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OBJECTIVE: Vascular calcification is common among aging populations and mediated by vascular smooth muscle cells (VSMCs).
The endoplasmic reticulum (ER) is involved in protein folding and ER stress has been implicated in bone mineralization. The
role of ER stress in VSMC-mediated calcification is less clear.

APPROACH AND RESULTS: mRNA expression of the ER stress markers PERK (PKR (protein kinase RNA)-like ER kinase), ATF
(activating transcription factor) 4, ATF6, and Grp78 (glucose-regulated protein, 78 kDa) was detectable in human vessels
with levels of PERK decreased in calcified plaques compared to healthy vessels. Protein deposition of Grp78/Grp94 was
increased in the matrix of calcified arteries. Induction of ER stress accelerated human primary VSMC-mediated calcification,
elevated expression of some osteogenic markers (Runx2 [RUNX family transcription factor 2], OSX [Osterix], ALP [alkaline
phosphatse], BSP [bone sialoprotein], and OPG [osteoprotegerin]), and decreased expression of SMC markers. ER stress
potentiated extracellular vesicle (EV) release via SMPD3 (sphingomyelin phosphodiesterase 3). EVs from ER stress-treated
VSMCs showed increased Grp78 levels and calcification. Electron microscopy confirmed the presence of Grp78/Grp94
in EVs. siRNA (short interfering RNA) knock-down of Grp78 decreased calcification. Warfarin-induced Grp78 and ATF4
expression in rat aortas and VSMCs and increased calcification in an ER stress-dependent manner via increased EV release.

CONCLUSIONS: ER stress induces vascular calcification by increasing release of Grp78-loaded EVs. Our results reveal a novel
mechanism of action of warfarin, involving increased EV release via the PERK-ATF4 pathway, contributing to calcification.
This study is the first to show that warfarin induces ER stress and to link ER stress to cargo loading of EVs.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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sition of calcium phosphate crystals in the ECM  tor predictive of cardiac events.? Nearly all patients with
(extracellular matrix) of the blood vessel wall." The cardiovascular disease have some degree of calcifica-
presence of VC poses an increased risk of cardiovascular ~ tion, and in asymptomatic adults, prevalence of coronary

Vascular calcification (VC) is the process of depo-  and all-cause mortality and is an independent risk fac-
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Highlights

Nonstandard Abbreviations and Acronyms

ATF activating transcription factor

ECM extracellular matrix

ER endoplasmic reticulum

EV extracellular vesicle

IRE inositol-requiring protein

MGP matrix Gla-protein

PCR polymerase chain reaction

PERK PKR (protein kinase RNA)-like ER
kinase

UPR unfolded protein response

vC vascular calcification

VKORC1 vitamin K epoxide reductase complex
subunit 1

VSMC vascular smooth muscle cell

calcification corresponds with age; among 60-year-olds,
~60% have VC3*

VC can be categorized into 2 types: medial and inti-
mal, depending on its localization in the vessel wall®
Medial calcification is associated primarily with aging,
diabetes, and chronic kidney disease. Intimal calcification
predominantly colocalizes with lipid-rich/necrotic regions
of atherosclerotic plagues.®

Vascular smooth muscle cells (VSMCs) play a cru-
cial role in regulating atherosclerotic plaque forma-
tion and VC."® In response to cellular stress, VSMCs
undergo calcification via several mechanisms including
apoptosis,'© release of extracellular vesicles (EVs),'"2
loss of calcification inhibitors,’™' aging-related DNA
damage,'® oxidative stress,'® and osteogenic differen-
tiation.'” Many of these processes have parallels with
physiological bone formation, where chondrocyte apop-
tosis, downregulation of calcification inhibitors, release
of EVs, and expression of bone-specific genes by
osteoblasts lead to bone mineralization.®

The endoplasmic reticulum (ER) is the first organ-
elle of the secretory pathway, where most secreted and
transmembrane proteins are folded and mature. ER
stress occurs when the influx of unfolded proteins to the
ER exceeds its capacity to fold them, resulting in activa-
tion of a signaling pathway called the unfolded protein
response (UPR).'®?° Three ER stress transducers are
responsible for sensing an increased load of unfolded
proteins and define 3 branches of the UPR: IRE (inosi-
tol-requiring protein) 1, ATF (activating transcription fac-
tor) 6, and PERK (PKR [protein kinase RNAJ-like ER
kinase).'® Activation of the UPR results in a decrease in
protein influx to the ER and expression of various genes
encoding chaperones (eg, Grp78 [glucose-regulated
protein, 78 kDa] and Grp94) that mitigate the effects of
increased load of unfolded proteins.?'?? However, if ER
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+ The chaperone Grp78 (glucose-regulated protein,
78 kDa) is deposited in calcified human arteries in a
pattern consistent with extracellular vesicles.

* Under endoplasmic reticulum stress conditions,
there is increased release of Grp78 loaded extracel-
lular vesicles.

* Grp78 mediates endoplasmic reticulum stress—
induced calcification of human primary vascular
smooth muscle cells by enhancing the calcific prop-
erties of extracellular vesicles.

* The widely used anticoagulant warfarin induces
endoplasmic reticulum stress specifically via the
PERK (PKR [protein kinase RNA]-like ER kinase)-
ATF (activating transcription factor) 4 pathway, both
in rats in vivo and human primary vascular smooth
muscle cells.

* Mechanisms previously credited with mediating
endoplasmic reticulum stress-driven calcification
(osteogenic differentiation, oxidative stress, and
apoptosis) are not relevant in all contexts of endo-
plasmic reticulum stress activation.

stress is overwhelming and cannot be resolved it may
lead to cell death.?®

Importantly, ER stress and the UPR have been shown
to be crucial for bone development. All 3 branches of the
UPR are activated during stages of bone formation to
regulate expression of osteogenic genes.? % Because
bone mineralization and VSMC calcification share mecha-
nistic pathways, we hypothesized ER stress might also be
involved in regulating pathological VC. Indeed, studies to
date suggest that ER stress can accompany VC in mice
and rats and increase VSMC osteogenic gene expression
and calcification in vitro.2°3" However, other key molecular
mechanisms involved in VSMC calcification have not been
studied. Therefore, we investigated how ER stress influ-
ences VC and define a role for this signaling pathway in
regulating EV release and cargo loading.

MATERIALS AND METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Cell Culture and Treatments

Human aortic VSMCs were isolated and cultured, as described
previously3® At passage 3, expression of SM22a (smooth
muscle protein 22a), CNN1 (calponin 1), and p-MLC (phos-
phorylated myosin light chain) was confirmed by immunocy-
tochemistry. Cells were used for experiments at passage 4
to 12. VSMCs were collected from deceased adult organ
donors with local ethics committee approval (Cambridge Local
Research Ethics Committee LREC 97/084), characterized, and
archived in the laboratory. All human materials were handled
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in compliance with the Human Tissue Act (2004, United
Kingdom). Additionally, human aortic samples were obtained
from patients undergoing open aortic surgery at Maastricht
University Medical Centre. Collection, storage, and use of tissue
and patient data were performed in agreement with the Dutch
Code for Proper Secondary Use of Human Tissue (http://www.
fmwv.nl). This study complies with the Declaration of Helsinki.

