (pZT-AAVS1-L1 and pZT-AAVS1-R1) 

and AAVS1-CAG-CD73 or AAVS1-CAG-EGFP donor was transfected into cells the next 

day after seeding using the Lipofectamine 3000 reagent (Invitrogen) following the 

manufacturer’s protocol. After 48 hours of transfection, the iPSCs were passed at a 1:2 ratio 

into six-well plates coated with DR4 mouse embryonic fibroblasts. Puromycin (0.5 to 1 

μg/ml) was administered on the day after plating. Single clones from each well were isolated 

and expanded for evaluation of CD73 expression by FACS.

Generation of iMSCs from iPSCs

iPSCs (1 × 105) were seeded onto Matrigel-coated six-well plates and cultured in E8 

medium containing the Rho-associated protein kinase inhibitor Y-27623. The next day, the 

medium was replaced with mesoderm differentiation medium supplement of human 

recombi-nant bone morphogenetic protein 4 (10 ng/ml), human recombinant vascular 

endothelial growth factor (10 ng/ml), and human recombinant basic fibroblast growth factor 

(bFGF) (10 ng/ml). At day 5, the medium was replaced with MSC medium [80% α–

minimal essential medium (α-MEM) without ribonucleic and deoxyribonucleic acids and 

20% fetal bovine serum] and bFGF (4 ng/ml) for additional 5 days. Subsequently, the cells 

were passaged with 0.25% TrypLE (Life Technologies) and replated on new culture plates 

with fresh MSC medium. The medium was changed every 2 to 3 days.

Characterization of iMSCs

hMSCs were purchased from Lonza and cultured according to the manufacturer’s protocols. 

Differentiation of iPSC-derived iMSCs and control hMSCs (Lonza) along osteoblastic, 

adipogenic, and chondrogenic lineages was performed. For osteoblastic differentiation, cells 

were plated (3.1 × 103 MSC/cm2) and cultured in MSC medium. When the cells were 

confluent, the medium was replaced with osteoblast-inducing medium containing 90% α-

MEM supplemented with 10% FCS and 1% penicillin-streptomycin, 0.1 μM 

dexamethasone, 50 μM ascorbic acid–2-phosphate, and 10 mM β-glycerophosphate. The 

medium was changed every 4 to 5 days. At day 21, mineralization was quantified using the 
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Alizarin Red S staining. For adipogenic differentiation, cells were plated (2.1 × 104 MSC/

cm2) and cultured in MSC medium. At confluence, cells were exposed to three cycles (7 

days per cycles; 21 days in total) of induction medium (4 days), followed by maintenance 

medium (3 days) to induce adipogenic differentiation. At the end of the three cycles plus one 

additional week, adipogenic cells were quantified using AdipoRed Assay Reagent (Lonza). 

For chondrogenic differentiation, cells were cultured as pellets (2.5 × 105 iMSCs) in 15-ml 

tubes, and the medium was changed every 2 to 3 days using complete chondrogenic medium 

(Lonza). Cells are cultured in medium for three cycles of 3 days with TGF-β3 

supplementation and 3 days without TGF-β3 supplementation. After culturing, pellets were 

harvested, fixed in formalin, and embedded in paraffin for histological processing. 

Additionally, cells were cultured in standard wells for 14 to 21 days and then stained using 

Alcian Blue to visualize chrondrogenic differentiation (Acian Blue/periodic acid–Schiff 

Stain Kit, Leica Biosystems). Cell lysates were collected for mRNA analysis using the 

Qiagen RNeasy Kit (Qiagen).

Production of Pi from exogenous AMP (CD73 activity), TNAP activity, and Alizarin Red 
staining

Production of Pi from exogenous AMP (CD73 activity), TNAP activity, and Alizarin Red 

staining were performed as previously described (4). For TNAP coloration, treatment with 

osteogenic medium was stopped after 10 days, and wells were stained for the presence of 

alkaline phosphatase (ALP) using SIGMAFAST BCIP/NBT kit (Sigma-Aldrich) following 

the manufacturer’s instructions.

Measurement of TNAP activity in iMSCs

TNAP activity was measured in iMSC protein extracts using the StemTAG Alkaline 

Phosphatase Activity Assay Kit (Cell Biolabs Inc.) following the manufacturer’s 

instructions. Protein concentration in the extracts was measured by bicinchoninic acid 

protein assay (Fisher Thermo Scientific). ALP activity was expressed in μIU (nmol/min per 

microgram of protein), which is the amount of p-nitrophenylphosphate (pNPP) converted to 

p-nitrophenol by 1 μg of the protein extracts in 1 min.

