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Abstract

Background Although vasospastic angina (VSA) is known to be caused by coronary artery spasm, no study has fully
elucidated the exact underlying mechanism. Moreover, in order to confirm VSA, patients should undergo invasive cor-
onary angiography with spasm provocation test. Herein, we investigated the pathophysiology of VSA using peripheral
blood-derived induced pluripotent stem cells (iPSCs) and developed an ex vivo diagnostic method for VSA.

Methods and results With 10 mL of peripheral blood from patients with VSA, we generated iPSCs and differenti-
ated these iPSCs into target cells. As compared with vascular smooth muscle cells (VSMCs) differentiated from

iPSCs of normal subjects with negative provocation test, VSA patient-specific iPSCs-derived VSMCs showed very
strong contraction in response to stimulants. Moreover, VSA patient-specific VSMCs exhibited a significant increase
in stimulation-induced intracellular calcium efflux (Changes in the relative fluorescence unit [AF/F]; Control group
vs. VSA group, 2.89+0.34 vs. 10.32+£0.51, p<0.01), and exclusively induced a secondary or tertiary peak of calcium
efflux, suggesting that those findings could be diagnostic cut-off values for VSA. The observed hyperreactivity of VSA
patient-specific VSMCs were caused by the upregulation of sarco/endoplasmic reticulum Ca’*-ATPase 2a (SERCA2a)
due to its enhanced small ubiquitin-related modifier (SUMO)ylation. This increased activity of SERCA2a was reversed
by treatment with ginkgolic acid, an inhibitor of SUMOylated E1 molecules (pi/ug protein; VSA group vs. VSA 4+ gink-
golic acid, 52.36£0.71 vs.31.93£ 1.13, p<0.01).

Conclusions Our findings showed that abnormal calcium handling in sarco/endoplasmic reticulum could be
induced by the enhanced SERCA2a activity in patients with VSA, leading to spasm. Such novel mechanisms of coro-
nary artery spasm could be useful for drug development and diagnosis of VSA.
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Background

Coronary artery spasm plays an important role in vasos-
pastic angina (VSA) and can manifest through diverse
clinical features, including angina pectoris, acute coro-
nary syndrome, and sudden cardiac death [1-5]. Coro-
nary artery spasm can occur not only in normal arteries,
but also in fixed atherosclerotic lesions [6]. Moreover, it
can be induced by exercises or stress conditions [6]. Since
all of these characteristics make a diagnosis of coronary
artery spasm very difficult, overlooked spasm in patients
with VSA could result in fatal complications such as ST-
segment elevation myocardial infarction or fatal ventric-
ular arrhythmia, which lead to sudden cardiac death [3,
7-10]. In order to prevent such fatal outcomes, pharma-
cological treatments as well as cardioverter defibrillator
implantation have been attempted [11].

Until now, vascular smooth muscle cells (VSMCs)
hypersensitivity or endothelial cells (ECs) dysfunc-
tion are known possible mechanism for coronary artery
spasm [12, 13]. However, there have been no studies
to elucidate the exact underlying mechanism of coro-
nary artery spasm in terms of cell-biologic and molecu-
lar aspect. Moreover, in order to confirm VSA, patients
should undergo invasive spasm provocation test during
coronary angiography. From 10 mL of peripheral blood,
we recently isolated and cultured human endocardium-
derived circulating multipotent stem (CiMS) cells, which
could be easily reprogrammed and differentiated into
target tissue cells including vascular cells [14]. Using this
method, we aimed to develop more simple and practi-
cal diagnostic method. Here, we investigated the bio-
logic mechanism of VSA using peripheral blood-derived
induced pluripotent stem cells (iPSCs) and developed an
ex vivo diagnostic method for VSA.

Materials and methods

All human samples were obtained with written informed
consent after the approval by the Institutional Review
Board (IRB) of Seoul National University Hospital
(H-0908-036-290). All animal experiments were per-
formed after receiving approval from the Institutional
Animal Care and Use Committee (IACUC) of Clinical
Research Institute in Seoul National University Hospital
and complied with the National Research Council (NRC)
‘Guidelines for the Care and Use of Laboratory Animals’
(SNU-100106-2). The characteristics of subjects are
summarized in Supplemental Table S1 (normal control
n=13; vasospastic angina n=15). Coronary angiography
of all subjects included in our study showed insignificant
coronary stenosis. During coronary angiography with a
provocation test using ergonovine, we checked all of the
following in response to the stimulus: 1) >90% vasocon-
striction on coronary angiography 2) reproduction of
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the usual chest pain 3) ischemic ECG change. Peripheral
blood samples were obtained from VSA patients before
angiography.

Peripheral blood mononuclear cells (PBMNCs) isolation
and circulating multipotent stem (CiMS) cell cultures
Human peripheral blood samples (10 mL) were obtained
from blood donors with informed consent. PBMNCs
were isolated from the blood samples via density gradi-
ent centrifugation with Ficoll-Paque PLUS (GE Health-
care, Piscataway, NJ). The blood samples were diluted
with 20 mL room temperature phosphate-buffered saline
(PBS) and gently inverted several times. A 30 mL layer
of diluted human peripheral blood was carefully formed
above 12 mL of Ficoll-Paque PLUS (GE Healthcare, Pis-
cataway, NJ) in a 50 mL conical tube. This was followed
by centrifugation at 2500 rpm for 30 min at 20 °C without
any brakes. The upper layer was subjected to aspiration,
and the mononuclear cell layer was carefully transferred
to a new 50 mL conical tube. The tube was filled with
cold PBS, gently mixed, then centrifuged at 1800 rpm for
10 min at 4 °C. The supernatant was thoroughly removed
and the cell pellet was washed with cold PBS by centri-
fuging at 1800 rpm for 10 min at 4 °C.

Freshly isolated mononuclear cells were suspended
with the EGM-2MV BulletKit system (Lonza, Basel),
which contains endothelial basal medium-2, 5% fetal
bovine serum (FBS), human epidermal growth fac-
tor (hEGF), vascular endothelial growth factor (VEGF),
human fibroblast growth factor-basic (hFGF-B), insulin
growth factor-1 (R3-IGF-1), and ascorbic acid. Mono-
nuclear cells were seeded on non-coated six-well plates
(Sigma, St. Louis, MO) at 6 x 10° cells/6-well and incu-
bated in a 5% CO, incubator at 37 °C. CiMS cells were
cultured as described in a previous study [14]: in brief,
the medium was changed daily for up to 2 weeks after
plating. Adherent CiMS cells were observed as early as
3 days after the start of the culture, gradually forming
colonies. CiMS cell colonies grown in the culture were
maintained with EGM-2MV media and sub-cultured
using 0.05% Trypsin—EDTA solution (Invitrogen, Carls-
bad, CA). CiMS cells were passaged every 3 to 4 days.