VSMCs were treated with the following compounds at stated
final concentrations: tunicamycin (T7765, 0.04-0.4 pg/mL;
Sigma), thapsigargin (T9033, 0.01-0.2 pg/mL; Sigma), warfarin
(P5104, 10-200 pmol/L; Sigma), 4-phenylbutyric acid (PBA,
P2,100-5, 0.6-1 mmol/L; Sigma), CaCl, (C7902, 2.7 mmol/L;
Sigma), NaK_ PO, (S-5011, 256 mmol/L; Sigma), H,0, (H10089,
1-20 pmol/L; Sigma), IRE1 inhibitor CB5305630 (AOB4004,
2-25 uM?; Aobius), PERK inhibitor GSK2656157 (B2175,
0.1-10 pmol/L*°; ApexBio), SMPD3 (sphingomyelin phospho-
diesterase 3) inhibitor spiroexpoxide (0.5 pmol/L, SC-20272;
Santa Cruz). For 24 hour assays, M199 with 0.5% FBS was used,
for longer treatments with 2.5% or 5% FBS.

Transient Gene Knock-Down With siRNA

Cells were incubated in the complete medium for 24 hours and
then transfection medium was applied for 48 hours. For one
well of a 48 well plate, the transfection medium contained 2560
pL M199 with 20% FBS and PSG, 25 pL OptiMEM (Gibco),
3 pL HiPerfect (Qiagen), and 3 pmol siRNA (short interfering
RNA) oligonucleotide smartpool (Grp78 siRNA L-008198-00-
0005, GE Dharmacon; Nontargetting siRNA 1022076, Qiagen).

Immunohistochemistry

Eight human carotid arteries and 14 human aortic samples
were analyzed. The samples were collected from adult organ
transplant donors, characterized, and archived in the labora-
tory. All human materials were handled in compliance with the
Human Tissue Act (2004, United Kingdom) with approval of
Cambridge Local Research Ethics Committee (LREC 97/084).
Samples of thoracic aorta from wild type male 21 to 28 days old
Sprague-Dawley rats from a previously published study.*" All ani-
mal studies were approved by the Ethics Committee for animal
experiments of Kings College London, United Kingdom, in com-
pliance with the UK Home Office Guidance on the Operation of
the Animals (Scientific Procedures) Act, 1986. Rats were pur-
chased from Charles River Laboratories (United Kingdom) and
fed 3 mg warfarin and 1.5 mg vitamin K1 per gram of food (Arie
Blok diets, 4165.00) for 1 week or 4 weeks (rats used for immu-
nohistochemistry samples) or 11 days (rats used for Western
blotting samples). The control groups consisted of rats fed a nor-
mal laboratory diet (PicoLab rodent diet 20). These human and
rat tissue samples were fixed in 10% neutral buffered formalin
and were then embedded in paraffin wax blocks and cut down
in 7-um thick sections. Immunohistochemistry was performed in
serial sections, as described before*? using VECTASTAIN ABC
kit (PK6102; Vector Labs), anti-Grp78, and Grp94 (anti-KDEL,
SPA-827, 1:500; Assay Designs) anti-ATF4 (sc-200, 1:250;
Santa Cruz) antibodies. Sections were additionally stained for
von Kossa and Alizarin Red S to visualize calcification. The
stained tissue sections were quantified using scores from 1 to
5 and distributed between nuclear and extracellular expression
of Grp 78 and 94 of each vessel. The calcification was scored
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using grades from O to 4 where calcified areas were qualita-
tively graded; O: no calcification, 1: <25%, 2: <60%, 3: <75%,
and 4: >75%. The collected data from human carotid and aortic
samples have been pooled together for statistical analysis.

Apoptosis and Necrosis Analysis

Analysis of cell death was carried out using the Green FLICA
Caspases 3&7 Assay Kit (ImmunoChemistry) according to
the manufacturers’ protocols, using NucleoCounter NC-3000
(Chemometec). The percentage of healthy, apoptotic, and
necrotic cells in each sample was determined based on the
scatter plots generated by the NucleoCounter software.

Intracellular Reactive Oxygen Species

Measurement

VSMCs were stained with 20 yM DCFDA (2)7" —dichloro-
fluorescein diacetate; Abcam) in phenol red-free DMEM with
0.5% FBS for 1 hour. Afterward, treatments were applied in
KRPG (Krebs-Ringer phosphate glucose) buffer (145 mmol/L
NaCl, 57 mmol/L NaH,PO,2 H,0, 486 mmol/L KCl, 0.54
mmol/L CaCl,"2 H,0, 1.22 mmol/L MgSQ,*7 H,0, 5.5 mmol/L
glucose, pH 7.35) containing 1:1000 Hoechst dye for 4 hours.
Fluorescence was measured and normalized to cell count using
the Cytation 3 imaging reader (BioTek).

Western Blotting and Immunocytochemistry
Western blotting was performed, as described before."
Concentration of protein in samples was measured using
DC (detergent compatible) Protein assay (BioRad). The following
antibodies were used: Grp78 and Grp94 (anti-KDEL, SPA-827,
1:2500; Assay Designs), GAPDH (sc-25778, 1:56000; Santa Cruz),
CNN1 (ab46794, 1:5000; Abcam), SM22a. (ab141086, 1:1000;
Abcam), p-MLC (36755, 1:600; Cell Signalling), ALP (alkaline
phosphatse; ab108337, 1:10000; Abcam), CD63 (5656019,
1:5600; BD Bioscience), TSG101 (tumor susceptibility gene 101
protein; T5701, 1:500; Sigma), SERCA2 (sarco/endoplasmic
reticulum Ca?*-ATPase; 564702, 1:500; Calbiochem) a-actinin-4
(ab108198, 1:500; Abcam), pPERK (ab192591,1:1500; Abcam)
anti-mouse (926-32210, 1:10000; Li-Cor and p0447, 1:3000;
Dako) and anti-rabbit (926-68071, 1:10000; Li-Cor and 7074S,
1:3000; Cell Signalling). Total protein was quantified in gels using
Coomassie Birilliant Blue or Revert (Li-Cor). All blots shown in
figures are from the same membrane, cropped for clarity of pre-
sentation. Immunocytochemistry was performed as described
before,*® using the following antibodies: Grp78, Santa Cruz, 1:100,
total MGP (matrix Gla-protein), VitaK, 1:75, carboxylated MGP,
VitaK, 1:75, uncarboxylated MGR, VitaK, 1:250,* anti-mouse—
fluorescein isothiocyanate (Dako, FO205, 1:250), anti-rabbit FITC
(115-095-068, 1:250; Jackson). Images were taken and signal
quantified using the Cytation 3 imaging reader (BioTek).

