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Dysregulation of FOXO1 (Forkhead Box

01 Protein) Drives Calcification in Arterial
Calcification due to Deficiency of CD73 and Is
Present in Peripheral Artery Disease
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0BJECTIVE: The recessive disease arterial calcification due to deficiency of CD73 (ACDC) presents with extensive
nonatherosclerotic medial layer calcification in lower extremity arteries. Lack of CD73 induces a concomitant increase in
TNAP (tissue nonspecific alkaline phosphatase; ALPL), a key enzyme in ectopic mineralization. Our aim was to investigate
how loss of CD73 activity leads to increased ALPL expression and calcification in CD73-deficient patients and assess
whether this mechanism may apply to peripheral artery disease calcification.

APPROACH AND RESULTS: We previously developed a patient-specific disease model using ACDC primary dermal fibroblasts
that recapitulates the calcification phenotype in vitro. We found that lack of CD73-mediated adenosine signaling reduced
cAMP production and resulted in increased activation of AKT. The AKT/mTOR (mammalian target of rapamycin) axis blocks
autophagy and inducing autophagy prevented calcification; however, we did not observe autophagy defects in ACDC cells. In
silico analysis identified a putative FOXO1 (forkhead box O1 protein) binding site in the human ALPL promoter. Exogenous
AMP induced FOXO1 nuclear localization in ACDC but not in control cells, and this was prevented with a cAMP analogue
or activation of A2a/2b adenosine receptors. Inhibiting FOXO1 reduced ALPL expression and TNAP activity and prevented
calcification. Mutating the FOXO1 binding site reduced ALPL promoter activation. Importantly, we provide evidence that non-
ACDC calcified femoropopliteal arteries exhibit decreased CD73 and increased FOXO1 levels compared with control arteries.

CONCLUSIONS: These data show that lack of CD73-mediated cAMP signaling promotes expression of the human ALPL
gene via a FOXO1-dependent mechanism. Decreased CD73 and increased FOXO1 was also observed in more common
peripheral artery disease calcification.

VISUAL OVERVIEW: An online visual overview is available for this article.
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a variety of disease states. Luminal calcification is  tion of prolonged diseases such as chronic kidney dis-
present in atherosclerotic plaques where it strongly  ease, diabetes mellitus, rheumatoid arthritis, and aging.
correlates with an increased risk of coronary events.’ In contrast to plaque calcification, medial calcification is

Vascular calcification is an active process found in  Medial layer calcification is a comorbidity and complica-

Correspondence to: Cynthia St. Hilaire, PhD, University of Pittsburgh, BSTWR 1744.1, 200 Lothrop St, Pittsburgh, PA 15261. Email sthilair@pittedu
For Sources of Funding and Disclosures, see page 1692.

*These authors contributed equally to this article.

The Data Supplement is available with this article at https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.119.313765.

© 2020 The Authors. Arteriosclerosis, Thrombosis, and Vascular Biology is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health,
Inc. This is an open access article under the terms of the Creative Commons Attribution Non-Commercial-NoDerivs License, which permits use, distribution, and
reproduction in any medium, provided that the original work is properly cited, the use is noncommercial, and no modifications or adaptations are made.

Arterioscler Thromb Vasc Biol is available at www.ahajournals.org/journal/atvb

1680  July 2020 Arterioscler Thromb Vasc Biol. 2020;40:1680-1694. DOI: 10.1161/ATVBAHA.119.313765


mailto:sthilair@pitt.edu
https://orcid.org/0000-0003-1871-6915

Moorhead et al

CD73/cAMP/FOXO1 Axis in Vascular Calcification

Nonstandard Abbreviations and Acronyms

Highlights

ACDC arterial calcification due to deficiency of
CD73

AMPK AMP-activated protein kinase

FOXO1 forkhead box O1 protein

iPSC induced pluripotent stem cell

mTOR mammalian target of rapamycin
TNAP tissue nonspecific alkaline phosphatase
VASP vasodilator-stimulated phosphoprotein

often found along the elastic lamina and in areas sur-
rounding smooth muscle cells? Currently, no therapy
has been developed that is able to prevent, halt, or
reverse ectopic calcification in the vasculature.® To date,
2 genetic diseases have been identified in which muta-
tions induce de novo calcifications in the medial layer of
large elastic and smaller muscular arteries—generalized
arterial calcification of infancy (OMIM # 208000) and
arterial calcification due to deficiency of CD73 (ACDC,
OMIM # 211800).*° Generalized arterial calcification
of infancy and ACDC are rare autosomal recessive dis-
eases caused by inactivating mutations in ENPP1 and
NT5E (encoding for CD73 protein), respectively. ENPP1
and CD73 are extracellular enzymes that function as key
components in the breakdown of extracellular nucleo-
sides: ATP is metabolized to AMP and pyrophosphate
by ENPP1, and CD73 converts AMP into adenosine and
inorganic phosphate.® The stresses thought to contribute
to medial calcification, such as mechanical stress and
inflammation, are the same stresses known to modulate
ATP release and subsequent adenosine production.”®

See accompanying editorial on page 1614

The CD73-deficient mouse does not recapitulate the
vascular phenotypes seen in CD73-deficient patients
with ACDC, thus this murine model is an ineffective tool
to study the mechanisms driving the vascular phenotypes
in ACDC pathogenesis and disease progression.'®'? We
previously developed an in vivo disease model utilizing
CD73-deficient induced pluripotent stem cells iPSCs) and
found accelerated calcification in CD73-deficient iPSC
teratomas while control iPSC teratomas exhibited no such
phenotype.’® CD73-deficient iPSC-derived mesenchymal
stem cells more readily differentiated down the osteogenic
lineage and increased expression and activity of TNAP (tis-
sue nonspecific alkaline phosphatase; ALPL). While TNAP
is a marker for stem cells, it is also a key enzyme in ectopic
mineralization as it preferentially breaks down the endoge-
nous mineralization inhibitor, pyrophosphate, into inorganic
phosphate, a building block necessary for calcification.'*
We found that reduced adenosine signaling because of
CD73 mutations caused cells to upregulate ALPL gene

Arterioscler Thromb Vasc Biol. 2020;40:1680-1694. DOI: 10.1161/ATVBAHA.119.313765

* In the absence of CD73 activity and downstream
adenosine signaling, exogenous AMP induces phos-
phorylation of AKT, nuclear localization of FOXO1
(forkhead box O1 protein), and promotes expression
and activity of ALPL/TNAP (tissue nonspecific alka-
line phosphatase).