Retro virus infection and iPSCs generation

Human embryonic kidney (HEK) 293 T cells were plated
at 1 x 10° cells/100 mm-dish and incubated overnight. In
the following day, the cells were transfected with pMXs
vectors using polyethylenimine (Polyscience, Warrington,
PA) as a transfection reagent. 48 h after transfection, the
medium was collected as the first virus-containing super-
natant and replaced with a fresh medium, which was
collected after 24 h as the second virus-containing super-
natant. Normal- and VSA- CiMS cells were seeded at
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5 x 10° cells/6-well 1 day before transduction. The virus-
containing supernatants were filtered through a 0.22 mm
pore-size filter and concentrated using ultrahigh centrif-
ugation at 25,000 rpm for 90 min. Viral supernatant was
supplemented with 10 pg/mL polybrene (Sigma-Aldrich,
St. Louis, MO). Equal amounts of supernatants contain-
ing each of the four retroviruses were mixed, transferred
to the CiMS cell dish, and incubated overnight. 24 h
after transduction, the virus-containing medium was
replaced with EGM-2MV medium (Lonza, Basel). 6 days
after transduction, CiMS cells were harvested by trypsi-
nization and re-plated at 2.5 x 10° cells/35 mm dish on
an STO feeder cell layer. 2 days later, the medium was
replaced with Primate ES Cell Medium supplemented
with 10 ng/mL basic fibroblast growth factor (bFGE).
The medium was changed every other day. 14 days after
transduction, colonies were picked up and transferred
into 2 mL of Primate embryonic stem (ES) cell medium.
The colonies were mechanically dissociated into small
clumps via pipetting. The cells were transferred on STO
in 6-well plates.

Intracellular calcium measurement

Normal control- and VSA patient-derived VSMCs were
cultured and dissociated in 0.25% Trypsin—EDTA solu-
tion (Invitrogen, Carlsbad, CA). The VSMCs were seeded
at a concentration of 5 x 10* cells/well on collagen type
IV (Sigma-Aldrich, St. Louis, MO)-coated 35 mm-confo-
cal dishes (ibidi, Gréfelfing) in human VSMCs differentia-
tion media and incubated at 37 °C. The cells were loaded
with 1 puM Fluo-4 (Invitrogen, Carlsbad, CA) in PBS con-
taining 1% FBS (Invitrogen, Carlsbad, CA), and 2.5 mM
probenecid (Sigma-Aldrich, St. Louis, MO). Cells were
incubated with Fluo-4 dye mixture at 37 °C for 15 min,
which was then left for 15 min at room temperature to
allow for the de-esterification of the indicator. Cells were
washed with PBS and replaced with 1.5 mL PBS contain-
ing 1% FBS solution. Cells were then treated with vasoac-
tive agonists, such as carbachol (250 uM, Sigma-Aldrich,
St. Louis, MO), ergonovine (250 uM, Tocris Bioscience,
Bristol), and acetylcholine (250 uM, Sigma-Aldrich, St.
Louis, MQO), as well as vasodilators and calcium chan-
nel blockers, such as Verapamil (250 uM, Sigma-Aldrich,
St. Louis, MO), Diltiazem (250 uM, Sigma-Aldrich, St.
Louis, MO), Nicorandil (250 pM, Sigma-Aldrich, St.
Louis, MO), Molsidomine (250 uM, Sigma-Aldrich, St.
Louis, MO), and Nitrate (250 pM, Sigma-Aldrich, St.
Louis, MO). The vasoactive agonists, vasodilators, and
calcium channel blockers were manually loaded with
volumes of 150 pL after an elapsed time of 20 s during
a time-lapse confocal imaging examination using an Al
confocal laser microscope (Nikon, Melville, NY). Images
were acquired at approximately 2-s intervals for a period
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of 10 min at 20 x magnification. Raw fluorescence inten-
sity was expressed using the NIS-Elements C software
(Nikon, Melville, NY) and the intensity of each cell was
calculated with the expression AF/F. An AF/F indicated
the change in the relative fluorescence unit, and all the
peak values of AF/F were added to the final calculated
value of AF/F.

Adaptation to single cell-based non-colony-type
monolayer cultures of iPSCs

Human iPSCs, initially grown as colonies on STO
feeder cells, were cultured on human embryonic stem
cell (ESC)-qualified Matrigel (BD Biosciences, San Jose,
CA) for 5 days in an adaptation feeder free system. The
cells were dissociated via incubation with Accutase
(Invitrogen, Carlsbad, CA) for 15 min. Dissociated sin-
gle cells were plated on human ESC-qualified Matrigel
(BD Biosciences, San Jose, CA)-coated 6-well dishes.
Approximately 2.5 x 10° cells were seeded in each well
of a 6-well plate in mTeSR™"1 (Stemcell Technologies,
Vancouver, BC).

In vitro differentiation

+ VSMCs differentiation: To induce VSMCs, single
cell-based human iPSCs were treated with RPMI11640
(Invitrogen, Carlsbad, CA) containing B27 sup-
plement (Invitrogen, Carlsbad, CA) and 10 uM
CHIR99021 (Cayman chemical, Ann Arbor, MI) as
well as 1% penicillin and streptomycin (Invitrogen,
Carlsbad, CA) for 2 days to differentiate the mes-
endoderm lineage. After 2 days, the mesendoderm
lineage cells were treated with RPMI1640 (Invitro-
gen, Carlsbad, CA) containing B27 supplement (Inv-
itrogen, Carlsbad, CA) and 100 ng/mL BMP4 (R&D
Systems, Minneapolis, MN) as well as 10 uM of LY
294002 (Sigma-Aldrich, St. Louis, MO) for 24 h to
differentiate the mesoderm progenitor cells. For the
VSMCs differentiation, the medium was replaced
with RPMI1640 (Invitrogen, Carlsbad, CA) contain-
ing B27 supplement (Invitrogen, Carlsbad, CA) with
20 ng/mL platelet-derived growth factor-BB (PDGE-
BB, R&D Systems, Minneapolis, MN) and 2 ng/mL
transforming growth factor beta-1 (TGF-P1, Pep-
roTech, Rocky Hill, NJ). The medium was changed
daily. On day 5, the cells were harvested through dis-
sociation with 0.25% Trypsin—EDTA solution (Invit-
rogen, Carlsbad, CA) and seeded at a concentration
of 5x10° cells/well on collagen type IV (Sigma-
Aldrich, St. Louis, MO)-coated 6-well plates. The dif-
ferentiation medium was changed for 20 days.