Teratoma formation

All animal experiments were approved by the National Heart, Lung, and Blood Institute 

(NHLBI) Animal Care and Use Committee. For in vivo teratoma formation, 3 × 106 to 5 × 

106 iPSCs were suspended in 30% Basement Membrane Matrix High Concentration, lactose 

dehydrogenase elevating virus–free solution (BD Biosciences) and injected intramuscularly 

into the hindlimbs of NSG mice. Teratomas formed within 6 to 8 weeks and were excised 

for analysis.

Immunohistological detection of TNAP in paraffin sections of teratomas and human 
arteries

Teratomas and human arteries were fixed in 4% paraformaldehyde (PFA) and embedded in 

paraffin. Sections were cut and mounted on positively charged slides. Sections were 

deparaffinized with xylene and rehydrated in a graded ethanol series. Endogenous 
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peroxidase was quenched by placing the slides in 3% hydrogen peroxide in methanol for 10 

min. Heat-induced epitope retrieval was performed by boiling the slides for 6 min in citrate 

buffer solution (pH 6.0) (Invitrogen). Slides were washed with phosphate-buffered saline 

and then stained with the monoclonal antibody MAB2909, which recognizes alkaline 

phosphatase (R&D Systems), using the Histostain-SP Kit (Invitrogen) according to the 

manufacturer’s instructions. In brief, after exposure to serum blocking solution, the sections 

were incubated successively with primary antibody, biotinylated secondary antibody, and 

streptavidin–horseradish peroxidase (HRP) conjugate. Visualization was performed with 

3,3′-diaminobenzidine (Molecular Probes), which generates a brown-colored oxidation 

product upon reaction with the HRP-labeled streptavidin. Nuclei were stained with 

hematoxylin. For images, slides were scanned by NanoZoomer 2.0-RS slide scanner 

(Hamamatsu Photonics).

Immunoblot analysis

For Western blotting, cell lysates were prepared using CHAPS buffer, separated by SDS–

polyacrylamide gel electrophoresis, and transferred to nitrocellulose membranes. Images 

were captured using the Odyssey system (LI-COR). The following antibodies were used: 

phospho-AKT T308 (Cell Signaling Technology), phospho-AKT S473 (Cell Signaling 

Technology), AKT1 (Cell Signaling Technology), phospho-p70 S6 kinase Thr389 (Cell 

Signaling Technology), p70 S6 kinase (Cell Signaling Technology), and α-tubulin mouse 

monoclonal (LI-COR).

MicroCT acquisition and analysis

Teratoma were harvested, weighed, and then fixed in 4% PFA 6 to 8 weeks after injection of 

iPSCs. MicroCT data were then acquired on the SkyScan1172 microCT scanner (Bruker 

microCT) with the x-ray source (focal spot size, 4 μm; energy range, 20 to 100 kV) biased at 

60 kV and 67 μA. No filtering was used, allowing for visibility of lower CT densities. Each 

teratoma had 490 projections acquired every 0.4° while rotating about 220°, with a pixel size 

of 17.16 μm. Each projection consisted of four frame averages with each frame exposed for 

590 ms. Scan duration was about 34 min for most teratomas, with some requiring two scans 

that automatically stitched together.

Tomographic images were reconstructed using the vendor-supplied software NRecon 

(Bruker microCT) based on the Feldkamp cone-beam algorithm. An appropriate dynamic 

range was applied to allow for proper air attenuation and prevent any image saturation.

Reconstructed images were then analyzed using the vendor-supplied software CT Analyzer 

(Bruker microCT). Binary masks of both teratoma tissue and their denser components 

(calcifications) were created to allow for quantification and morphometric analysis of their 

volumes. The percentage of calcified tissue (areas significantly denser than the surrounding 

tissue) relative to the total teratoma volume was calculated. Three-dimensional renderings of 

teratoma volumes were created, showing the denser calcified regions within the lighter 

density cast of the teratoma volume.
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Rescue with etidronate, AR agonists, and rapamycin

The hindlimbs of NSG mice (51) were injected with iPSCs as previously described. 