+ CD73 expression is decreased in a calcified femo-
ropopliteal arteries compared with control samples

* Within the same vessel, calcified areas exhibit
increased FOXO1 and TNAP staining than in non-
calcified areas.

expression, and that the TNAP enzyme can somewhat
compensate for CD73 deficiency by hydrolyzing AMP
to adenosine, but with 100-fold less efficiency.'”® These
observations confirm that CD73-mediated adenosine sig-
naling is a critical component to vascular homeostasis.
While it is evident that TNAP is necessary and suffi-
cient for ectopic mineralization, less clear are the factors
inducing ectopic ALPL gene expression in nonbony tissue
and cells. The objective of this study was to delineate the
mechanism by which a lack of CD73-mediated adenosine
signaling promotes calcification by upregulating expres-
sion of ALPL and activity of its protein product, TNAP.

MATERIALS AND METHODS

The data that support the findings of this study are available from
the corresponding author upon reasonable request. All patient
samples were collected from individuals enrolled in studies that had
been approved by the institutional review boards of the National
Institutes of Health (control and ACDC cell lines) or procured from
tissue donors after obtaining consent from next of kin according
to protocols approved by the Nebraska Organ Recovery System
(NORS)5'5 Tables 1 and 2 describe patient characteristics.

Cell Culture

Four human Control (CT) and 5 human ACDC dermal fibroblast
cultures were obtained from patient punch biopsy and grown in
DMEM supplemented with 20% FBS and 1x penicillin-strepto-
mycin (P/S). Primary fibroblasts were used between passages
5 and 16. Growth media was changed every 3 days and cells
were split 1:2 when confluent. Post-expansion, all cells were
plated with either 2560000 cells per 9.6 cm?, 125000 cells per
4 cm?, or 75000 cells per 1.7 cm? with serum reduced to 10%.
For cells undergoing osteogenic assay (also called in vitro dis-
ease model), no treatment media consisted of Gibco Minimum
Essential Medium alpha+nucleosides supplemented with 10%
FBS and 1x P/S while osteogenic treatment media consisted
of no treatment media base with 10 mmol/L 3 glycerol phos-
phate, 50 pM ascorbic acid 2-phosphate, and 100 nM dexa-
methasone made fresh. Growth media was removed before the
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Table 1. Baseline Characteristics of Patients for the Isolation of Control and ACDC Cell Lines

Line Sex Age Disease State Baseline Characteristics

10 F 24 Control patient Skin biopsy (right arm)

11 F 66 Control patient Skin biopsy (right abdomen)

80 M 23 Control patient Skin biopsy

115 M 32 Control patient Skin biopsy

20 F 54 ACDC patient | Vascular calcifications in iliac, femoral, and tibial arteries; juxta-articular joint capsule calcifications in fingers,
wrists, ankles, feet®

21 F 49 ACDC patient Vascular calcifications in iliac, femoral, and tibial arteries; peri-articular calcifications in shoulders, elbows,
hands, hips, knees®

24 M 53 ACDC patient Vascular calcifications in iliac, femoral, and tibial arteries®

25 M 51 ACDC patient Vascular calcifications in iliac and femoral arteries®

28 F 44 ACDC patient Vascular calcifications in femoral, tibial, popliteal, and carotid arteries; calcifications in hands, feet, brain'?

ACDC indicates arterial calcification due to deficiency of CD73.

assay, and media was changed every 4 days throughout the
time course.

In experiments with exogenous AMP stimulation, cells
were pretreated for 30 minutes with an adenosine deaminase
inhibitor (EHNA 10 pM), then treated with vehicle or 100 uM
exogenous AMP for 10 minutes. Forskolin and 3-isobutyl-
1-methylxanthine (IBMX) were each used at a concentra-
tion of 10 pM with EHNA for pretreatment and with AMP for
treatment. Cells were counted by staining with 0.4% Trypan
Blue stain. Live/dead analysis was performed using the
ReadyProbes Cell Viability Imaging Kit, Blue/Green (Invitrogen)
and the Life Technologies Countess Il FL according to manu-
facturer's protocol.

All chemicals were dissolved in DMSO, which was adminis-
tered in equal volume as vehicle control. Rapamycin (200 nM)
was administered daily. D11 and L11 peptides were prepared
according to manufacturer's protocols (Novus Biologicals)
and used at a concentration of 10 pM with treatment every
2 days. AS-1842856 was used at a concentration of 1 pM.
8-Br-cAMP was used at a concentration of 0.6 mmol/L. CGS-
21680 was used at a concentration of 10 uM. BAY-60-6583
was used at a concentration of 10 uyM. In 5-day experiments,
drugs were administered daily, and in 21-day assays, cells were
treated every other day.

In autophagy flux experiments, confluent cells were serum-
starved for 24 to 48 hours in DMEM supplemented with 0.5%
FBS. Cells were then treated with normal growth media or
HBSS (GIBCO) with 10 nM bafilomycin (Sigma-Aldrich) or the
same volume of DMSO as a vehicle control for 4 hours.

Transcriptional Analysis

RNA was extracted from cells using the RNeasy Mini Kit
(Qiagen) and cDNA (cDNA) was prepared using the High-
Capacity cDNA Reverse Transcription Kit (Thermo Fischer)
according to manufacturer's protocols. Gene expression
was quantified by real-time PCR reaction of 4 ng/pL cDNA,
1x SYBR Green (Thermo Fisher), 1 uM each forward and
reverse primer and amplified using with the following param-
eters: 50°C for 2 minutes and then 95°C for 10 minutes fol-
lowed by 40 cycles of 95°C for 20 seconds, 58°C for 20
seconds, 72°C for 1 minute on a CFX Connect Real-Time
PCR System (Bio-Rad).