+ ECs differentiation: To induce ECs differentiation,
human iPSCs were treated with RPMI1640 (Invit-
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rogen, Carlsbad, CA) containing B27 supplement
(Invitrogen, Carlsbad, CA) and 10 pM CHIR99021
(Cayman chemical, Ann Arbor, MI) as well as 1%
penicillin and streptomycin (Invitrogen, Carlsbad,
CA) for 2 days to differentiate the mesendoderm
lineage. After 2 days, the mesendoderm lineage cells
were treated with RPMI1640 (Invitrogen, Carlsbad,
CA) containing B27 supplement (Invitrogen, Carls-
bad, CA) 100 ng/mL bone morphogenetic protein 4
(BMP4, R&D Systems, Minneapolis, MN), 100 ng/
mL vascular endothelial growth factor A (VEGE-
A, PeproTech, Rocky Hill, NJ), and 20 ng/mL bFGF
(R&D Systems, Minneapolis, MN) for 8 days. Single
cells were dissociated using Accutase (Invitrogen,
Carlsbad, CA) and, after gentle pipetting, passed
through 40 um cell strainers (BD Biosciences, San
Jose, CA). The remaining 5 x 10° cells were subject
to antibody binding with 100 pL, 1:5 dilution, anti-
CD34 microbeads (Miltenyi Biotec, Bergisch Glad-
bach) for 15 min at 4 °C. The CD34 positive cells
were magnetically sorted at room temperature using
MS columns (Miltenyi Biotec, Bergisch Gladbach)
and seeded on fibronectin (Sigma-Aldrich, St. Louis,
MO)-coated dishes. The medium was changed daily.

Functional contraction assay

Normal and VSA patient-derived VSMCs were cultured
and dissociated using 0.05% Trypsin—-EDTA solution
(Invitrogen, Carlsbad, CA.) and seeded at a concentra-
tion of 5x 10* cells/well on collagen type IV (Sigma-
Aldrich, St. Louis, MO)-coated 35 mm-confocal dishes
(ibidi, Gréfelfing), which were incubated at 37 °C. After
24 h, VSMCs were gently washed with PBS. For contrac-
tion, 1 mM carbachol (Sigma-Aldrich, St. Louis, MO)
was added to the VSMCs differentiation media and incu-
bated at 37 °C for 60 min. Images were acquired using an
Olympus IX71 microscope (Olympus, Tokyo) and the
contracting area of the iPSC-derived vascular smooth
muscle was automatically measured using the Image ]|
software (National Institutes of Health, Bethesda, MD).
To calculate the area, we drew lines on the image along
the area and then measured the length of the lines using
the software.

Collagen gel contraction assay

Collagen gel contraction assays for 2-dimensional (2D)
sheet model were examined using a collagen cell con-
traction assay kit (Cell biolabs, Inc, San Diego, CA) to
compare the hyperreactivity of normal- and VSA patient-
derived VSMCs. Human VSMCs were harvested and
resuspended in collagen solution at 1x 10° cells/mL.
Next, we added the cell-collagen mixture to individual
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wells in a 24-well plate and incubated the mixture at
37 °C for 60 min. After incubation, we gently released col-
lagen gels from the sides of the dishes and added 1 mL of
human VSMCs differentiation medium containing 1 mM
carbachol (Sigma-Aldrich, St. Louis, MO) for 2 days. Col-
lagen gel was acquired using an Olympus IX71 micro-
scope (Olympus, Tokyo) and the area of the collagen gel
was quantified using the Image J software (National Insti-
tutes of Health, Bethesda, MD).

Immunofluorescent staining and confocal microscopy
analysis

Cells were fixed with 4% paraformaldehyde for 10 min,
permeabilized with 95% methanol (MeOH) for 5 min at
-20 °C, and washed with PBS containing 0.05% Tween-
20. After washing, the cells were blocked with 1% bovine
serum albumin (BSA) in PBS for 1 h. The cells were incu-
bated overnight at 4 “C with specific primary antibodies:
anti-NANOG (1:100, Cell Signaling Technology, Dan-
vers, MA), anti-OCT3/4 (1:100, Cell Signaling Tech-
nology, Danvers, MA), anti-Calponinl (1:500, CNNI;
Sigma-aldrich, MO), anti-smooth muscle actin (1:100,
SMA; Abcam, Cambridge), anti-sarco/endoplasmic retic-
ulum Ca?"-ATPase 2a (SERCA2a, 1:100, Abcam, Cam-
bridge), anti-platelet endothelial cell adhesion molecule
(PECAM, Santa Cruz Biotechnology, Dallas, TX), and
anti-vascular endothelial cadherin (VECAD, Santa Cruz
Biotechnology, Dallas, TX). This was followed by incuba-
tion with fluorescent-tagged secondary antibodies (1:100,
Invitrogen, Carlsbad, CA). Images were acquired using
a confocal laser scanning microscope system (LSM 710,
Carl Zeiss AG, Oberkochen) and processed with the Zen
software (Carl Zeiss AG, Oberkochen). A water- or oil-
immersion objective lens (40 x, or 63 x, 1.4 numerical
aperture, NA) with the pinhole set for a section thickness
of 0.8 pm (pinhole set to 1 airy unit in each channel) was
used.

Human VSMCs spheroid formation

Normal- and VSA patient-derived VSMCs were seeded
at 1.5 x 10° cells/well in 60 mm cultured ultra-low attach-
ment culture dishes (Sigma-Aldrich, St. Louis, MO)
in 4 mL human VMSCs differentiation medium. After
24-36 h, the supernatant was discarded and the sphe-
roids were washed once with RPMI1640 and seeded in
ultra-low attachment culture dishes. The differentiation
media was changed daily for 14 days.