Dot Blot Analysis

Dot blots were performed as described before.* Briefly, EVs
isolated by ultracentrifugation were absorbed onto nitrocel-
lulose membranes, which were blocked with 5% nonfat milk
or 3% bovine serum albumin (BSA; TSG101) in PBS in the
absence or presence 0.1% (v/v) Tween-20. Antibodies were
used as described above.
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Table. QPCR Primers

Gene Primer sequence (5-3") Amplicon size
ALP F: ACGAGCTGAACAGGAACAACGT 104 bp
R: CACCAGCAAGAAGAAGCCTTTG
ATF4 F: CAACAACAGCAAGGAGGATGCCTT 143 bp
R: TGTCATCCAACGTGGTCAGAAGGT

ATFE F: CAGCAGCACCCAAGACTCAAACAA 163 bp
R: ACCACAGTAGGCTGAGACAGCAAA

BMP-2 From QIAGEN, QT00012544 148 bp

BSP F: AGTTTCGCAGACCTGACATCCAGT 161 bp
R: TTCATAACTGTCCTTCCCACGGCT

CHOP F: AGTCATTGCCTTTCTCCTTCGGGA 165 bp
R: AAGCAGGGTCAAGAGTGGTGAAGA

COMP F: GCAGATGGAGCAAACGTATTGGCA 200 bp
R: AGGACTTCTTGTCCTTCCAACCCA

DLX5 F: GACTCAGTACCTCGCCTTGC 188 bp
R: GAGACTGCGGCGAGTTACAC

GAPDH F: CGACCACTTTGTCAAGCTC 229 bp
R: CAAGGGGTCTACATGGCAAC

IRE1 F: CCTCCGAGCCATGAGAAATAAG 114 bp
R: GGGAAGCGAGATGTGAAGTAG

MSX2 F: AAATTCAGAAGATGGAGCGGCGTG 115 bp
R: CGGCTTCCGATTGGTCTTGTGTTT

OASIS F:TCAACAATGCGCACTTTCCTGAGC 108 bp
R:TCTCATCCAGCACAGGGTCATCAA

OCN F: GGCAGCGAGGTAGTGAAGAG 138 bp
R: CGATAGGCCTCCTGAAAGC

OoPG From QIAGEN, QT00014294 107 bp

OSX F: TGCTTGAGGAGGAAGTTCAC 148 bp
R: AGGTCACTGCCCACAGAGTA

PERK F: AGGCTTTGGAATCTGTCACTAA 93 bp
R: CAGGAGTTCTGGAAGGAGAATG

RUNX2 From QIAGEN, QT00020517 101 bp

SMPD3 F: GCCTATCACTGTTACCCCAAC 108 bp
R: GACGATTCT TTGGTCCTGAGG

SMTN F: GAGTATGAGGAGCGCAAGC 86 bp
R: AACCTCCCAGCCAAGGTG

S0OX9 F: AGCTCTGGAGACTTCTGAACGAGA 99 bp
R: ACTTGTAATCCGGGTGGTCCTTCT

ALP indicates alkaline phosphatse; BMP2, bone morphogenetic protein 2;
BSP, bone sialoprotein; CHOPF, C/EBP-homologous protein; F, forward primer;
OPG, osteoprotegerin; OSX, Osterix; QPCR, quantitative polymerase chain reac-
tion; R, reverse primer; RUNX2, RUNX family transcription factor 2; SMTN,
smoothelin; SMPD3, sphingomyelin phosphodiesterase 3; and SOX2, SRY-box
transcription factor 9.

Quantitative Real-Time Polymerase Chain
Reaction

Quantitative polymerase chain reaction (PCR) was performed as
described before'" with primers listed in the Table. The quality
and concentration of RNA were measured using a Nanodrop ND
1000, only samples with a 260/280 ratio above 1.8 were used.

Arterioscler Thromb Vasc Biol. 2021;41:898-914. DOI: 10.1161/ATVBAHA.120.315506
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Calcification Assays

Cells were lysed with 0.1 M HCIL. Ca?" concentrations were
determined colorimetrically using the o-cresolphthalein assay
(adapted from Gitelman“®) and normalized to protein concentra-
tions. To visualize calcification, VSMCs were fixed and stained
with Alizarin Red S (adapted from Bancroft and Stevens*).

Alkaline Phosphatase Activity Assay

ALP activity in cell lysates was determined colorimetrically
using pNPP and normalized to protein concentration.

Extracellular Vesicle Isolation and Calcification
EVs were isolated by differential ultracentrifugation as
described before.'" EVs where isolated from 2 different frac-
tions (2000 g and 100000 g pellet) and equal amounts of EVs
from either fraction were used to study calcification in collagen-
coated wells. Calcification was quantified using o-cresolphtha-
lein, as described above.

Bead Capture Assay

Bead capture assays were performed as described before."
Anti-human CD63 antibody was immobilized on beads. VSMC
culture media was incubated with anti-CD63—coated. Beads
were incubated with anti-CD81-PE (phycoerythrin) antibodies
and analyzed by flow cytometry. Arbitrary Units were calculated
as mean fluorescence units x percentage of positive beads and
normalized to the number of VSMCs.

Electron Microscopy and Immunogold Labeling

For immunolabeling, VSMCs were fixed with 2% parafor-
maldehyde and 0.2% glutaraldehyde in 0.1 M PHEM (60
mM 1,4 piperazine diethylsulfonic acid [PIPES], 256 mM N-2-
hydroxyethylpiperazine NI-2-ethanesulfonic acid [HEPES], 10
mM EGTA, and 2 mM MgCl,, pH 6.9) buffer followed by wash-
ing in PB containing 50 mmol/L glycine, scraped in 1% gela-
tin, embedded in 12% gelatin, and infused in 2.3 M sucrose.
EVs were isolated by ultracentrifugation as described above
and pellets were fixed with 2% paraformaldehyde and 0.2%
glutaraldehyde in 0.1M PHEM buffer. After washing with PB
containing 50 mmol/L glycine, vesicles were embedded in
12% gelatin and infused in 2.3 M sucrose. For both cells and
EVs mounted in gelatin, blocks were frozen in liquid nitrogen.
Sections were prepared in an ultracryomicrotome (Leica EM
Ultracut UCB/FCB6, Leica Microsystems), collected with 2%
methylcellulose in 2.3 M sucrose, and incubated at room tem-
perature on drops of PBS for 60 minutes at 37 °C, followed
by 50 mmol/L gelatin in PBS for 10 minutes and 1% BSA in
PBS for 15 minutes at room temperature. Then, cell sections
were incubated with anti-Grp78/Grp94 coupled to protein-A
6 nm diameter colloidal gold (1:50, conjugated by Aurion to
anti-KDEL, SPA-827; Assay Designs) diluted in 1% BSA in
PBS. This was followed by washes with drops of PBS for 10
minutes, and 2 washes with distilled water. Cryosections with
EVs were incubated at room temperature on drops of PBS
for 60 minutes at 37°C, followed by 50 mmol/L gelatin in
PBS for 10 minutes and 1% BSA in PBS for 15 minutes at
room temperature. Then, they were incubated with mouse anti-
CD63 (1:5, BD Biosciences, 556019), rabbit anti-TSG101
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(1:5, Sigma, T5701) diluted in 1% BSA in PBS for 45 minutes.
After 3 washes with drops of PBS for 10 minutes, sections
were incubated for 20 minutes in protein-A coupled to 10 nm
diameter colloidal gold particles (1:50, CMC Utrecht) diluted
in 1% BSA. Sections were fixed with 1% glutaraldehyde in
PBS for 5 minutes, followed by 50 mmol/L gelatin in PBS for
10 minutes, and 1% BSA in PBS for 15 minutes. Then, they
were incubated with anti-Grp78/Grp94 coupled to protein-A
6 nm diameter colloidal gold (1:50, conjugated by Aurion to
anti-KDEL, SPA-827; Assay Designs) diluted in 1% BSA in
PBS. This was followed by washes with drops of PBS for 10
minutes, 2 washes of distilled water. Grids were embedded in
a thin layer of 1.8% methylcellulose (25 cP) containing 0.4%
uranyl acetate. As a control for nonspecific binding of the
colloidal gold-conjugated antibody, the primary antibody was
omitted. Sections were observed in an Electron Microscope
Tecnai T12 Spirit (Thermo Fisher Scientific) equipped with an
Eagle 4kx4k CCD (charge-coupled device) camera.