1682 July 2020

Western Blot Analysis

Cells were lysed in 1% CHAPS hydrate, 150 mmol/L sodium
chloride, 25 mmol/L HEPES buffer supplemented with 1x
protease and phosphatase inhibitor (Sigma-Aldrich). Cells were
scraped into microcentrifuge tubes, vortexed for 10 minutes,
freeze/thawed for b to 8 cycles, then centrifuged at 12000xg for
10 minutes at 4°C. Protein lysate was combined with 1x Pierce
LDS Sample Buffer, Non-Reducing (ThermoFisher Scientific)
and 1x NUPAGE Sample Reducing Agent (Novex), brought to
equal volume with CHAPS buffer, and denatured at 95°C for
15 minutes. Electrophoresis was performed on a 4% to 20%
TGX stain-free polyacrylamide gel (Bio-Rad) in 1x Tris/Glycine/
SDS Buffer (Bio-Rad). Proteins were transferred onto a 0.2 pm
nitrocellulose membrane in 1x Trans-Blot Turbo Transfer Buffer
(Bio-Rad) at 2.5 A and 25 V for 15 minutes using the Trans-Blot
Turbo Transfer System (Bio-Rad). The membrane was blocked in
Odyssey blocking buffer (PBS; Li-COR) and primary antibodies
were incubated in Odyssey blocking buffer with 0.1% Tween 20.
Membranes were washed in PBS with 0.1% Tween 20 before
incubation with secondary antibodies. Membranes were imaged
on an Odyssey CLx (LI-COR) and analyzed with Image Studio
(Version 5.2, LI-COR) software. If blots were stripped, they were
done so using 1x Restore Fluorescent Western Blot Stripping
Buffer (Thermo Fisher) according to manufacturer's protocols,
washed with PBS, and placed directly into the next primary anti-
body solution.

Cyclic AMP Assay

Cells were serum starved and then pretreated with 100 pM
IBMX for 30 minutes at 37°C before treatment with 30 pM
AMP for 15 minutes. Cells were lysed in 0.1 M HCl and 0.5%
Triton-X 100, and the Direct cAMP ELISA kit (Enzo) was used
according to manufacturer’s instructions.

Alizarin Red Staining

Cells were washed with PBS and fixed with 4% paraformalde-
hyde (PFA; Electron Microscopy Sciences) for 15 minutes at room
temperature. Cells were then washed twice with deionized water
and covered with 40 mmol/L Alizarin Red S (Sigma-Aldrich) at pH
4.1 to 4.3 for 20 minutes at room temperature. Unincorporated
dye was removed, and cells were washed 2x to 3x with deionized
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Table 2. Patient Characteristics of Popliteal Artery Samples

(=]
Femoropopliteal Artery Patient Information c’/’:
Disease | Disease 2
State State Body Coronary (]
(Trans- | (longitu- | Cause of | Mass Hyper- | Diabetes | Dyslipid- | Artery | Pack-Year | Alcohol Drug |Calcium Von g
NORS # Sex Age verse) dinal) Death Index | tension | Mellitus emia | Disease | smoking | Abuse | Abuse | Score | Kossa + =)
m
VON KOSSA Positive «»
N 372 M 27 4 2.7 | Cardiac | 27.3 No No No No No No |Marijuana| 5 Yes =
arrest
N 178 F 39 5 5 Cardiac 47.3 No Yes, since No No No No 5 Yes
arrest 7 yo
N 429 M 39 4 4 Cardiac 31.1 No No No No 3 No Meth- 3 Yes
arrest amphet-
amines
N 403 M 43 5 4 Cardiac 22.7 No No No No No No No 5 Yes
arrest
N 62 M 48 6 6 ICH/stroke| 25.6 Yes, since | Yes, since No No 32 Yes, 12 No 6 Yes
42 yo 14 yo drinks/d
for last
23y
N 319 M 80 5 6 Respiratory| 31.4 Yes, since | Yes, since No No 66 Yes, 16 No 6 Yes
failure 74 yo 78 yo drinks/d
as adult
N 159 M 77 6 5 Multi sys- 29 Yes, Yes, since | Yes, No 2 No No 5 Yes
tem failure unknown 53 yo unknown
timeframe timeframe
N 269 M 70 5 5 Cardiac 271 No No No No No No No 5 Yes
arrest
N 60 M 70 4 5 Cardiac 30.2 | Yes, since | Yes, since | Unsure Yes No No No 5 Yes
arrest 55 yo 60 yo
N 431 M 69 6 5.3 Cardiac 26.3 | Yes, since | Yes, since | Yes, since No 25 No No 6 Yes
arrest 46 yo 46 yo 46 yo
N 317 M 48 3 2.7 Cardiac 28.3 Yes Yes, since No Yes No No No 0 Yes
arrest 41 yo
N 316 M 82 3 3 N/A N/A N/A N/A N/A N/A N/A N/A N/A 0 Yes
N 213 M 78 3 2.5 Myocardial| 25.4 | Yes, since No No Yes 15 Yes No 0 Yes
infarction 39 yo
VON KOSSA Negative
N 177 M 27 1 1 Cardiac 34.3 No No No No 13 0 Marijuana 0 No
arrest
secondary
smoke inha-|
lation
N 126 F 39 1 1 Cardiac 43.5 Yes No Yes No No No No 0 No
arrest
N 201 M 39 2 2 Suicide 33.1 Yes No No No 16 No No 0 No
N 36 F 43 1 1 Cardiac 36.7 No No No No 9.5 Yes, 6 No 0 No
arrest drinks/
weekends
for past
15y
N 136 M 71 2 2.7 Cardiac 28.3 Yes No Yes No 45 No No 0 No
arrest
N 413 M 68 4 2.7 Cardio- 25.2 | Yes, since No No No 20 Yes, 5-6 No 0 No
pulmonary 67 yo drinks/d
arrest for 40
y. Quit
10-12y
ago.
N 329 M 68 4 3.3 Cardiac 38.6 | Yes, since No Yes, 20+y| No No No No 0 No
arrest 48 yo

Disease State was determined using Van Gieson's stained sections and graded on a scale from 1 (no disease) to 6 (severe disease) as per PMID: 29371245 and PMID:
26766633.
Grading was done using both conventional transverse and longitudinal sections of the artery. In the longitudinal direction used 3 sections per subject and averaged the results.

Arterioscler Thromb Vasc Biol. 2020;40:1680-1694. DOI: 10.1161/ATVBAHA.119.313765 July 2020 1683
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water before images were acquired. After imaging, Alizarin Red S
was extracted with 10% (v/v) acetic acid (Fisher Scientific) for 30
minutes, scraped into a microcentrifuge tube, vortexed, and then
incubated at 85°C for 10 minutes. After chilling on ice for 5 min-
utes, the mixture was centrifuged at 20000xg for 15 minutes at
4°C. Five hundred microliters of supernatant was transferred to a
new tube and 10% (v/v) ammonium hydroxide (Fisher Scientific)
was then added to the supernatant. Absorbance was read in tripli-
cate at 405 nm using a 96-well plate spectrophotometer.