Alkaline phosphatase (AP) staining and karyotyping

AP staining was performed using the BCIP/NBT Sub-
strate Kit (Agilent, Santa Clara, CA). Karyotype analysis
was conducted using standard protocols for the chromo-
somal Giemsa (G)-banding.
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Three-germ-layer differentiation assay

Human iPSCs were differentiated into each of the
three germ layers using the base medium and differ-
entiation supplements provided in the Human Pluri-
potent Stem Cell Functional Identification Kit (R&D
Systems, Minneapolis, MN). After differentiation, all
cells were fixed with 95% MeOH for 10 min at -20 °C.
Cells were washed with PBS containing 0.05% Tween-
20 and blocked with 5% BSA before being incubated
overnight with anti-Orthodenticle Homeobox (OTX,
1:100, R&D Systems, Minneapolis, MN), anti-Brach-
yury T (T, 1:100, R&D Systems, Minneapolis, MN),
and anti-SRY-Box transcription factor17 (Sox17, 1:100,
R&D Systems, Minneapolis, MN) at 4 °C. The following
day, cells were washed and incubated with Alexa-anti-
mouse 488 (1:100, Invitrogen, Carlsbad, CA), Alexa-
anti-mouse 555 (1:100, Invitrogen, Carlsbad, CA), and
Alexa-anti-mouse 647 (1:100, Invitrogen, Carlsbad,
CA) for 2 h. The nuclei were counterstained with DAPI
(1:1000, Invitrogen, Carlsbad, CA). The three-germ-
layer differentiated cells were viewed under a confocal
laser scanning microscope system (LSM 710, Carl Zeiss
AG, Oberkochen) and processed using the Zen soft-
ware (Carl Zeiss AG, Oberkochen).

Ribonucleic acid (RNA) extraction, reverse
transcription-polymerase chain reaction (RT-PCR),

and real-time PCR

Total RNA was extracted using the Trizol reagent (Inv-
itrogen, Carlsbad, CA). 1 pg of total RNA was utilized
for reverse transcription reactions using the Power
cDNA synthesis kit (Applied Biosystems, Waltham, MA)
and Oligo dT primers, according to the manufacturer’s
instructions. PCR was performed with AmpliTaqGold
(Applied Biosystems, Waltham, MA). RT-PCR amplifi-
cation of SERCA2a, phospholamban (PLB), ryanodine
receptors (RYR), inositol trisphosphate receptors (/P3R),
and ACTIN was performed as follows: 94 °C for 12 min,
followed by 30 cycles at 94 °C for 45 s, at 55-58 °C for
45 s, and 72 °C for 50 s. Amplified PCR products were
analyzed via electrophoresis on 2% agarose gel. Primer
sequences are shown in Supplemental table 2. For real-
time PCR, the gene expressions of NANOG, OCT3/4, T,
CNN1, SMA, SMA22a, SERCA2a, PECAM, and VeCAD
were analyzed using the Applied Biosystems 7500 Real-
Time PCR system (Applied Biosystems, Waltham, MA).
The reaction was carried out according to the manufac-
turer’s protocol using SYBR Green master mix (Roche,
Basel). Gene expression levels were normalized to the
level of Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) or 185 RNA. Gene expression was quantified
using the 2722 method.
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SERCA activity assay

SERCA activity was determined using the EnzChek Phos-
phate Assay Kit (Thermo Fischer Scientific, Waltham,
MA) according to the manufacturer’s instructions. In
brief, the normal and VSA patient-derived VSMCs
homogenized cells and were quantified using the bicin-
choninic acid (BCA) assay (Invitrogen, Carlsbad, CA).
After quantification, 10 pg of each cell lysate sample was
mixed with the reaction buffer and pre-incubated for
10 min at 22 °C before being treated with 1 mM adeno-
sine triphosphate (ATP, Sigma, St. Louis, MO). The read-
ings were made at 360 nm as a function of time for both
the experimental reaction and the control reaction using
a microplate reader (Molecular devices, San Jose, CA).

Western blot analysis

We evaluated protein amounts from whole-cell lysates,
which were quantified using the BCA assay (Invitrogen,
Carlsbad, CA). 50 pg of protein from each of the indi-
cated samples were loaded in wells with a 10% SDS-PAGE
gel (Bio-Rad, Alfred Nobel Drive Hercules, CA). The pro-
teins were transferred to a nitrocellulose membrane (Bio-
Rad, Alfred Nobel Drive Hercules, CA) and blocked for
1 h using 5% skim milk. Membranes were washed and
incubated overnight with anti-CNN1 (1:1000, Sigma-
Aldrich, St. Louis, MO), anti-SMA (1:1000, Abcam, Cam-
bridge), anti-Tubulin (1:1000, Santa Cruz Biotechnology,
Dallas, TX), anti-SERCA2a (1:1000, Abcam, Cambridge),
anti-total PLB (1:1000, Abcam, Cambridge), anti-phos-
phorylated PLB (1:1000, Abcam, Cambridge), anti-total
RYR (1:1000, Abcam, Cambridge), anti-IP3R (1:1000,
Abcam, Cambridge), anti-small ubiquitin like modifierl
(SUMOL1, 1:1000, Cell Signaling Technology, Danvers,
MA), anti-ubiquitin like modifier activating enzyme 2
(UBAZ2, 1:1000, Cell Signaling Technology, Danvers, MA),
anti-SUMO specific peptidase 1 (SENP1, 1:1000, Cell
Signaling Technology, Danvers, MA), and anti-ACTIN
(1:1000, Santa Cruz Biotechnology, Dallas, TX). The next
day, the membranes were washed and incubated for 2 h
with either anti-rabbit horseradish peroxidase (HRP,
1:2500. Abcam, Cambridge), anti-mouse HRP (1:2500,
Abcam, Cambridge), or anti-goat HRP (1:2500, Abcam,
Cambridge). Once washed, the membranes were exposed
to film and developed using an auto developer. Images
were quantified using the Image ] software (National
Institutes of Health, Bethesda, MD).

Lentiviral transduction

We purchased the lentiviral vector pLKO.1 shSER-
CA2a (Open Biosystems, Huntsville, AL) and the
pLVX overexpression vector (Takarabio, Nojihigashi).
To further investigate the effects of gene overexpres-
sion, we subcloned a construct encoding SERCA2a and
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SERCAZ2a point mutation into the pLVX lentiviral vec-
tor. We co-transfected lentiviral constructs and pack-
aging vectors into 293 T cells with polyethylenimine
(Polyscience, Warrington, PA, USA) and collected the
supernatants containing lentiviral particles after 48 h.
The viral supernatants were supplemented with 10 ug/
mL polybrene (Sigma-Aldrich, St. Louis, MO). Equal
amounts of supernatants containing each of the lenti-
viruses were mixed, transferred to the target cell dish,
and incubated overnight.