Etidronate, AR antagonists, and rapamycin were dissolved in an appropriate solution and 

drawn through a 0.22-μm filter. Subcutaneous injections of etidronate (30 mg/kg) (Sigma) 

were performed three times per week, starting either 10 days after iPSC injection (group 1; 

three mice and six teratomas) or the same day as iPSC injection (group 2; three mice and six 

teratomas). AR antagonists (1 mg/kg per day) and rapamycin (5 mg/kg per day) were 

injected every day, starting the same day as iPSC injection. After 6 to 8 weeks or when 

teratomas reached 20 mm in diameter, teratomas were harvested, fixed in 4% PFA, and 

imaged as described above.

HPLC-MS for nucleosides

Culture media from iMSCs were collected for extracellular adenosine and AMP 

measurements. Cells were pretreated with or without levamisole (1 mM) overnight and then 

treated with or without AMP. Samples were prepared from 0.25 ml of cultured medium by 

deproteinization with 0.25 ml of ice-cold 20% trichloroacetic acid for 20 min on ice. After 

maximum-speed centrifugation, supernatants were collected for analysis. Extracted 

nucleosides were applied into a reversed-phase high-performance LC (HPLC) (Agilent 1100 

Series HPLC, Agilent Technologies) with a mono C18 reversed-phase column (238EV5405, 

4.6 mm × 50 mm, 5 μm, Vydac) and introduced into the mass spectrometer as described 

(52). Positive-ion electrospray ionization (ESI) mass spectra for target compounds were 

obtained with an Agilent G1956B MSD (mass selective detector) equipped with an ESI 

interface (Agilent Technologies). Sensitivity optimization and calibration of MSD were 

performed by injection of adenosine standards (fragmentor voltage, 80; gain, 10; drying gas 

flow, 13 liter/min, nebulizer pressure, 20 per square inch gauge; drying gas temperature, 

350°C; and capillary voltage, 4.5 kV). Target compounds were quantified in selected ion 

monitoring mode using mass/charge ratio (M + H)+ 268.10 (adenosine) and 348.07 (AMP). 

Mass spectra were analyzed using the software ChemStation version B.04.03 (Agilent 

Technologies). Sample nucleoside concentration was calculated by adenosine and AMP 

calibration curves and normalized by total protein concentration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Characterization of iPSCs from control subjects and ACDC patients
Six iPSC lines from three control and three ACDC patients were characterized. (A) Control 

and ACDC iPSC colonies stained for pluripotency transcription factors Nanog and Oct4 and 

cell surface markers Tra-1-60 and SSEA-4. Scale bars, 100 μm. Representative images from 

six clones are shown. DAPI, 4′,6-diamidino-2-phenylindole. (B and C) Expression of 

endogenous pluripotency markers (B) and differentiation markers (C) in control (CT) and 

ACDC iPSCs after monolayer differentiation. Gene expression was normalized to 18S; data 

are means ± SD from six iPSC clones for pluripotent (NT) and differentiated stage (DIF). P 
values in (B) and (C) were determined using unpaired two-tailed Student’s t test, n = 6. **P 
< 0.01; ***P < 0.001. (D) Representative genomic DNA sequencing results of established 

control and three ACDC iPSC lines. (E) Representative teratomas of control and ACDC 

iPSCs at 6 to 8 weeks after injection. (F) Control and ACDC iPSC teratoma histology. Scale 

bars, 100 μm.
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Fig. 2. ACDC iPSC teratomas exhibit extensive calcification
(A) Representative microCT images of teratomas of control iPSCs, ACDC iPSCs, and 

ACDC iPSCs that overexpressed enhanced green fluorescent protein (GFP) or CD73. Data 

are means ± SEM of n = 11 controls from seven patient lines, n = 27 ACDC from five 

patient lines, and n = 6 GFP teratomas and n = 5 CD73 rescue teratomas from one patient 

line. P values were determined using unpaired two-tailed Student’s t test. (B) Histological 

analysis of teratomas with von Kossa calcium stain (dark brown). Scale bars, 250 μm 

(control and ACDC) and 50 μm (ACDC′). (C and D) Serial sections from ACDC iPSC 
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teratomas demonstrating colocalization of osterix, osteopontin, and TNAP with calcification 

(von Kosa and Alizarin Red). The red box indicates the area shown in the osterix, 

osteopontin, and immunoglobulin G (IgG) images. Both IgG and no primary antibody (Ab) 

stainings were used as negative controls. Scale bars, 100 μm. Representative images from 

three teratomas are shown. H&E, hematoxylin and eosin. (E) Tissue scraped from the inner 

wall of the popliteal artery of an ACDC patient undergoing embolectomy and patch 

reconstruction showing the presence of TNAP at sites of calcification.
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Fig. 3. Enhanced osteogenesis in ACDC iMSCs
(A and B) Fluorescence-activated cell sorting (FACS) analysis of control and ACDC iMSCs 

at day 14 of differentiation detecting the MSC-specific surface markers as indicated. 