Tissue Nonspecific Alkaline Phosphatase
Activity Staining

Cells were washed with 2x PBS and fixed with 4% PFA for
10 minutes at room temperature, then washed once with PBS
and once with water. TNAP staining was produced using the
SIGMAFAST BCIP/NBT tablet according to manufacturer's
instructions.

Immunofluorescence Imaging and

Quantification

Cells were washed with PBS, then fixed with 4% PFA prepared
in PBS 0.5% Triton-X 100 for 15 minutes. Cells were washed
3x with PBS, 0.5% Triton-X 100 for 5 minutes each, incubated
at room temperature for 1 hour in blocking buffer (PBS, 0.5%
Triton-X 100, 5% FBS), then incubated overnight at 4°C in pri-
mary antibody. Cells were washed with PBS, 0.1% TWEEN 20
3x for b minutes, then incubated with secondary antibody for
1 hour. Cells were washed 3x for 5 minutes each with PBS,
0.1% TWEEN 20, then once with PBS, and then stained for 30
minutes with AlexaFluor488 Phalloidin (Molecular Probes) for
f-actin. Cells were washed a final time with PBS for b minutes,
then mounted with Fluoroshield Mounting Medium with DAPI
(Abcam). Slides were imaged within 24 hours of mounting.

To visualize p62 accumulation and localization, the Premo
Autophagy Sensor RFP-p62 reagent (Life Technologies) was
used according to manufacturer’s instructions, counter stained
with AlexaFluor488 Phalloidin, and mounted with Fluoroshield
Mounting Medium with DAPI (Abcam). Cells were imaged
within 24 hours of mounting. In Imaged, each image was split
into blue, red, and green channels, and the pixel intensity of the
red and blue channels was measured. RFP-p62 intensity of an
image was normalized to DAPI intensity for that same image.

MitoSOX red reagent (Molecular Probes) was diluted to 5
pM in media and added to cells in a 4-well chamber slide which
were incubated in the dark for 10 minutes at 37°C. Slides were
prepared as above with the addition of AlexaFluor488 Phalloidin
(Molecular Probes) and then mounted with Fluoroshield
Mounting Medium with DAPI and imaged within 24 hours.

To quantify immunofluorescent stains, ImageJ was used to
split each image into red, green, and blue channels, and the
pixel intensity of the red and blue (DAPI) channels was mea-
sured. The measured intensity of a given stain was normalized
to DAPI intensity of that same image.

PCR Mutagenesis, Transfection, and Luciferase
Assays

The pEZX-LvPGO4 backbone plasmid contains the 1353
base pairs upstream of the ATG start site of the human
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ALPL gene (NM_000478) and this promoter sequence
drives expression of Gaussia luciferase (Genecopoeia).
QuickChange Il XL Site-Directed Mutagenesis Kit (Agilent)
was used to substitute the putative FOXO1 (forkhead box
O1 protein) recognition site TGTTG with TATTA using for-
ward  primer:  B-TCTGTCTCTGTGTCTGTTAATATATCTGG
CTTTCTCTGGGTC-3" and reverse primer: 5-GACCCAGAG
AAAGCCAGATATATTAACAG ACACAGAGACAGA-3' accord-
ing to manufacturer’s protocol. Mutant plasmids were selected
and confirmed by Sanger sequencing (Genewiz) and trans-
fected into cells using the Lipofectamine LTX Reagent with
PLUS Reagent (Invitrogen) according to manufacturer's pro-
tocols. Luciferase was quantified using the Secrete-Pair Dual
Luminescence Assay Kit (Genecopoeia) according to manu-
facturer's protocols and normalized to SEAP secretion.

Von Kossa Staining

Slides with adhered paraffin histological sections were warmed
to 65°C for 1 hour and then deparaffinized through xylene and
graded alcohol baths before being placed in distilled water.
The slides were then stained using the Von Kossa Method of
Calcium Kit (Polysciences, 24633-1) according to manufac-
turer's instructions.

Immunofluorescent Staining on Paraffin

Sections

Slides were warmed for 1 hour at 65°C and deparaffinized by
xylene and graded alcohol baths, rehydrated in ddH20, and
heated for 20 minutes in antigen unmasking solution (Vector
Labs). Slides were cooled to room temperature, then washed
with PBS for 5 minutes. The tissues were incubated in block-
ing buffer (PBS, 3% fish skin gelatin, 10% horse serum) for
1 hour, then incubated in primary antibody overnight. Tissues
were washed 3x for 5 minutes each in wash buffer (PBS, 3%
fish skin gelatin, 0.1% TWEEN 20), then for 5 minutes in PBS.
Tissues were incubated with secondary antibody covered from
light for 1 hour, then washed with wash buffer 3x for 5 min-
utes each. Tissues were mounted with Fluoroshield Mounting
Medium with DAPI (Abcam) and imaged within 24 hours.

Statistics

Statistical analysis was performed with GraphPad Prism 8
(GraphPad Software, Inc) and data shown are meantSD.
Statistical analysis used, exact n values, biological replicates,
and P values are stated within each figure legend. A P value
equal to or less than 0.05 was considered significant.

RESULTS

Excess AMP Induces Aberrant Signaling in
CD73-Deficient Cells

Inactivating mutations in CD73 render the enzyme inca-
pable of converting extracellular AMP into adenosine
and inorganic phosphate, thus CD73-deficient cells are
exposed to an excess of AMP resulting in a concomi-
tant reduction in adenosine and downstream adenosine
receptor signaling (Figure 1A). Adenosine receptors are

Arterioscler Thromb Vasc Biol. 2020;40:1680-1694. DOI: 10.1161/ATVBAHA.119.313765
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G-protein coupled receptors, which were initially clas-
sified by their ability to pair with the Gai (A1, A3) and
Gas (A2a, A2b) G-protein subunits to inhibit or induce,
respectively, adenylyl cyclase production of cAMP’®
We found no differences in expression of adenosine
receptor genes between control and ACDC cells (Fig-
ure 1B). A cAMP ELISA assay showed exogenous AMP
induced increased production of cAMP in control, but
not CD73-deficient fibroblasts, indicative of adenos-
ine primarily signaling via the A2a or A2b adenosine
receptors (Figure 1C). As a consequence of elevated
cAMP levels, control cells showed activation of VASP