Data Analysis

All data represent 3 independent experiments, unless stated
otherwise. Data analysis was performed with pooled data
from male and female subjects, as we did not have suffi-
cient material for large enough groups to derive a meaning-
ful comparison between the sexes. Graphs show mean+SD
with individual data points. Normality of all data was tested
using the Shapiro-Wilks test. Variance was tested using the
F test alongside a t test and Brown-Forsythe test alongside
1-way ANOVA. Where appropriate t tests, 1-way ANOVA
with Tukey or Dunnett post hoc, and 2-way ANOVA with
Sidak correction for multiple comparison tests were per-
formed. When the data failed the equal variance or normality
tests, the nonparametric Mann-Whitney, 1-sample Wilcoxon
and Kruskal-Wallis tests were used, as indicated in figure
legends. Statistical analysis was performed in GraphPad
Prism 8.2.1. Statistical significance is indicated with aster-
isks: *P between 0.05 and 0.01, **P between 0.01 and
0.001, ™ F<0.001.

RESULTS

Increased Extracellular Grp78 and Grp94
Deposition in Calcified Human Vessels

We examined ER stress signaling in human arteries by
quantitative PCR and immunocytochemistry compar-
ing noncalcified with calcified arteries. The ER stress
markers PERK, ATF6, ATF4, CHOP (C/EBP-homolo-
gous protein), and Grp78 were all expressed in human
carotid and aortic samples. All markers showed a trend
towards reduced expression in early disease (fatty
streak lesions) and calcified arteries compared with
healthy, with the lowest expression in calcified arteries
(Table | in the Data Supplement; Figure 1A). This trend
was statistically significant for PERK.

As PCR analysis only gives a snapshot of gene
expression at a single time point, we used immunohis-
tochemistry to investigate deposition of downstream
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ER stress markers Grp78/Grp94 in normal and calci-
fied vessels (carotid and aortic sections from 22 donors,
Table Il in the Data Supplement; Figure 1B). Grp78/
Grp94 staining was detectable with 2 distinct localiza-
tion patterns; either intracellular or deposited in a punc-
tate pattern in the ECM in a pattern similar to previous
observations of EVs in the ECM.*® Although smaller types
of vesicles (exosomes) are too small to detect with regu-
lar light microscopy, these puncta might represent larger
microvesicles or vesicle aggregates, as aggregation has
recently been proposed to promote calcification.”® When
Grp78/Grp94 deposition was scored for each section a
clear increase in extracellular deposition of Grp78 and
Grp94 was observed in donors aged 40 to 60 years,
in sections with 76% calcification and in vessels with
stages IV to V of atherosclerosis/plaque type (accord-
ing to American Heart Association classification*; Fig-
ure 1C). These data suggest that calcification of both
intima and media coincides with changes in ER stress-
related gene expression and extracellular deposition of
ER stress chaperones.

ER Stress Enhances Calcification of VSMCs In
Vitro and Modifies VSMC Phenotype

To understand further the relationship between ER stress
and VC, VSMCs in vitro were treated with 2 ER stress
inducers, tunicamycin and thapsigargin. This resulted
in comprehensive activation of all 3 unfolded protein
response branches (IRE1, ATF6, PERK, and transcrip-
tion factors downstream of PERK—ATF4 and CHOR,
Figure 2A) and their target genes Grp78 and Grp94
(Figure 2B and 2C).

To examine whether induction of ER stress influenced
calcification, VSMCs were treated with calcifying media in
the presence of tunicamycin or thapsigargin (Figure 2D
and 2E). This resulted in increased calcification, which
could be blocked by the ER stress inhibitor PBA, a chem-
ical chaperone, which inhibits production of Grp78/94,%°
suggesting ER stress can promote calcification.

To examine the mechanisms promoting VSMC cal-
cification in response to ER stress, we first examined
the proportion of cells undergoing death (Figure 3A
through 3C). Tunicamycin and thapsigargin alone did
not change cell viability; however, calcifying media
significantly increased cell necrosis and this was
significantly decreased by tunicamycin and thapsi-
gargin. In the presence of Ca and P, tunicamycin did
not increase apoptosis and cell death rates were the
same in pairs of samples treated or not with ER stress
pathway modifiers suggesting increased calcification
in response to ER stress could not be attributed to
increased apoptosis.

Drawing on the similarities between bone forma-
tion and VSMC calcification, we examined whether ER
stress is involved in regulating expression of osteo/
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Figure 1. Vascular calcification is associated with changes in endoplasmic reticulum (ER) stress markers in human vasculature.
A, Quantitative real-time polymerase chain reaction analysis of ER stress markers in healthy, fatty streak, and calcified human aortas. AC, values
were calculated relative to GAPDH expression in corresponding samples. Graphs show individual data points and mean+SD, n=10 for each
group, ANOVA with Tukey post hoc test (PERK [PKR (protein kinase RNA)-like ER kinase]) or Kruskal-Wallis test (ATF [activating transcription
factor] 4, CHOP [C/EBP-homologous protein], ATF6, Grp78 [glucose-regulated protein, 78 kDal) were performed. B, Inmunohistochemical
analysis of Grp78 and Grp94 expression in artery samples from human donors. Arrows indicate extracellular, punctate Grp78/Grp94 staining.
Scale bars are 50 ym. C, Quantification of Grp78 and Grp94 expression scores. Calcification was scored based on von Kossa staining.
Graphs show mean+SD and individual data points. Statistical significance between atherosclerosis plaque types and Ca?* deposition groups
was tested using 2-way ANOVA. Dots denote individual data points, *P<0.05, **£<0.01, ***P<0.001.