Acetylated-low density lipoprotein (Ac-LDL) uptake assay
Normal and VSA patient-derived ECs were seeded at
a density of 2.5 x 10° cells/well in 35 mm fibronectin-
coated 35 mm-confocal dishes (ibidi, Gréfelfing) and
incubated at 37 °C for 24 h. The LDL uptake assay
was performed by incubating the ECs with 10 mg/
mL of Dil-labeled Ac -LDL (Invitrogen, Carlsbad, CA)
at 37 °C for 3 h. After washing twice with PBS, the
medium was replaced with serum-free EGM ((Lonza,
Basel). LDL uptake was viewed under a confocal laser
scanning microscope system (LSM 710, Carl Zeiss AG,
Oberkochen) and processed with the Zen software
(Carl Zeiss AG, Oberkochen).

Matrigel tube formation assay

In brief, 10 mL of BD Matrigel Matrix Growth Factor
Reduced (BD Bioscience) was coated on each well of
a 35 mm slide confocal dish (ibidi, Gréfelfing), which
was incubated at 37 °C for 1 h. To assess the ability
of normal and VSA patient-derived ECs to form vas-
cular tube-like structures, 5x 10* normal and VSA
patient-derived ECs were seeded onto each well of the
Matrigel-coated confocal dish and incubated at 37 °C
for 18 h. The formation of vascular tube-like struc-
tures was observed using an Olympus IX71 microscope
(Olympus, Tokyo). To calculate the complete tube area,
we drew lines on the image along the area and then
measured the length of the lines using the Image J soft-
ware (National Institutes of Health, Bethesda, MD).

(See figure on next page.)
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Nitric oxide (NO) measurement

NO production was determined using the NO Plus Detec-
tion Kit (Intron Biotechnology, Seoul) after 24 h of cell
culturing. The supernatants were collected and the absorb-
ance values between 520-560 nm were measured using a
microplate reader (Molecular devices, San Jose, CA).

Statistical analysis

All data are presented as means=+standard error of
means (SEM). The differences between experimental
groups were analyzed via the student’s ¢-test or Mann—
Whitney test when appropriate. Statistical analysis was
performed with GraphPad Prism 7 (GraphPad Software,
San Diego, CA) for the analysis and P values of<0.05
were considered to be statistically significant.

Results

Generation of iPSCs from peripheral blood and their
subsequent differentiation into vascular smooth muscle
cells (VSMCs) and endothelial cells (ECs)

After obtaining only 10 mL of peripheral blood from VSA
patients, we successfully cultured circulating multipotent
stem (CiMS) cells whose cell-biologic features were fully
described in our previous work [14]. Using these cells, we
generated control group and VSA patient-specific iPSCs
using retroviruses expressing OCT3/4, SOX2, KLF4, and
¢-MYC [15]. We then stained positively for alkaline phos-
phatase (AP) activity, and expressed the pluripotency
markers such as NANOG and OCT3/4, as determined
by immunocytochemistry and gene expression levels
(Supplemental Fig. 1A-D). We verified three germ layer
markers: ectoderm (Orthodenticle Homeobox: OTX),
mesoderm (Brachyury T: T), and endoderm (SRY-Box
Transcription Factor 17: SOX17) (Supplemental Fig. 1E).
We also confirmed normal karyotypes and lack of tum-
origenicity (Supplemental Fig. 1F-G). In VSA patient
VSMCs, hyperreactivity is persistent and ECs dysfunc-
tion causes vasoconstriction [13, 16]. For this reason, we
differentiated normal- and VSA patient-specific iPSCs
into VSMCs and ECs (Fig. 1A, Supplemental Fig. 2A,
3A). To differentiate mesoderm lineage, we treated with
GSK inhibitor (CHIR99021) and confirmed mesodermal

Fig. 1 Hypercontractility of induced pluripotent stem cell (iPSC)-derived vascular smooth muscle cells (VSMCs) from vasospastic angina

(VSA) patients. (A) Schematic summary of the study. We obtained 10 mL of peripheral blood from patients with VSA and cultured circulating
multipotent stem (CiMS) cells. Thereafter, we generated VSA patient-specific iPSCs from these CiMS cells and differentiated iPSCs into both VSMCs
and endothelial cells (ECs). (B, C) In a contraction assay using a single-cell model, 250 uM of carbachol treatment (a cholinomimetic vasoactive
agonist) induced stronger contraction in VSMCs from VSA patients than in those from normal subjects. (=7 per group; scale bar, 5 um). NC
Negative control group with a negative provocation test, VA Vasospastic angina group with a positive provocation test. The black arrows denote
the contraction area of the VSMCs. (D, E) Collagen gel contraction assays for 2 dimensional (2D) sheet models were examined using normal control
subject-derived VSMCs and VSA patient-derived VSMCs. Treatment with 1 mM carbachol for 48 h induced a strong contraction of sheets derived
from the VSMCs of VSA patients, as observed in the 2D sheet model (n=7 per group). The areas circled with yellow dash lines denote the sizes of
the collagen gels, and the yellow arrows indicate the contraction of the collagen gels



Yang et al. Biomaterials Research (2023)27:16 Page 7 of 17

R\
. ..'\“‘\_,, “

10mL of Peripheral Blood = e
from Patients 3

CiMS cells

T Further
— eriments

Endothelial Cells Vascular Smooth
Muscle Cells

B Single Cell Model C
Before sti i After stimulation Ratio of areas
y (after stimulation/
- | before stimulation)
p p<0.0001
Negative ) ~ 12
Control
é
- ’ 0.9 9
»
3
0.6 1 A
A
Vasospastic ~ 021
Angina
0.0-
NC VA
Scale bar=5 ym
D 2D Sheet Model
Ratio of areas
Before stimulation After stimulation (after stimulation/
—= before stimulation)
1.2 p<0.0001
Negative
Control m,
0.9 1
A, A
0.6 -]
0.3 9
Vasospastic
Angina 0.0 -
NC VA

Fig. 1 (Seelegend on previous page.)