CD73/cAMP/FOXO1 Axis in Vascular Calcification

(vasodilator-stimulated phosphoprotein; Figure 1D). In
contrast, phosphorylation of VASP was not observed
in CD73-deficient ACDC cells treated with exogenous
AMP; instead, these cells exhibited increased levels of
phosphorylated AKT at T308 and S473 (Figure 1D).
To determine if elevation of cAMP could prevent phos-
phorylation of AKT and therefore rescue the absence of
CDT73 activity, ACDC cells were pretreated with the ade-
nylyl cyclase agonist forskolin and the phosphodiester-
ase inhibitor IBMX. Direct activation of adenylyl cyclase
induced phosphorylation of VASP and importantly,

attenuated phosphorylation of AKT at T308 and S473

A
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AMP ' * Ado (1 ** kDA O OLCCAC OO0 O LA §60-
: 52 == . - —— - CD73 Z 404
o
CcD73 45 - ————o— o o ot = 2 CtIiN 320.
a
A1/3 AR: Goii 50 U - —— " P-VASPS'57 ]
A2al/2b AR: Gas NT AMP
Control MBI |46 gt VASP
ACDC 45 s s et st e et st == ) §3.
T 60 « - % : ws oe 4 P-AktTI08 82
£
AMP () *  Ado 60 == e e e e e e e — — Akt 3
45 St - o S o o o e = ACLIN o
NT AMP
60 [ - == P=AKktS473 E3- sk
O m e = Akt o2
B C 1 " S ————- T'e2 | | 1 §1-
;'“2" m Control m ACDC E 3 - E AMP+ <
2 §1 o ;“; 00 AMP+ FORSK “0
Bg 8 £, VEH IBMX NT  AMP
N (] ———— S——
E 5% kba A1 A2 A1 A2
E ; 4 o 3 2 50 T =t P-VASPS157
%% 2 g 46 Yy Y Y ws. \VASP B - AL AL I
5 Al A2A A2B A3 AMP 55 e Y “mma” st tubulin g“ §10 §10
<3 S ™~ ’
o fikd <
60 - h ot P-AktT308 22 %05 é 05
60 b wmwy e D_AKS473 41 3 o
dAkt 0 0.0 0.0
—— F
62 v?‘g ‘3\ vég ?3\ ‘sxg ‘3\

45 -'-H- actin

Figure 1. AMP induces aberrant signaling in arterial calcification due to deficiency of CD73 (ACDC) cells.

A, Schematic of CD73 and downstream adenosine receptor signaling. B, Baseline measurement of adenosine receptor gene expression.
Results representative of n=6 to 8 per group using 4 control and 3 ACDC patient cell lines. Statistical analysis performed using unpaired ¢
test with Welch correction. C, Quantification of cAMP levels in control and ACDC cells in response to exogenous AMP. Cells were pretreated
with 0.5 mmol/L IBMX for 30 min then treated with 30 yM AMP for 15 min. Results representative of n=7 per group using 3 control and 4
ACDC patient cell lines. **P=0.0013 using unpaired t test with Welch correction. D, Control and ACDC fibroblasts were given exogenous
100 pM AMP for 10 min and total cell lysates were analyzed by Western blotting for VASP and AKT phosphorylation. Results representative
of n=3 per group using 3 control patient and 3 ACDC patient cell lines. For P-VASP, ***P=0.0003, P-AKT T308 *P=0.0155, P-AKT S473
***P=0.0005. Two-way ANOVA with Tukey multiple comparisons test was used for statistical analysis. E, ACDC fibroblasts were treated with
100 pM exogenous AMP or pretreated with 10 uM forskolin and 10 pM IBMX for 30 min before treatment with 100 pM exogenous AMP,

10 uM forskolin, and 10 uM IBMX (AFI) for 10 min. Total cell lysates were analyzed by Western blotting for VASP and AKT phosphorylation.
Results representative of n=3 to 4 per group using 2 ACDC patient cell lines. For P-VASP *P=0.0183, P-AKT T308 **P=0.0025, P-AKT S473
***P=0.0002. One-way ANOVA with Tukey multiple comparisons test was used for statistical analysis.
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in ACDC cells (Figure 1E). These data suggest that lack
of CD73/adenosine receptor-mediated production of
cAMP contributes to aberrant AKT activation.

Inducing Autophagy Reduces Calcification
but Autophagy Flux Is Not Altered in CD73-
Deficient Cells

We previously observed that CD73-deficient iPSCs and
iPSC-derived mesenchymal stem cells exhibit an accel-
erated osteogenic differentiation that was inhibited in
vitro and in vivo with rapamycin.”® AKT is an upstream
regulator of many signaling pathways, including mTOR
(mammalian target of rapamycin). Activation of mTOR
by AKT decreases autophagy, and decreased autoph-
agy induces stem cells to differentiate into osteoblasts
as well as promotes the calcification of smooth muscle
cells."”® We observed that the mTOR inhibitor rapamy-
cin reduced ALPL gene expression and TNAP activity
and prevented calcification of CD73-deficient cells (Fig-
ure 2A through 2C). As rapamycin can affect many sig-
naling pathways, autophagy was directly stimulated with
a cell-penetrating peptide of Beclin-1 (D11), which mir-
rored rapamycin’s anti-calcification effects (Figure 2D),
illustrating that inducing autophagy alone is sufficient to
prevent calcification.®

We next wanted to determine whether there were alter-
ations in autophagy in CD73-deficient cells at baseline and
under osteogenic conditions. Neither overnight treatment
of exogenous AMP nor serum starvation altered the levels
of the autophagosome cargo protein p62, or the ratio of
LC3-II/1, the autophagosome biogenesis protein (Figure
IA and IB in the Data Supplement), and autophagy flux
experiments show no differences between control and
CD73-deficient cells (Figure IC in the Data Supplement).
Further, no differences were observed in the localization
or intensity of a p62-RFP conjugate protein transfected
into cells treated under osteogenic conditions (Figure ID
in the Data Supplement), and long-term treatment under
osteogenic stimulation with or without rapamycin did not
result in differences in p62 or LC3-1I/I ratios in ACDC cells
(Figure IE in the Data Supplement). Importantly, ACDC
cells show increased LC3-II/1 ratios upon treatment with
D11 which illustrates their ability for autophagosome bio-
genesis. We found that exogenous AMP did not alter cell
proliferation of control and ACDC cells under baseline or
exogenous AMP stimulation for 21 days (Figure lIA in the
Data Supplement). Comparison of the percentage of live/
dead cells showed exogenous AMP increased the number
of live control cells compared with untreated control cells,
and this increase was also seen in untreated ACDC cells at
day 6; however, these differences were not seen at the day
15 and 21 timepoints (Figure IlA in the Data Supplement).
Exogenous AMP also did not induce ER stress response
and did not activate AMPK (AMP-activated protein kinase;
Figure 1B and IIC in the Data Supplement), and the levels
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of mitochondrial oxidative stress at baseline and after 21
days of exogenous AMP showed no differences (Figure
ID in the Data Supplement). From these data, we conclude
that proliferation, apoptosis, or mitochondrial oxidative
stress are not significant contributors to the calcification
seen in CD73-deficient cells. In summary, while treatment
with rapamycin or the Beclin-1 peptide can prevent calci-
fication, we do not observe alterations in autophagy pro-
cesses in CD73-deficient cells.