chondrogenic genes in VSMCs. Quantitative real-time ~ morphogenetic protein 2], SOX9 [SRY-box transcrip-
PCR revealed a complex pattern of gene expression.  tion factor 9]), others were upregulated (OSX [Osterix],
While some genes were downregulated (BMP-2 [bone  ALP, BSP [bone sialoprotein]) or unchanged (Figure 3D),

Arterioscler Thromb Vasc Biol. 2021;41:898-914. DOI: 10.1161/ATVBAHA.120.315506 February 2021 903

=
—
=
=
(—)
=
==
=
(7]
(]
m
=3
()
m
(7]
1

—




f—
1
(7]
L
(]
—
=
[
o
—
=T
—
=]
=
(7]
—
=T
(-
—

Furmanik et al

ER Stress Mediates VSMC Calcification via Grp78

A IRE1 ATF6 PERK ATF4 CHOP
5- * 61 5 @ 5- s *kdk ,-.50- *:*
- = = - . £
o I 44 o L o L 44 o T 44 0040'
&5 gga{ 7 25 28 ) £ % 30-
S 3 £3 233 £ 5™ 59
o= 2 T ® 5 ¥ 24 o o B §201 =
25 3 K 21 2w ok 2E
L& 1 A 2w g 211 107
0- 0- N 04 0- 0- s o
N O v
«Q)’«Q&O é@'& B\ Q&«@«O Q_\/«Q‘«O A A
Grp78 Grp94
B CTRL TM TG c . : 7.
Grpo4 | 100 54 61 T
Grp78 [ cmm— ——_75 gg 4 §,§ 51 .
s & s < 44
59 3 58,
) T o 5
GAPDH [ s s—— 37 SE 2 ‘I1° 25 -
= 1< 1-
c T T T c T T T
(@)
D E
CTRL ™ TG Ca+P b *
160
A
'§ 1404
e *
S 120- S
g) *k .
& 100- —
8 .
o 80-
E
g 60 ¢
[
£ 401 * T
o .
™ TG S 20 : .
™ Ca+P || TG Ca+P o i P | . .
ca+P || PBA || ca+P || PBA - ; - - - '
o@ ;\Q o'b ”,\0
Q Q
< <

Figure 2. Endoplasmic reticulum (ER) stress increased calcification of human primary vascular smooth muscle cells (VSMCs)
in vitro.

Cells were treated with 0.4 pg/mL tunicamycin (TM) or 0.2 ug/mL thapsigargin (TG) for 24 h, in M199 with 0.5% FBS. A, Quantitative real-
time polymerase chain reaction analysis of ER stress marker activation in VSMCs. Statistical significance was tested with 1-sample Wilcoxon
(ATF [activating transcription factor] 4, ATF6) and t tests (IRE [inositol-requiring protein] 1, PERK [PKR (protein kinase RNA)-like ER kinase],
CHOP [C/EBP-homologous protein]). B, Western blot and quantification showing increased levels of ER stress markers Grp78 (glucose-
regulated protein, 78 kDa) and Grp94 and (C) quantification. Statistical significance was tested with t tests. D, Calcification assay; Alizarin Red
S staining. Cells were treated with 2.7 mmol/L Ca**, 2.5 mmol/L PO,* (CaP), 0.04 ug/mL TM or 0.01 pg/mL TG, 0.5 mmol/L 4-phenylbutyric
acid (PBA) for 8 d in M199 with 5% FBS. E, Calcification quantified with the o-cresolphthalein assay. Graph shows mean+SD and individual
data points, statistical significance was tested with ANOVA with Tukey post hoc tests. CTRL indicates control. Dots denote individual data
points, *<0.05, **P<0.01, ***P<0.001.

whereas some showed different responses to tunicamy-
cin and thapsigargin (Runx2 [RUNX family transcription
factor 2], OPG [osteoprotegerin]; Figure A in the Data
Supplement). As ALP was consistently upregulated and is
an early indicator of osteogenic differentiation, we exam-
ined its protein expression and activity. Both tunicamycin
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and thapsigargin increased protein expression, however,
this did not translate into higher activity levels, and the
induction could not be blocked by PBA. Taken together,
these data suggest ER stress does not induce calcifica-
tion via regulation of osteogenic processes (Figure 3E,
Figure 1B through ID in the Data Supplement).
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Figure 3. Endoplasmic reticulum (ER) stress modulated vascular smooth muscle cell (VSMC) phenotype.

A-C, VSMCs were treated with 2.7 mmol/L Ca?*, 2.5 mmol/L PO,%, 0.04 ug/mL tunicamycin (TM), or 0.01 ug/mL thapsigargin (TG), 0.5 mmol/L
4-phenylbutyric acid (PBA) for 8 d in M199 with 5% FBS. Cell death was analyzed with the NucleoCounter NC-3000 using a FLICA caspase assay
and propidium iodide staining, where cells are described as healthy, apoptotic, or necrotic. Graph shows mean+SD and individual data points,
ANOVA with Tukey post hoc test was performed. Statistical significance is marked for Ca+P vs Ca+P and TM/TG or as indicated with brackets. D,
VSMCs were treated with 0.4 pg/mL TM or 0.2 ug/mL TG for 24 h. Osteogenic gene expression in response to ER stress was analyzed by real-time
polymerase chain reaction (PCR). Graphs show mean+SD, 1-sample t tests (BMP-2 [bone morphogenetic protein 2], SOX9 [SRY-box transcription
factor 9], BSP [bone sialoprotein]), and 1-sample Wilcoxon tests (OSX [Osterix], ALP [alkaline phosphatase]) were performed. E, VSMCs were
treated with 2.7 mmol/L Ca?*, 2.5 mmol/L PO,*, 0.04 ug/mL TM or 0.01 pg/mL TG, 0.5 mmol/L PBA for 8 d in M199 with 5% FBS. ALP activity
was measured using a colorimetric assay. Graph shows mean+SD and individual data points, Kruskal-Wallis test was performed. F, Analysis of
SM22a. (smooth muscle protein 22a) and SMTN (smoothelin) expression by real-time PCR. One-sample t tests were performed. G, Representative
western blots of CNN1 (calponin 1), SM22a, and p-MLC (phosphorylated myosin light chain) and H, quantifications. Graphs show mean+SD and
individual data points, 1-sample t tests were performed. CTRL indicates control. Dots denote individual data points, *£<0.05, **£<0.01, ***P<0.001.
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Figure 4. Endoplasmic reticulum (ER) stress—induced vascular smooth muscle cell (VSMC) calcification is mediated by
extracellular vesicle (EV) release and Grp78 (glucose-regulated protein, 78 kDa).