Yang et al. Biomaterials Research (2023) 27:16

progenitor markers such as T (Supplemental Fig. 2B-
2D). Furthermore, we observed VSMCs morphology and
confirmed the expression level of VSMCs markers, such
as calponinl (CNNI1), smooth muscle protein 22 alpha
(SMA22a), and smooth muscle actin (SMA) that showed
high expression with no difference between NC- and
VSA- derived VSMCs (Supplemental Fig. 2E-2I). Moreo-
ver, we differentiated to ECs and examined the expression
levels of general ECs markers, such as platelet endothelial
cell adhesion molecule (PECAM) and vascular endothe-
lial cadherin (VeCAD) (Supplemental Fig. 3B-3D). Next,
we investigated the ability of ECs to form tube-like struc-
tures and analyzed the uptake of Dil-labeled Acetylated-
LDL (Supplemental Fig. 3E-3F). Moreover, we examined
nitric oxide (NO), and found no difference between NC-
and VSA- derived ECs (Supplemental Fig. 3G-3H).

Hyperreactivity of VSMCs derived from VSA patients

We compared the VSMCs of VSA patients showing coro-
nary spasm during provocation tests (n=15) to those of
subjects with negative provocation test results (n=13)
after confirming insignificant coronary stenosis in their
coronary angiography. First, we analyzed their capac-
ity to contract in response to treatment with carbachol,
a vasoactive agonist. VSA patient-derived VSMCs exhib-
ited very strong contraction compared to VSMCs from
control subjects (Fig. 1B and 1C). We observed similar
results in the 2D sheet model (Fig. 1D and 1E). Among the
underlying mechanisms for VSMCs contraction, changes
in intracellular calcium are considered to be the most
important final pathway [17, 18]. Thus, we measured the
intracellular calcium efflux and calcium sparks of VSMCs
using laser-scanning confocal microscopy with Fluo-4, a
calcium-indicator dye [19]. Interestingly, in response to
stimulation, VSMCs from VSA patients exhibited much
higher intensity of calcium efflux peaks than VSMCs from
normal subjects did (Fig. 2A, Supplemental Fig. 4, and
Supplemental movie 1). Moreover, a secondary or tertiary
peak of calcium efflux was noted only in the VSA group.
We observed a clear distinction between VSA and control
group around the AF/F value (change in the relative fluo-
rescence unit) of 6 or 7 (Fig. 2B). Similar results were noted

(See figure on next page.)
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in response to other stimulants such as ergonovine and
acetylcholine (Fig. 2C-2F). When we analyzed intracellu-
lar calcium activity in each cell group using the 3D sphe-
roid model, continuous and multiple sparks of intracellular
calcium were observed in the VSA group (Supplemental
Fig. 5A-5C, Supplemental movie 2). These data indicate
that the induced hyperreactivity of the VSA group VSMCs
induced may be caused by the aberrant calcium signal.

Increased level of sarco/endoplasmic

reticulum Ca?*-ATPase (SERCA)2a activity and small
ubiquitin-related modifier (SUMO)ylation in VSMCs derived
from VSA patients

Calcium handling in sarco/endoplasmic reticulum (SR)
may be the most important process underlying coro-
nary artery spasm, because the SR is the key regula-
tor of intracellular calcium. Therefore, we screened
the activity of several calcium transporters in the SR,
such as SERCA2a, (a calcium re-uptake regulator dur-
ing excitation—contraction), and phospholamban (PLB,
a key regulator of SERCA2a [20, 21]), and calcium
release channels in the SR, such as ryanodine receptors
(RYR), and inositol trisphosphate receptors (IP3R) [19,
22]. Among these, the protein levels of SERCA2a were
elevated in VSA patient-derived VSMCs (Supplemen-
tal Fig. 6A). Both the total protein level and immuno-
fluorescence intensity of SERCA2a in VSA group cells
were higher than those in the normal group (Fig. 3A-
3D). Moreover, the calcium-dependent ATPase activ-
ity assay indicated that SERCA2a activity in VSA group
cells was greater than that in normal cells (Fig. 3E and
3F). After knocking down the expression of SERCA2a
in VSA group cells with a lentiviral vector, high intra-
cellular calcium efflux was restored to normal levels
(Fig. 3G and 3H). In contrast, lentivirus-mediated over-
expression of SERCA2a in control VSMCs enhanced
intracellular calcium efflux, generating a second peak
of calcium efflux (Fig. 31 and 3J). To investigate how
SERCA2a protein was upregulated in the VSA group
without changes in SERCA2a mRNA levels (Supple-
mental Fig. 6B-6D). Previous reports claim that SER-
CA2a activity can be modulated by post-translational

Fig. 2 Hyperreactivity of iPSC-derived VSMCs from VSA patients was triggered by an abnormal increase of intracellular calcium efflux (A, B)
Intracellular calcium efflux in response to carbachol was measured with Fluo-4 (a calcium fluorescent dye. Fluo-4 treated cells were monitored
through time-lapse confocal microscopy over 10 min after the addition of 250 uM of carbachol, an inducer of contraction. The iPSC-derived VSMCs
from VSA patients exhibited much higher intensity of the calcium efflux peak than the cells from control subjects. Moreover, secondary or tertiary
peaks of calcium efflux were observed only in the VSA group (primary human VSMCs n=7; NC n=13; VA n=15). Primary human VSMCs indicate
commercially available human coronary artery vascular smooth muscle cells. The orange circle indicates the secondary peak. (C-F) The addition

of 250 uM ergonovine and 250 uM acetylcholine in primary human YSMCs, NC- and VSA- iPSC-derived VSMCs produced similar results to treated
carbachol (Ergonovine; primary human VSMCs n=4; NC n=13; VA n=15) (Acetylcholine; primary human VSMCs n=3;NCn=11;VAn=13).The

orange circle indicates the secondary peak
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modification (PTM) and that SERCA2a binds to small
ubiquitin-related modifierl (SUMO1) [23, 24]. There-
fore, we examined the PTM of SERCA2a, with a focus
on its SUMOylation. Only SUMO1 protein among
ubiquitin-like modifier activating enzyme 2 (UBA2)
and SUMO Specific peptidase 1 (SENP1) showed sig-
nificantly higher levels in the VSA group cells than in
the control group (Fig. 4A-4C, Supplemental Fig. 7A-
7B). Furthermore, SUMOL1 only bound to VSA group-
derived SERCA2a (Fig. 4D). Therefore, SERCA2a PTM
is likely to play an important role in VSA.