Exogenous AMP Promotes FOXO1 Nuclear
Localization in CD73-Deficient Cells

Increased TNAP activity is one of the main features
observed in CD73-deficient fibroblasts when these cells
are stimulated with osteogenic medium as well as in ACDC
patient tissue.’™ As TNAP is a key enzyme in ectopic min-
eralization, we sought to determine which transcription
factors may contribute to activation of ALPL gene expres-
sion in the absence of CD73 activity. Using the TRANS-
FAC database, we screened 1350 bp upstream of the
transcriptional start site of the human ALPL gene (NM_
000478) and identified 227 sites with both a core score
and matrix score of 1, indicative of a high likelihood of
being a functional binding site (online Table 1).2° Of interest
was a site for FOXO1, located 445 base pairs upstream
of the transcriptional start site (Figure 3A). Treatment with
exogenous AMP promoted the localization of FOXO1 to
the nucleus in ACDC but not control cells. This localiza-
tion was prevented when cells were pretreated with the
cAMP analogue 8-Br-cAMP or by activation of the A2a
and A2b adenosine receptors, which activate adenylyl
cyclase (Figure 3B). FOXO1 can be regulated by a vari-
ety of kinases, and proteasome-dependent degradation of
FOXO1 is thought to be dependent on AKT phosphoryla-
tion.?'?? While exogenous AMP activates AKT in CD73-
deficient cells, we could not detect significant differences
in the levels of FOXO1 phosphorylation between control
and ACDC whole cell lysates after 30 minutes of stimula-
tion using whole-cell lysate (Figure Il in the Data Supple-
ment). Together, these data suggest that in the absence
of CD73-generated adenosine signaling via the A2a and
A2b receptor, exogenous AMP promotes the nuclear
localization of FOXO1.

FOXO1 Inhibition Reduces ALPL Expression,
TNAP Activity, and Calcification

CD73-deficient ACDC cells increase ALPL gene
expression when cultured under osteogenic conditions,
and treatment with the FOXO1 inhibitor AS-1842856
(1 pmol/L) reduced ALPL transcription (Figure 4A).
Similarly, AS-1842856 treatment decreased TNAP
enzymatic activity in CD73-deficient ACDC cells cul-
tured under osteogenic conditions, and further pre-
vented cells from calcifying in the 21-day osteogenic
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Figure 2. Inducing autophagy reduces calcification in CD73-deficient cells.

A, ALPL gene expression. Results representative of n=4 to 7 per group using 3 control and 3 arterial calcification due to deficiency of CD73
(ACDC) patient cell lines. ***P=0.003 ****<0.0001. B, Staining for TNAP activity in control and ACDC fibroblasts cultured in osteogenic
media and supplemented with 200 nM rapamycin for 5 d. Results representative of n=4 to 7 per group using 3 control and 3 ACDC patient
cell lines. C, Alizarin Red S stain was used to image and quantify calcification content in control and ACDC fibroblasts cultured under
osteogenic conditions for 21 d and supplemented with 200 nM rapamycin. Results representative of n=6 per group using 2 control and 2
ACDC patient cell lines. *P=0.037. D, Alizarin Red S staining of control and ACDC cells treated with autophagy-inducing peptide Tat-Beclin 1
D11. Results representative of n=5 per group using 4 control and 3 ACDC patient cell lines. **P=0.0043 ****P<0.0001. Scale bar represents
200 pm. Two-way ANOVA with Tukey multiple comparisons test was used for all statistical analyses in this figure.

assay (Figure 4B and 4C) illustrating that FOXO1
function is required for calcification in the absence of
CD73.

Plasmid DNA harboring the Gaussia luciferase gene
under the control of the human ALPL gene promoter
(hALPL) was used to assess the role of the putative
FOXO1 binding site located 445 base pairs upstream
from the transcriptional start site. Transfection of hALPL

Arterioscler Thromb Vasc Biol. 2020;40:1680-1694. DOI: 10.1161/ATVBAHA.119.313765

into control and ACDC cells shows promoter activity is
increased at day 5 in CD73-deficient ACDC cells (Fig-
ure 4D). In ACDC cells transfected with hALPL, pretreat-
ment with 200 nM rapamycin reduced AMP-induced
hALPL activity compared with the vehicle control, mir-
roring results in Figure 2 (Figure 4E). Site-directed PCR
mutagenesis was performed to change the putative
FOXO1 binding site from TGTTGAC to TATTAAC. This
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Figure 3. AMP induces FOXO1 (forkhead box O1 protein)
nuclear localization.

A, The putative FOXO1-binding site in the human ALPL promoter
shown with the percentage that the sequence located 445 upstream
of the transcriptional start site (TSS) (Continued)
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mutation reduced promoter activity 63% in response to
AMP treatment (Figure 4F), indicating that this site is
operative in the expression of human ALPL.

CD73 Is Decreased and FOXO1 Is Increased in
Calcified Femoropopliteal Arteries

Patients with CD73 deficiency exhibit extensive calcifi-
cation and vessel tortuosity in their lower extremity arter-
ies. While CD73 deficiency is a rare disease with only a
handful of individuals identified, one overarching goal of
studying the mechanisms driving ACDC pathogenesis
is to uncover novel pathways that may be operative in
more common forms of medial artery calcification.523-28
To that end, paraffin embedded femoropopliteal arteries
from 20 age-matched donors exhibiting calcification and
no calcification were obtained,’® and Von Kossa stain
used to confirm calcification state. Staining for CD73,
FOXO1, and TNAP was performed on adjacent sections
(Figure 5). We found calcified arteries exhibited dramati-
cally lower CD73 staining than control arteries. We also
found that the levels of FOXO1 staining are significantly
higher in the calcified areas of Von Kossa-positive calci-
fied vessels than the control vessels. Importantly, when
comparing noncalcified regions to calcified regions
in Von Kossa-positive vessels, we found that FOXO1
staining was substantially decreased in noncalcified
areas. While the differences between TNAP staining in
control versus calcified vessels did not reach statistical
significance, similar to FOXO1 staining, TNAP staining
was higher in the calcified regions of Von Kossa-pos-
itive vessels compared with noncalcified regions from
Von Kossa-positive vessels. These data suggest that a
CD73/FOXO1/TNAP axis may be operative in more
common forms of nonatherosclerotic medial layer vas-
cular calcification.