Representative analysis from three independent experiments is shown. (C) Production of Pi 

from exogenous AMP measured in control and ACDC iMSCs and parent fibroblast (Fibro) 

cell lines. Data are means ± SD: CT fibroblasts, CT iMSCs, and ACDC iMSCs had two cell 

lines; n = 6; ACDC fibroblast had four cell lines, n = 12. P value was determined using 

unpaired two-tailed Student’s t test. ****P < 0.0001. (D) Accumulation of lipid droplets in 

human MSCs (hMSCs) and CT and ACDC iMSCs after adipogenic stimulation. The bar 

graph shows the quantifications of intracellular lipid accumulation. Representative images 

are shown. Data are means ± SD, n = 5 (hMSC), n = 11 (CT), and n = 8 (ACDC). RFU, 

relative fluorescence units. (E) After chondrogenic (Chondro) stimulation of hMSCs, CT 

iMSCs, and ACDC iMSCs, cells were stained with Alcian Blue to show cartilage formation 

(representative images are shown). Cell pellets were cultured under the same conditions and 

subjected to immunostaining for aggrecan. (F) hMSCs, CT iMSCs, and ACDC iMSCs were 

cultured under osteogenic conditions (OST) and stained after 12 or 21 days with Alizarin 

Red S for calcium deposition (representative images are shown). (G) Quantification of 

calcification. Data are means ± SEM; day 9, n = 3 each group; day 12, n = 5 in CT and n = 6 

in ACDC; day 21, n = 4 each group. **P = 0.009, unpaired two-tailed Student’s t test.
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Fig. 4. TNAP activity in iMSCs
(A) TNAP activity time course in control and ACDC iMSCs treated with osteogenic 

medium. Data are means ± SEM; n = 6 to 9 (ACDC), n = 5 to 10 (CT). Two-way analysis of 

variance (ANOVA) multiple comparison analysis was performed for CT and ACDC lines 

using Dunnett’s multiple comparison test to day 0 in CT (not significant) and ACDC cell 

lines (**P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001); unpaired two-tailed Student’s t test 

compares data at each day (##P = 0.005, ###P = 0.0009, §P = 0.0228, §§§P = 0.0002, %P = 

0.0121, &P = 0.045). (B) Quantification of adenosine and AMP by liquid chromatography–

mass spectrometry (LC-MS) measurement in CT iMSCs and ACDC iMSCs at day 8 (top 

panel) and day 16 (bottom panel). Unpaired two-tailed t test was used for statistical analysis: 

day 8: **P = 0.0096, n = 5 for CT iMSC, n = 7 for ACDC iMSC; day 16: ***P = 0.0010, n 
= 5 for CT iMSCs, n = 6 for ACDC iMSCs. (C) Quantification of adenosine (top panel) and 

AMP (bottom panel) after treatment with exogenous AMP, with and without the TNAP 

inhibitor levamisole (Lev) after day 8 of osteogenic treatment. Unpaired two-tailed t test was 

used for statistical analysis; data are means ± SEM. For adenosine measurements: CT iMSC, 

n = 5, **P = 0.001; ACDC iMSCs, n = 5, *P = 0.0382, ***P = 0.0009, ##P = 0.0011. For 

AMP measurement: CT iMSCs, n = 5; ACDC iMSCs, n = 5, ****P < 0.0001, n = 5. For (B) 

and (C), all data were normalized against total protein. (D) PPi quantification in CT iMSCs 

and ACDC iMSCs after 9 days of osteogenic stimulation. Unpaired two-tailed t test was 
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used for statistical analysis; data are means ± SEM. CT iMSCs, n = 3; ACDC iMSCs, n = 5. 