A, Quantification of EV release using a bead capture assay. VSMCs were treated 0.01 to 0.1 pg/mL tunicamycin (TM) or 0.01 to 0.1 pg/mL
thapsigargin (TG) for 24 h in M199 with 0.5% FBS. Statistical significance was tested with ANOVA. B, SMPD3 (sphingomyelin phosphodiesterase
3) mRNA expression measured by real-time polymerase chain reaction. VSMCs were treated 0.1 ug/mL TM or 0.1 pg/mL TG for 24 h. Statistical
significance was tested with 1-sample ¢ tests. C, SMPD3 inhibitor spiroepoxide blocks ER stress-enhanced VSMC calcification. (Continued)
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However, examination of contractile protein expres-
sion showed that ER stress decreased SMC-specific
contractile markers SM22a, SMTN (smoothelin), CNN1,
and p-MLC (Figure 3F through 3H), indicative of VSMC
phenotypic modulation to a synthetic phenotype. This is
in line with a recent study showing a negative correlation
between ER stress signaling and myocardin-driven phe-
notype regulation.?’

ER Stress Increases EV Release and Influences
Cargo Loading

Phenotypic modulation of VSMCs has been linked to
the induction of EV release, an early event in calcifica-
tion."%2754 Moreover, we previously reported the pres-
ence of ER-resident proteins in VSMC-derived EVs
including chaperones (Hsp70 [heat shock protein, 70
kDal, Grp94, Grp78), and the punctate extracellular pat-
tern of Grp78 deposition in calcified arteries was con-
sistent with vesicle-mediated calcification.*® Therefore,
we tested the effect of ER stress on VSMC EV release
and cargo loading. Both tunicamycin and thapsigargin
increased EV release up to 5-fold (Figure 4A), and this
was accompanied by increased expression of SMPD3
(Figure 4B), a key regulator of EV release. Importantly,
the SMPD3 inhibitor spiroepoxide blocked ER stress-
enhanced VSMC calcification, suggesting EVs were
mediating ER stress—induced calcification (Figure 4C).
To assess whether EVs released in response to ER
stress have increased calcification capacity, we per-
formed in vitro calcification assays. The 100000 g
pellets of EVs (enriched for exosomes'") isolated from
cells treated with tunicamycin and control cells were
placed in collagen-coated wells in the presence of
calcifying media. We found that EVs from tunicamycin-
treated cells had a higher propensity to calcify com-
pared with EVs from vehicle-treated cells (Figure 4D;
Figure IIA through IIC in the Data Supplement). We also
observed that PBA, which decreased calcification, also
decreased Grp78 expression in VSMCs (Figure 4E and
4F). This suggested that Grp78, which was previously

ER Stress Mediates VSMC Calcification via Grp78

shown to nucleate mineral,®® could be responsible for
the increased calcification capacity of EVs. Indeed,
western blot showed that Gpr78 loading into both
the 2000 g and 100000 g pellets of EVs (apoptotic
bodies and exosomes, respectively) was increased in
response to ER stress (Figure 4G and 4H, Figure 11D
through IIF in the Data Supplement). Grp94 loading to
EVs was also increased but not significantly.

Electron microscopy confirmed the specificity of
Grp78/Grp94 loading into TSG101- and CD63-pos-
itive EVs from the 100000 g pellet (Figure 41). We
found Grp78/Grp94 in small vesicles (consistent with
exosomes, 20-100 nm) but predominantly in larger
vesicles (microvesicles, 200—1000 nm). Of note, not
all EVs were positive for TSG101, CD63, or Grp78/
Grp94, which reflects their heterogeneity (Figure
IIIA in the Data Supplement). Electron microscopy of
VSMCs stained for Grp78/Grp94 shows that addi-
tional to the expected ER staining, Grp78/Grp94 were
also present in multivesicular bodies, further support-
ing specific loading of the chaperones into EVs (Fig-
ure IlIA in the Data Supplement). Dot blot analysis
of EVs with and without lysis suggested that Grp78/
Grp94 are present both inside and on the surface
of EVs, with possibly a larger amount on the surface
(Figure 4J). As expected, we found more TSG101
inside EVs than on the surface, and no difference in
CD63. To confirm a role for Grp78 in calcification, we
used siRNA to knock-down Grp78 which resulted in
decreased calcification of VSMCs (Figure 4K, Figure
I11B in the Data Supplement).

Warfarin Induces EV Release via a Specific ER
Stress Pathway

Warfarin is known to be a potent inducer of calcifi-
cation, as it inhibits vy-carboxylation of calcification
inhibitors,®® which occurs within the ER. Therefore, we
next tested whether warfarin could induce ER stress.
We treated human primary VSMCs with warfarin and
found that ATF4 mRNA was upregulated in response

Figure 4 Continued. VSMCs were treated with 0.5 pmol/L spiroepoxide, 0.05 ug TM and 2.7 mmol/L Ca* and 2.5 mmol/L PO,* for 5 d in 5%
FBS. Statistical significance was tested with ANOVA. D, EVs from VSMCs treated with TM have a higher propensity to calcify. Pellet (100000g)

EVs were isolated by ultracentrifugation and equal amounts (protein) were calcified on a collagen matrix with 2.7 mmol/L Ca*" and 2.5 mmol/L PO *.
Statistical significance was tested with 1-sample ¢ test. E and F, Western blot and quantification, showing that 4-phenylbutyric acid (PBA), which
decreases ER stress-induced calcification, decreases Grp78 (glucose-regulated protein, 78 kDa) expression in VSMCs. VSMCs were treated with
0.1 pg/mL TM and 1 mmol/L PBA for 24 h. Statistical significance was tested with ANOVA. G and H, Western blot showing Grp78 is increased in
EVs released from cells treated with ER stress inducers. VSMCs were treated with 0.2 pg/mL TM or TG in phenol red-free DMEM with 0.1% bovine
serum albumin (FBS free); EVs were isolated from culture media by ultracentrifugation. Statistical significance was tested with 1-sample ¢ tests. I, EVs
were isolated by ultracentrifugation (100000g), immunogold staining, and electron microscopy was carried out on sections of fixed EV pellets. Grp78/
Grp94 (6 nm gold) are localized in EVs of various sizes expressing CD63 and TSG101 (tumor susceptibility gene 101 protein; both 10 nm gold).
Scale bars are 100 nm. J, Dot blot showing Grp78/Grp94 is detected predominantly on the surface of EVs (samples without detergent). TSG101 and
CD63 were used as positive and negative control, respectively. EVs were isolated by ultracentrifugation from primary VSMCs culture supernatants.
Representative blots from n=3 experiments. K, siRNA (short interfering RNA) knock-down of Grp78 decreases calcification of VSMCs treated with
2.7 mmol/L Ca** and 2.5 mmol/L PO,* for 18 h. Cells were treated with Grp78 siRNA or control siRNA 24 h before applying calcification media.
Calcification was quantified with o-cresolphthalein assay. Statistical significance was tested with ¢ test. All graphs show mean+SD and individual data
points. AU indicates arbitrary units; and CTRL, control. Dots denote individual data points, *P<0.05, **P<0.01, ***<0.001.
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Figure 5. Warfarin-mediated endoplasmic reticulum (ER) stress induces extracellular vesicle (EV) release in a PERK (PKR
[protein kinase RNA]-like ER kinase)-dependent manner.