DISCUSSION

The initial discovery that inactivating mutations in the
gene encoding for CD73 protein result in extensive non-
atherosclerotic lower extremity medial layer calcification

Figure 3 Continued. on the human ALPL promoter is found

in experimentally proven FOXO1-binding sites according to the
TRANSFAC database. B, Immunofluorescent staining was used

to detect FOXO1 localization in response to exogenous AMP.
Control and arterial calcification due to deficiency of CD73 (ACDC)
fibroblasts were pretreated with vehicle, 0.5 mmol/L 8-Br-cAMP,

or 10 uM each of CGS-21680 and BAY 60-6583 (A2a and A2b
agonists, respectively) for 30 min, then 100 uM AMP was added to
each group for 2 h. Cells were stained with anti-FOXO1 antibody and
an IgG control, and pixel intensity was quantified and normalized to
DAPI. **P=0.0054, ##P=0.0027, @@P=0.0027 using 2-way ANOVA
with Tukey multiple comparisons test for statistical analysis. Results
representative of 5 replicates of 3 control patient cell lines and 3
ACDC patient cell lines per group. Scale bar represents 50 um.
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Figure 4. FOXO1 (forkhead box O1 protein) inhibitor prevents calcification via reducing ALPL promoter activation.

A, RT-gPCR analysis of ALPL mRNA isolated from cells in osteogenic conditions receiving 1 uM AS-184856 for 5 d. Results representative
of n=5 per group using 3 control and 3 arterial calcification due to deficiency of CD73 (ACDC) patient cell lines. **P=0.0077, ##P=0.0039.
Two-way ANOVA with Tukey multiple comparison test was used for statistical analysis. B, TNAP activity staining in cells cultured for 5 d in
osteogenic media supplemented daily with the FOXO1 inhibitor AS-1842856 (1 uM) or vehicle control. Results representative of n=5 per
group using 4 control and 3 ACDC patient cell lines. Scale bar represents 200 um. C, Alizarin Red S stain in cells cultured under osteogenic
conditions for 21 d and supplemented 1 pM AS-1842856. Results representative of n=6 per group using 4 control and 3 ACDC patient

cell lines. ****P>0.0001 by 2-way ANOVA with Tukey multiple comparison test. Scale bar represents 200 pm. D, Luciferase assay of plasmid
DNA containing the Gaussia luciferase under control of the human ALPL promoter (hALPL). Cells were transfected with 1 ug of plasmid

and cultured for 5 d under osteogenic stimulation. Results representative of n=3 per group using 3 control and 3 ACDC patient cell lines.
***P=0.0011 by 2-way ANOVA with Sidak multiple comparisons test. E, Luciferase assay of hALPL plasmid in cells treated with 100 pmol/L
AMP with and without pretreatment of 200 nM rapamycin. Results representative of n=3 using 1 ACDC patient cell line. *P=0.0406. F,
Luciferase assay of hALPL and Luciferase assay of hALPL with site-directed mutagenesis (SDM) of the putative FOXO1-binding site. Results
representative of n=3 using 1 ACDC patient cell line. ***P=0.0008. Unpaired t test with Welch correction was used for E and F.
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Figure 5. CD73 levels reduced in nonarterial calcification due to deficiency of CD73 (ACDC) calcified femoropopliteal artery

exhibiting higher levels of FOXO1 (forkhead box O1 protein).

Sections of femoropopliteal arteries from 20 different patients were stained with Von Kossa stain to detect calcification. Of the 20 patients, no
calcification was detected in 7 vessels and the remaining 13 show calcification. Serial sections were stained with CD73, FOXO1, and TNAP
antibody, and an IgG control to match concentration of TNAP at 20 pg/mL. Pixel quantification was done using ImageJ and normalized to
DAPI. **P=0.0023, @@P=0.0067, $P=0.0151, $$P=0.0043, #P=0.01383. M=tunica media. I=tunica intima. L=lumen. Von Kossa scale bar

represents 100 um, fluorescent images scale bar represents 50 um.

identified a novel pathway involved in vascular calcifica-
tion. Several CD73 knockout mouse models are avail-
able and while these mice exhibit calcification in the
juxta-articular spaces in their joints, similar to that seen

in patients with ACDC, there is no evidence of calcifica-
tion in any of the vascular beds.'®?®=" This underscores
that vascular mineralization potential is very different in
mice compared with humans and justifies our use of
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primary human cells in an in vitro disease model to study
the mechanism driving ACDC pathogenesis."" The cell
source for this in vitro disease model is dermal fibro-
blasts, which is a limiting factor of this model. However,
the use of fibroblasts in disease modeling has been well
established,® and our published studies illustrate that
this system is sufficient to recapitulate this calcification
phenotype and therefore suitable to define the underly-
ing mechanisms promoting the ectopic calcification phe-
notype seen in patients with ACDC.

Two sites on AKT are considered to be rate-limiting
for the propagation of downstream signaling; phosphory-
lation of AKT at T308 is mediated via PDK1, and S473
via mTORC2.%® We have now shown that in the absence
of CD73 activity, exogenous AMP induces phosphoryla-
tion of AKT at these sites, and this phosphorylation is
mitigated when adenylyl cyclase is directly activated to
produce cAMP (Figure 1). Our findings tie in nicely with
previous biochemical studies which illustrated that cAMP
inhibits AKT phosphorylation by blocking the localization
of PDK1 to the cell membrane and inhibiting the lipid
kinase activity of PI3K, and blocks insulin and amino acid
starvation-induced mTORC1 activation.®+* Additionally,
a lack of cAMP production due to inactivating mutations
in GNAS, the gene encoding for adenylyl cyclase, was
found to contribute in the pathogenesis of another ecto-
pic calcification disorder, progressive osseous heteropla-
sia. This coupled with our results suggests that reduced
intracellular cAMP production may be shared in various
forms dystrophic vascular calcification.® What remains
to be determined is the mechanism through which exog-
enous AMP induces AKT phosphorylation. One report
suggests that AMP is able to signal through binding the
A1 adenosine receptor. Experiments were conducted
with physiological concentrations of exogenous AMP;
however in this reporter, system cells were transfected
with plasmid DNA to overexpress the A1 adenosine
receptor as well as the Gai G-protein subunit®” The A1
adenosine receptor density on the cell surface as well
as the internal Gai were under constitutively active pro-
moters and thus not present at physiological levels; thus
evidence of a true AMP receptor in human cells or tis-
sues is lacking.