According to a previous report, SERCA2a is
SUMOylated at lysines 480 and 585 [23]. We con-
firmed that the SUMOylated sites at lysines 480 and
585 were responsible for the increased calcium activ-
ity of SECAR2a in the VSA group using lentiviral vec-
tors for the expression of mutant forms of the protein
at lysine 480 and 585 (Fig. 4E and 4F). These results,
imply that preventing SERCA2a SUMOylation in VSA
patients may reduce hyperreactivity of VSMCs. Inter-
estingly, treatment with ginkgolic acid [25], an inhibi-
tor of SUMOlyated E1 molecules, reversed the increase
of SERCA2a activity in the VSA group (Fig. 4G and
4H). These results suggest that the SUMOylation of
SERCA2a may be a key factor in inducing hyperreac-
tivity in VSMCs VSA patients.

Different changes in intracellular calcium efflux in response
to diverse vasodilators

Using our approach for the measurement of intracel-
lular calcium efflux in VSA patient-specific iPSC-
derived VSMCs, we evaluated changes in intracellular
calcium efflux in response to vasodilators and calcium
channel blockers (Fig. 5). The inhibitory effect of each
drug differed even among the VSA patients as well as
between VSA and normal groups. For example, the
graphs of calcium efflux indicated that nicorandil was

(See figure on next page.)
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more effective than nitrate in patient #2, while nitrate
was more effective than nicorandil in patient #3.

Discussion

The current study revealed that the hyper-responsive-
ness of VSMCs from VSA patients may be triggered by
the abnormal increase in intracellular calcium efflux, as
compared to the control cells from subjects with nega-
tive provocation test results (Changes in the relative
fluorescence unit [AF/F]; Control group vs. VSA group,
2.89+0.34 vs. 10.32+£0.51, p<0.01). Furthermore, this
altered intracellular calcium regulation was caused by
an increase in SERCA2a activity (pi/pg protein; control
group vs. VSA group, vs. 2575£0.2 vs. 52.36£0.71,
p<0.01), resulting from its increased SUMOylation
(Fig. 6). A clear separation of the VSA and control group
was observed around an AF/F value of 6 or 7, suggest-
ing that this cut-off value could be utilized for biological
diagnosis of VSA. In addition, the presence of a second-
ary calcium peak could be another diagnostic criterion
for VSA.

Various studies have reported that myocardial infarc-
tion and life-threatening arrhythmias occur in approxi-
mately 25% of untreated or inadequately-treated patients
with VSA [26, 27]. This highlights the need for an appro-
priate suspect and prompt diagnosis for VSA. Ethnic dif-
ferences in the incidence of coronary artery spasm have
been reported between Asians and Caucasians [28, 29].
Thus, underdiagnoses of less typical cases may occur in
Western countries (Supplemental Figs. 8A-8C). Further,
as the proportion of Asians in Western countries has
recently increased, there is a possibility of higher VSA
prevalence than expected in the Western world. Cur-
rently, the gold standard for VSA diagnosis is coronary
angiography with a spasm provocation test. Although
this approach seems safe compared to percutaneous
coronary intervention, the reality is not so safe. The
complication rate of the invasive provocation test was
reported to be up to 4% including reperfusion ventricular

Fig. 3 The mechanism of hyperreactivity of iPSC-derived VSMCs from VSA patient: the enhanced sarco/endoplasmic reticulum Ca?*-ATPase

2a (SERCA2a) activity. (A, B) 10 pg of whole protein lysates from each of the samples were loaded with a 10% SDS-PAGE gel, transferred to
nitrocellulose membranes, and probed with anti-SERCA2a (1:1000) and anti-sarcomeric actin antibodies (1:1000). Western blot indicates that the
amount of endogenous SERCA2a protein was greater in iPSC-derived VSMCs from VSA patients than from normal subjects (n =3 per group).

All samples in Western blot were obtained from individual subjects (three different normal subjects and three different VSA patients). (C, D)
Immunofluorescence staining for SERCA2a shows higher intensity in iPSC-derived VSMCs from VSA patients than from normal subjects (n=8-10
per group; scale bar, 20 um). Each group of cells was stained with human anti-SERCA2a (1:100). SERCA2a was detected using the Alexa Fluor
488-conjugated anti-mouse secondary antibody (1:100). (E, F) Calcium-dependent ATPase activity assay indicates that the activity of SERCA2a in the
VSA group was greater than in the control group (n=6 per group). 10 pg of each cell lysate was mixed with the reaction buffer and pre-incubated
for 10 min before being treated with T mM adenosine triphosphate (ATP). The ATPase activity was measured at 360 nm using a microplate reader.
(G, H) After knocking down SERCA2a expression in iPSC-derived VSMCs from VSA patients using a lentiviral vector and induced with 250 uM
carbachol, intracellular calcium efflux was downregulated to the levels of control cells (Mock n=3; sShSERCA2a n=4). Mock indicates control
lentiviral vector transfection. (I, J) In contrast, the overexpression of SERCA2a in iPSC-derived VSMCs from normal subjects using a lentiviral vector
induced with 250 uM carbachol increased the level of intracellular calcium efflux and generated the second peak of calcium efflux (n=6 per group)
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fibrillation [30]. Considering this complication rate and
the invasiveness of the provocation test, our ex vivo bio-
logical diagnostic method seems relatively safe and prac-
tical, using 10 mL of peripheral blood obtained in the
outpatient department.

Pharmacological therapy is the main treatment strategy
for VSA. Various drugs are prescribed, including nitrates,
calcium channel blockers, nicorandil, molsidomine, and
Rho-kinase inhibitors [26]. However, most VSA patient
taking these medications suffer from side effects such as
headache, leading to the discontinuation of drug treat-
ment. Considering the risk of fatal complications in
untreated VSA, drug compliance is of major importance.
Therefore, personalized drug treatment strategies are
necessary. However, no methods had been utilized for
determining the appropriate drug for each patient until
the introduction of iPSC models. In the current work
with iPSCs-utilized disease modeling, we assessed which
drugs were effective in suppressing the calcium response,
and were able to choose fewer efficacious drugs at lower
doses, resulting in lesser side effects.

Currently, VSMCs hyperreactivity and ECs dysfunction
are considered the major abnormalities underlying coro-
nary artery spasms [12, 13]. Our study demonstrated that
the hyperreactivity of VSMCs in patients with VSA could
be triggered by abnormal calcium efflux. We also evalu-
ated the function of ECs in each group. We could not see
any functional difference of iPSC-derived ECs between
VSA patients and control subjects (Supplemental
Figs. 3G and 3H). We speculated that iPSC-derived ECs
might reflect the neonatal status of ECs. Thus, we exam-
ined another set of ECs that were differentiated directly
from CiMS cells, because those ECs were representative
of the current status of VSA patient ECs (biological aging
process in adulthood). To our surprise, CiMS-derived
ECs (adult stage) from VSA patients showed dysfunction
compared to iPSC-derived ECs (neonatal stage) from
the same patients (Supplemental Figs. 9A-9C). From
these findings, we can infer the role of ECs on the natu-
ral course of coronary artery spasm. The NO produced

(See figure on next page.)