**P = 0.0059.
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Fig. 5. A2b AR agonist inhibits calcification
(A) The microCT analysis in ACDC teratomas with A2bAR agonist BAY 60-6583 (BAY) 

treatment or dimethyl sulfoxide (DMSO) (Veh) control. Calcification as a percentage of 

teratoma volume was assessed using CT Analyzer software. Representative images are 

shown. Bright spots showed dense mineralized areas. Data are means ± SEM; vehicle, n = 

12 teratomas; BAY, n = 6 teratomas; *P = 0.0157, unpaired two-tailed Student’s t test. (B) 

Vehicle or BAY was added every other day to ACDC iMSCs under osteogenic conditions, 

and calcification was detected and quantified by Alizarin Red staining on day 21. 

Representative images are shown. The bottom images are high-magnification views of 

images above them. Scale bars, 100 μm. Quantification shows means ± SEM, n = 6 each 

group; ****P < 0.0001, unpaired two-tailed Student’s t test. (C) ACDC iMSCs were treated 

with osteogenic medium, and BAY or vehicle were given every other day for 9 days before 

TNAP activity was measured. Data are means ± SEM; n = 8 each group; **P = 0.0039, two-

tailed paired Student’s t test.

Jin et al. Page 25

Sci Signal. Author manuscript; available in PMC 2017 June 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. Activation of A2bAR attenuates mTOR pathway activation
(A) A2b agonist BAY 60-6583 (BAY) attenuates AKT and p70S6K activity. Western blot 

analysis of AKT phosphorylated on Thr308 (P-AKT T308) or Ser473 (P-AKT S473) and 

phosphorylated p70S6K (P-p70S6K) relative to total AKT and total p70S6K, respectively. 

Vehicle or BAY was added at day 9 to control and ACDC iMSCs under osteogenic 

conditions for 15, 30, or 60 min. Representative images are shown. Densitometry data (right) 

are means ± SEM, one-way ANOVA with Dunnett’s comparison to time 0, n = 3 

independent experiments. *P < 0.05, **P < 0.001. (B) MicroCT analysis in ACDC teratomas 

with rapamycin (Rapa) treatment or DMSO (Veh) control. Calcification percentage was 

valued in CT Analyzer software. Data are means ± SEM; DMSO, n = 6 teratomas; rapa-

mycin, n = 3 teratomas; *P = 0.0354, unpaired two-tailed Student’s t test.
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Fig. 7. Etidronate inhibits calcification in vitro and in vivo
(A) Alizarin Red staining for calcification in ACDC iMSCs under osteogenic conditions and 

treated with etidronate (ETID) for 21 days. Representative images are shown. Data are 

means ± SEM, n = 3 independent experiments, *P = 0.0356, unpaired two-tailed Student’s t 
test. (B) Etidronate treatment was administered to hMSCs at day 21 of osteogenic 

stimulation, and the cells were stained for calcium with Alizarin Red at day 28. 

Representative images are shown from three independent experiments. (C) iPSC lines 

generated from two ACDC patients were injected intramuscularly into the hindlimbs of NSG 

mice. Control animals received an injection of an equal volume of vehicle (Veh). After 6 

weeks, teratomas were harvested and subjected to microCT analysis. Calcification 

percentage was valued in CT Analyzer software. Data are means ± SEM; ACDC etidronate, 

n = 7 teratomas; ACDC control, n = 6 teratomas; ***P = 0.0004, unpaired two-tailed 

Student’s t test.

Jin et al. Page 27

Sci Signal. Author manuscript; available in PMC 2017 June 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	INTRODUCTION
	RESULTS
	Cells from ACDC patients can be used to derive iPSCs
	ACDC iPSC teratomas develop calcification
	ACDC iPSCs display an accelerated calcium precipitation potential
	Increased TNAP activity generates adenosine and decreases PPi in ACDC cells
	Activation of the A2b AR reduces calcification in vivo
	Etidronate inhibits calcification in the in vivo and in vitro disease models

	DISCUSSION
	MATERIALS AND METHODS
	Derivation of patient-specific fibroblasts and generation and culture of human iPSCs
	Karyotyping and DNA sequencing
	Pluripotency markers and germ layer markers analysis
	Overexpression of CD73 in ACDC iPSCs
	Generation of iMSCs from iPSCs
	Characterization of iMSCs
	Production of Pi from exogenous AMP (CD73 activity), TNAP activity, and Alizarin Red staining
	Measurement of TNAP activity in iMSCs
	Teratoma formation
	Immunohistological detection of TNAP in paraffin sections of teratomas and human arteries
	Immunoblot analysis
	MicroCT acquisition and analysis
	Rescue with etidronate, AR agonists, and rapamycin
	HPLC-MS for nucleosides

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7