To date, hundreds of AKT substrates have been iden-
tified and we became interested in the role of CD73
in regulating autophagy, as AKT activation can pro-
mote mTORC 1-mediated inhibition of autophagy. While
upregulated under stressed conditions such as nutri-
ent deprivation, autophagy is active even at baseline
and is necessary to ensure proper homeostasis. One
study modeling chronic kidney disease—induced vascu-
lar calcification identified a link between the activation
of autophagy and a means to prevent calcification.”® We
hypothesized that increased AMP-induced AKT activa-
tion may lead to reduced levels of autophagy which would
promote calcification. Although AKT was phosphorylated
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in CD73-deficient cells, we found no defect in autophagy
flux.

Moving away from defects in autophagy, we conducted
an in silico screen of the human ALPL promoter and
focused on a putative FOXO1 transcription factor binding
site located 445 base pairs upstream of the ALPL tran-
scriptional start site. Forkhead box transcription factors are
an evolutionarily conserved family that in mammals regulate
a wide array of cellular processes, including proliferation,
apoptosis, metabolism, and oxidative stress resistance.?’
Their necessity in development was illustrated first in Dro-
sophila, and FoxO1 knockout mice die around embryonic
day 11 primarily due to defects in vascular development
in the embryo and yolk sac.®*° While necessary in devel-
opment, in disease states FOXO transcription factors can
contribute to disease pathology. For example, increased
FOXO1 signaling in liver and pancreatic cells induces dia-
betes mellitus via impairing insulin signaling.® There have
been various and opposing reports of these transcription
factors in osteogenesis and ectopic calcification. In vitro
and in vivo genetic knockdown shows that FOXO1 helps
drive the differentiation of mesenchymal stem cells into
osteoblasts, and bone-specific knockout murine models
provide evidence that FOXO1 is necessary for osteoblast
function and bone homeostasis.*'*? In opposition to these
studies in bone, in mice harboring a smooth muscle cell-
specific deletion of Pten gene (phosphatase and tensin
homolog), loss of PTEN promoted calcification by stabiliz-
ing RUNX2 protein levels, which are normally targeted for
ubiquitination and proteasome mediated degradation via
FOXO1 and FOX03.* PTEN is a phosphatase that acts
on AKT to inhibit AKT signaling, thus these mice exhibit
constitutively active AKT in their smooth muscle cells. In
our human system, we observe elevated AKT activation in
response to exogenous AMP,

Although RUNX2 is a regulator of genes neces-
sary for the osteogenic transition of stem and vascular
smooth muscle cells,**=*" there is evidence for RUNX2-
independent upregulation of ALPL in response to
some osteogenic stimuli. Specifically, TNF-a and IL-1(
decreased RUNX2 expression in human mesenchymal
stem cells but increased expression of ALPL, and this
increase of ALPL and subsequent TNAP activity is suf-
ficient to induce calcification.*® The necessity of func-
tional TNAP is clear in both humans and mice, where
genetic mutation or deletion of the ALPL gene causes
hypophosphatasia, also known as rickets, and one study
found that FOXO1 binds and activates murine Alp/ pro-
moter, which supports our finding on the role of FOXO1
in activating ALPL promoter activity in human cells.*9-®1
Our data show that in the absence of CD73 activity, AMP
induces FOXO1 nuclear localization which stimulates
ALPL promoter activation; nuclear localization of FOXO1
is prevented when cAMP levels are increased.

Last, our data suggest that mechanisms driving
ACDC pathogenesis may contribute to calcification in
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non-ACDC peripheral arteries. Calcification in the lower
extremity arteries is relatively common and can pres-
ent alongside or independent of atherosclerosis. Differ-
ences in calcification properties and patterns have been
observed in the vascular beds. Carotid artery calcifica-
tion is most commonly found in the necrotic core of ath-
erosclerotic plaques, while lower-extremity calcification
is often plaque-independent and localizes in the medial
layer along the elastic fibers.’®%? Carotid, femoral, and
femoropopliteal arteries exhibit microcalcification, sheet
calcification, and nodular calcification; however, the lower
extremity vessels exhibited true bone formation (osteoid
metaplasia), indicative of a cell phenotypic switching
from a vascular to an osteogenic-type cell.® Supporting
this, lower-extremity arteries exhibited elevated expres-
sion of bone development genes, and relevant to our
findings, ENPP1, the enzyme directly upstream of CD73
that converts extracellular ATP to AMP, was found to be
drastically downregulated in lower limb arteries, suggest-
ing that its absence may contribute to decreases in the
available adenosine.

The femoropopliteal artery of mobile individuals expe-
riences mechanical stretches and stresses during limb
flexion which may induce cells to release ATP%* ATP in
the extracellular space is rapidly converted to adenosine
when CD73 is present, and this adenosine helps protect
cells from this stress, hence the notion that adenosine
is a retaliatory metabolite.?®® Calcified femoropopliteal
arteries exhibit medial remodeling and are stiffer in both
longitudinal and circumferential directions.' A recent
study classified 431 femoropopliteal artery samples into
7 groups that histologically exhibit varying degrees of
calcification and found that stiffness precedes evidence
of extensive calcification.”® Mechanical stretch can
induce the expression of CD73 on lung epithelial cells
and the adenosine generated is protective against acute
lung injury.®® We found robust staining for CD73 in con-
trol femoropopliteal arteries; however, CD73 was nearly
absent in calcified arteries. We found that calcified femo-
ropopliteal arteries exhibit lower levels of CD73. Future
studies will explore whether stiffness decreases CD73
expression and whether aberrant CD73/adenosine
receptor signaling precedes calcification in non-ACDC
contexts.

From these studies and our observations, we postu-
late that CD73-mediated adenosine signaling may pro-
tect the femoropopliteal artery during mechanical stretch;
thus, a reduction of CD73 would prevent this protection.
What is clear from our data is that the study of this rare
monogenetic disease is able to inform us about potential
novel mechanisms operative in more common forms of
peripheral medial layer vascular calcification.
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