Page 12 of 17

by ECs at a young age is sufficient to suppress VSMCs
hyperreactivity even in VSA patients. As the patient
becomes older, the function of ECs decreases, com-
promising the protective and vasodilating effect of NO,
which in turn leads to coronary artery spasm (Supple-
mental Fig. 10).

VSMCs hyperreactivity is triggered by diverse stimuli
that act through various receptors and cellular mecha-
nisms, complicating diagnosis and treatment [31, 32].
However, VSMCs contraction is finally mediated by the
activation of actin-myosin filaments through increased
intracellular calcium or enhanced calcium sensitivity
[33]. The difference between VSA patient and normal
subject in terms of the intracellular calcium activity was
quite significant (Changes in the relative fluorescence
unit [AF/F]; Control group vs. VSA group, 2.89+0.34
vs. 10.32+£0.51). Moreover, we demonstrated a clear dif-
ference in intracellular calcium efflux between the VSA
group and the control group around an AF/F value of 6
or 7 (change in the relative fluorescence unit), suggesting
that this cut-off value could be used for ex vivo diagnosis
of VSA. In addition, the presence or absence of a second-
ary calcium peak could be utilized as another diagnostic
criteria for VSA.

Our findings revealed that the increased SERCA2a
expression in VSA patients is caused by enhanced
SUMOylation of the SERCA2a protein, protecting it
against degradation (Central Illustration). Therefore,
it suggests that inhibiting SUMOylation of SERCA2a
in VSA patients may suppress coronary artery spasm.
There have been relatively few studies on SUMOylation
inhibitors [23]. We observed that ginkgolic acid could
suppress the activity of SERCA2a, inhibiting VSMCs
hyper-responsiveness. One systemic review of 23 rand-
omized clinical studies with a total sample size of 2,529
participants revealed that ginkgo biloba treatment had
beneficial effects in patients with angina pectoris [34].
Taken together, these findings suggest that the phar-
macological modulation of SERCA2a SUMOylation
could represent a promising strategy for the control of

Fig. 4 The enhanced SERCA2a activity of iPSC-derived VSMCs from VSA patient was induced by the increased small ubiquitin-related modifier
(SUMO)ylation of SERCA2a. (A-C) Western blot shows that the amount of endogenous SERCA2a and SUMO1 proteins was greater in VSA
patient-derived VSMCs than in normal subject-derived VSMCs (n=4-7 per group). 50 ug of whole protein lysates from each sample were loaded
with a 10% SDS-PAGE gel, transferred to nitrocellulose membranes, and probed with anti-SERCA2a (1:1000), anti-SUMO1 (1:1000), anti-UBA2
(1:1000), anti-SENP1 (1:1000), and anti-sarcomeric actin antibodies (1:1000). SUMO1 = Small Ubiquitin Like Modifier 1; UBA2 = Ubiquitin-like
modifier-activating enzyme 2; SENP1 = Sentrin-specific protease 1. (D) Immunoprecipitation assay for SUMO1 and SERCA2a indicates that SUMO1
bound only to SERCA2a of VSMCs from VSA patients, not from normal subjects. (E, F) We transfected VSA-patient derived VSMCs with lentiviral
vectors encoding SERCA2a with mutated lysine 480 and 585 residues. Each group was treated with Fluo-4 and monitored through time-lapse
confocal microscopy over 10 min after the addition of 250 uM carbachol. The transfection with the mutant forms exhibited lower intracellular
calcium efflux, indicating that these SUMOylated sites are responsible for the increased activity of SECAR2a in the VSMCs from VSA patients (n=3
per group). (G, H) 10 pg of each cell lysate was mixed with the reaction buffer and treated with 1 mM ATP and Ginkgolic acid (10 uM), an inhibitor
of SUMOylated E1 molecules. Ginkgolic acid suppressed enhanced SERCA2a activity in iPSC-derived VSMCs from VSA patients (n=9 per group). GK

Ginkgolic acid
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Fig. 5 Differences in the magnitude of intracellular calcium efflux among \/SA patients in response to various dosages ofdlverse vasodilators
By measuring intracellular calcium efflux in iPSC-derived VSMCs from VSA patients or normal subjects via our method, we evaluated changes of

intracellular calcium efflux in response to various dosages (0.01,0.05, 0.5, 1, 5, 10, 100 puM) of calcium channel blockers (Verapamil, Diltiazem) and
vasodilators (Nicorandil, Molsidomine, Nitrate). The inhibitory effect of each drug differed even among VSA patients
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Fig. 6 Schematic figure of the mechanism underlying VSMCs hyper-responsiveness in VSA patients. Compared to the status in normal subjects,
the increased SUMOylation of SERCA2a in VSA patients enhances its stability, amount, and activity, in turn increasing intracellular calcium efflux and

VSMCs hyperreactivity leading to vessel contraction

coronary artery spasm. In addition, our findings could
be applied to other diseases such as bronchial asthma.
Since the hyper-responsiveness of bronchial smooth
muscle cells is known to be one of the well-known
causes of bronchial asthma, the findings of our study
could be utilized as another diagnostic criteria for
bronchial asthma after differentiating bronchial smooth
muscle cells from iPSCs.

Our study has several limitations. Although our study
showed the alteration of calcium handing in SR in
VSMC:s in in vitro, we could not prove the direct causal
relationship between this alteration and coronary
artery spasm in in vivo models. If we could make the
vessel structure using iPSC-derived cells, this strategy
could provide direct evidence for the pathophysigoil-
ogy of VSA. In addition, this study included the lim-
ited number of subjects in terms of the analysis of VSA
characteristics. Therfore, further study including large

number of patients is required to validate the clinical
implications of our study.

Conclusion

Our novel ex vivo biologic approach utilizing peripheral
blood demonstrated that the different response in intracel-
lular calcium efflux of VSMCs could represent a diagnos-
tic marker for VSA. Moreover, our findings highlight that
calcium handling in the SR could underpin coronary artery
spasm. Taken together, the novel method described herein
could be a useful tool for further research on unknown
pathobiology, diagnosis, and drug development for VSA.
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