A, Real-time polymerase chain reaction analysis of ER stress markers in vascular smooth muscle cells (VSMCs) treated with 10 pM warfarin for
8 d in M119 with 5% FBS. Statistical significance was tested with 1-sample t tests. B and C, Western blot showing that warfarin induces Grp78
(glucose-regulated protein, 78 kDa) and Grp94 expression in human VSMCs in vitro. Cells were treated with 10 pM warfarin for 24 h in M199
with 0.5% FBS. Statistical significance was tested with ANOVA. D and E, Western blot showing that warfarin induces PERK phosphorylation in
human VSMCs in vitro. Cells were treated with 50 uM warfarin for 1 h in M199 with 0.5% FBS. Statistical significance was tested with ¢ test. F,
ER stress inhibitor 4-phenylbutyric acid (PBA) decreased warfarin-enhanced calcification of VSMCs. Cells were treated with 2.7 mmol/L Ca?*,
2.5 mmol/L PO,*, 0.5 mmol/L PBA and 10 uM warfarin for 8 days in M199 with 5% FBS. Statistical significance was tested with ANOVA. G,
Quantification of EV release using a bead capture assay. Cells were treated with 50 uM warfarin with or without ER stress inhibitors GSK (10
pumol/L GSK2656157) or CB53 (25 pmol/L CB5305630) for 24 h in M199 with 0.5% FBS. Statistical significance was tested with ANOVA.
H-J, Western blot showing that GSK, but not CB53, can inhibit a warfarin-induced Grp78 increase. Statistical significance was tested with
ANOVA. All graphs show mean+SD and individual data points. ATF indicates activating transcription factor; AU, arbitrary units; CHOP, C/
EBP-homologous protein; CTRL, control; IRE, inositol-requiring protein; pPERK, phosphorylated PKR (protein kinase RNA)-like ER kinase; TM,
tunicamycin; and Warf, warfarin. Dots denote individual data points, *£<0.05, **£<0.01, ***<0.001.

(Figure BA). Western blot showed increased Grp78  As we ruled out effects of warfarin on oxidative stress
but not Grp94 expression in response to warfarin  (Figure V in the Data Supplement), these data suggest
(Figure 5B and 5C), as well as a transient increase in ER stress mediates in part the procalcific effects of
PERK phosphorylation (Figure 5D and BE, Figure IVA  warfarin.

in the Data Supplement). However, we observed no Next, we measured EV release in warfarin-treated
consistent increase of Grp78 loading into EVs (Figure ~ VSMCs and its regulation by ER stress signaling. War-
IVB and IVC in the Data Supplement). Treating cells  farin increased EV release by VSMCs, and this was
with PBA blocked warfarin-induced calcification of  blocked by a PERK inhibitor, which acts upstream of
VSMCs cultured in calcifying conditions (Figure 5F). ATF4 (Figure B5G). The PERK inhibitor also blocked
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Figure 6. Warfarin induces endoplasmic reticulum stress in vivo.

A, Warfarin increased calcification, Grp78 (glucose-regulated protein, 78 kDa)/Grp94, and ATF (activating transcription factor) 4 expression
in rat aortic wall. Rats were fed 3 mg warfarin and 1.5 mg vitamin K1 per 1 g of food for 1 or 4 wk, n=3 was analyzed in each group,
representative images shown. Arrows indicate extracellular, punctate Grp78/Grp94 staining. B and C, Western blot of Grp78 and Grp94 in
aortas of rats fed with warfarin for 11 days, n=3. Statistical significance was tested with 1-sample t tests. CTRL indicates control. Dots denote
individual data points, *£<0.05, **P<0.01, ***<0.001.

the warfarin-induced increase in Grp78 expression
(Figure 5H through 5J). In contrast, an IRE1 inhibi-
tor had no effect on EV release or Grp78 levels (Fig-
ure BH through 5J, Figure VI in the Data Supplement)
suggesting specific involvement of the PERK-ATF4
ER stress pathway.

Arterioscler Thromb Vasc Biol. 2021;41:898-914. DOI: 10.1161/ATVBAHA.120.315506

Next, we set out to assess by immunohistochemis-
try whether ER stress was induced in an animal model
of warfarin-induced medial VC (Figure 6A). Aortas from
control rats showed no calcification, expressed Grp78/
Grp94 which showed an intracellular localization, and
showed no ATF4 staining. Rats treated with warfarin
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for 1 week showed no calcification but had increased
Grp78/Grp94 and markedly elevated nuclear ATF4
expression. At this stage, some deposition of Grp78/
Grp94 in the ECM was also observed. After 4 weeks of
warfarin treatment, aortas were calcified and rounded
puncta of Grp78/Grp94 in the ECM were clearly appar-
ent, with reduced intracellular staining at sites of calcifi-
cation. Increased expression of Grp78/Grp94 and ATF4
was observed in calcified areas and increased expres-
sion of Grp78 (and not Grp94) in aortas of rats treated
with warfarin was confirmed by Western blotting (Fig-
ure 6B and 6C).

Since we show that warfarin induces ER-mediated
changes that lead to VSMC calcification, we also inves-
tigated whether ER stress mediates the well-known y-
carboxylation inhibiting effects of warfarin. Expression of
total, carboxylated, and uncarboxylated MGP was mea-
sured in response to ER stress (Figure VIl in the Data
Supplement), and no changes were observed. This sug-
gests that disruption of ER function does not translate
into decreased protein carboxylation.

DISCUSSION

Increased Deposition of Grp78 and Grp94 in
Calcified Human Arteries

This study is the first to comprehensively examine expres-
sion of ER stress markers in human vascular tissue. We
observed that mRNA expression of ER stress markers
was decreased in fatty streak and calcified human aor-
tic samples compared with healthy, suggesting there is
dysregulation of homeostatic ER stress signaling dur-
ing disease development. We also observed increased
extracellular deposition of Grp78 and Grp94 at sites of
calcification, consistent with the presence of Grp78 in
EVs and its role in promoting calcification. To the best
of our knowledge, only one other study has examined
the expression of ER stress markers in human arteries®
showing upregulation of Grp78 and Grp94 in vessels
from aneurysm patients supporting our conclusion that
vascular disease is associated with changes in ER stress
signaling components.

ER Stress Enhances VSMC Calcification In Vitro
but Not via Apoptosis

We demonstrated that ER stress can be induced in human
primary VSMCs in vitro by tunicamycin and thapsigargin
and that all 3 branches of the UPR were activated.?%3'%%
We also showed that the addition of ER stress inducers
enhanced VSMC calcification, but consistent with previ-
ous studies in rodent models, tunicamycin, and thapsi-
gargin alone did not induce calcification.3032333637

ER stress-mediated apoptosis has been reported in
some models of VC3034-36; however, it was not involved in
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ER stress-enhanced calcification in response to elevated
calcium and phosphate. On the contrary, thapsigargin
decreased the rate of apoptosis and both tunicamycin
and thapsigargin protected VSMCs from necrosis. These
findings may be due to differences between in vivo and
in vitro models or different ER stress inducers and sug-
gests that ER stress can mediate both prosurvival and
procalcification signaling, depending on the patho/physi-
ological context. Indeed, several reports showed a pro-
tective role for ER stress in vascular disease, and this is
consistent with the reduction in ER stress signaling we
observed in diseased tissue samples.58-%

ER Stress Modulates VSMC Phenotype

Tunicamycin and thapsigargin treatments changed
expression of almost all examined osteo/chondrogenic
genes in VSMCs causing decreased as well as increased
expression. However, ALP activity was not increased by
ER stress despite increased mRNA and protein levels
with activation required to form a functional enzyme.®’
This finding is in contrast to osteo/chondrogenic differ-
entiation in bone, where these proteins are expressed
in a concerted manner, with many directly regulated by
ER stress signaling.'®? The apparently chaotic pattern
of osteogenic gene expression observed in VSMCs in
response to ER stress may reflect activation via aberrant
signals and their expression is unlikely to play a role in
the accelerated calcification observed in response to ER
stress. This is in line with literature showing that osteo-
genic differentiation might not be the primary mechanism
of calcification in all contexts.®®

In contrast to osteogenic gene expression, VSMC con-
tractile marker expression was uniformly downregulated
by tunicamycin and thapsigargin treatments (SM22a and
SMTN mRNA and p-MLC protein) supporting the notion
that ER stress promotes de-differentiation of VSMCs to
a synthetic phenotype.®

ER Stress Increases Release of Grp78-Loaded
EVs

In our study, we focused on EVs isolated in the 2000
g and 100000 g pellets, which correspond to apoptotic
bodies and exosomes, respectively, as both were previ-
ously implicated in mediating calcification.”'*® We identi-
fied a novel role for ER stress in mediating increased
EV release by VSMCs consistent with their transition
to a synthetic phenotype (loss of contractile markers
and increased SMPD3 expression). Our study confirms
a link between EV release and ER stress, which was
reported in other cell types® and in VSMCs subjected
to mechanical stress.?® Importantly, ER stress was also
associated with increased levels of Grp78 in EVs. Grp78
has been shown to function on the cell surface in other
cell types®® and to facilitate calcium phosphate crystal

Arterioscler Thromb Vasc Biol. 2021;41:898-914. DOI: 10.1161/ATVBAHA.120.315506
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Figure 7. Endoplasmic reticulum (ER) stress-mediated extracellular vesicle (EV) release and Grp78 (glucose-regulated protein,
78 kDa) deposition in the ECM (extracellular matrix) promote vascular smooth muscle cell (VSMC) calcification.

ER stress induces loading of Grp78 into EVs. Warfarin induces the PERK (PKR [protein kinase RNA]-like ER kinase)-ATF (activating
transcription factor) 4 branch of the unfolded protein response, which via this pathway increases EV release. Increased EV release and the
presence of Grp78 lead to VSMC calcification elF2a indicates eukaryotic translation initiation factor 20.

formation on a collagen matrix, due to its presence on
the surface of osteoblasts.%®%” Our results suggest that
it elicits the same effect when loaded into EVs. Because
we did not observe Grp78 expression on the surface of
VSMCs (data not shown), its procalcification properties
demonstrated in the siRNA knock-down experiment are
most likely due to it being secreted into the ECM and this
is consistent with increased extracellular deposition of
Grp78/Grp94 in calcified human arteries.

To exclude the possibility that Grp78 co-isolates with
EVs during isolation by differential ultracentrifugation,®®
we performed electron microscopy, which unequivocally
shows Grp78/Grp94 staining associated with EVs and
MVBs. Additionally, online EV database EVpedia® lists
608 studies (on April 11, 2019), which identified Grp78
in EV samples derived from human material, confirming
that this protein is indeed specifically loaded into vesicles.

In many experiments, we observed upregulation of
Grp94 expression in response to ER stress induced
by tunicamycin or thapsigargin and warfarin, alongside
Grp78. We also found increased Grp94 loading into EVs
of cells treated with ER stress but less consistent than
for Grp78. However, we cannot exclude the possibility
that some of the effects of ER stress that we observed
were due to increased Grp94 expression, whose min-
eralization-promoting properties are unknown. Grp78 is
hypothesized to nucleate mineralization via calcium and
collagen | binding.®® Although Grp94 is also a calcium-
binding protein™ found in mineralizing EVs/" its ECM
protein-binding capabilities have not been investigated.

Arterioscler Thromb Vasc Biol. 2021;41:898-914. DOI: 10.1161/ATVBAHA.120.315506

Warfarin Induces VSMC Calcification via ER
Stress-Dependent EV release

Warfarin is an oral anticoagulant commonly administered
to patients that suffer from hypercoagulability.” Warfarin
inhibits VKORC1 (vitamin K epoxide reductase complex
subunit 1) thereby diminishing available vitamin K, which
is a required cofactor for protein carboxylation.” Warfarin
promotes VC as it inhibits carboxylation of the endog-
enous calcification inhibitor MGR.'® The link between
warfarin and ER stress has not been examined before,
even though it is known that protein carboxylation occurs
within the ER™ We show here that warfarin induces
expression of Grp78, Grp94, and ATF4 in rat aortas and
in human VSMCs in vitro. Additionally, warfarin increased
VSMC calcification in vitro in an ER stress-dependent
manner. We found that warfarin-induced EV release, an
effect mediated by the PERK-ATF4 branch of the UPR.
However, increased Grp78 loading into EVs was not
observed as a result of warfarin treatment most likely
due to warfarin acting specifically via the PERK-ATF4
branch of the UPR and only having a modest effect on
upregulation of Grp78, in contrast to tunicamycin/thap-
sigargin, which strongly induce all 3 branches. Addition-
ally, it is possible that the short time point of our in vitro
experiments did not allow for sufficient Grp78 accumu-
lation in EVs in vitro. However, the punctate pattern of
Grp78/Grp94 staining in warfarin-fed rat aortas is con-
sistent with Grp78 accumulation in EVs.

Conclusions

We provide evidence that ER stress-mediated EV release
and Grp78 deposition in the ECM promote calcification
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(Figure 7). We show that ER stress induces changes in
osteogenic gene expression and contractile VSMC phe-
notype loss. Both of these are known to be associated
with increased EV release, and our results provide further
evidence that ER stress is involved. We also show that
warfarin induces the PERK-ATF4 branch of the UPR,
which has previously been implicated in VC, and via this
pathway increases EV release and VSMC calcification.
This study is the first, to our knowledge, to show that
warfarin induces ER stress and to link ER stress to cargo
loading of EVs.

The next important steps would be investigating the
molecular events that lead from ER stress activation
to increased EV release and Grp78 loading into EVs.
Because inhibiting ER stress has been recently described
to attenuate VC in animal models " ER stress path-
ways might represent a new therapeutic possibility.
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