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Fabry disease (FD) is an X-linked inherited lysosomal storage disease caused by o-galactosidase A (GLA)
deficiency. Progressive intracellular accumulation of globotriaosylceramide (Gb3) is considered to be patho-
genically responsible for the phenotype variability of FD that causes cardiovascular dysfunction; however,
molecular mechanisms underlying the impairment of FD-associated cardiovascular tissues remain unclear. In
this study, we reprogrammed human induced pluripotent stem cells (hiPSCs) from peripheral blood cells of
patients with FD (FD-iPSCs); subsequently differentiated them into vascular endothelial-like cells (FD-ECs)
expressing CD31, VE-cadherin, and vWF; and investigated their ability to form vascular tube-like structures.
FD-ECs recapitulated the FD pathophysiological phenotype exhibiting intracellular Gb3 accumulation under
a transmission electron microscope. Moreover, compared with healthy control iPSC-derived endothelial cells
(NC-ECs), reactive oxygen species (ROS) production considerably increased in FD-ECs. Microarray analysis
was performed to explore the possible mechanism underlying Gb3 accumulation-induced ROS production
in FD-ECs. Our results revealed that superoxide dismutase 2 (SOD2), a mitochondrial antioxidant, was sig-
nificantly downregulated in FD-ECs. Compared with NC-ECs, AMPK activity was significantly enhanced in
FD-ECs. Furthermore, to investigate the role of Gb3 in these effects, human umbilical vein endothelial cells
(HUVEGs) were treated with Gb3. After Gb3 treatment, we observed that SOD2 expression was suppressed
and AMPK activity was enhanced in a dose-dependent manner. Collectively, our results indicate that excess
accumulation of Gb3 suppressed SOD2 expression, increased ROS production, enhanced AMPK activation,
and finally caused vascular endothelial dysfunction. Our findings suggest that dysregulated mitochondrial ROS
may be a potential target for treating FD.
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INTRODUCTION

Fabry disease (FD) is a glycosphingolipid lysosomal
storage disorder resulting from the mutational deficiency
of o-galactosidase A (GLA) and characterized by pro-
gressive accumulation of cellular globotriaosylceramide
(Gb3), particularly in vascular endothelial and smooth
muscle cells'? To date, 672 GLA mutations have been
reported’, and the IVS4+919G>A mutation is the most
common type of GLA mutation detected in Taiwanese
patients with FD*°. Clinical studies have reported that
FD-associated dysfunction of vascular endothelial cells
(VECs) plays a critical role in the pathogenesis of athero-
sclerosis in the small arteries and arterioles’ and medium-
sized radial arteryg. In addition, functional disturbance of
endothelium-dependent vasodilatory pathways has been
reported in patients with FD’.

Accumulation of Gb3 in human endothelial cells (ECs)
significantly affects endothelial functions'’. Furthermore,
administration of Gb3 to ECs induced the degradation
of the membrane Ca**-activated K* channel (K,3.1) that
causes dysregulation of endothelium-dependent relaxa-
tion''. Moreover, massive accumulation of intracellular
Gb3 dysregulates the production of reactive oxygen spe-
cies (ROS) and expression of cell adhesion molecules in
ECs'>". Overproduction of intracellular ROS has been
implicated in the pathogenesis of cardiovascular diseases
through the subsequent stimulation of proinflammatory
cascade events'*"”. Furthermore, inflammatory cells produce
abundant ROS and secrete inflammatory cytokines and che-
mokines that further contribute to endothelial dysfunction'®.

Antioxidant enzymes such as superoxide dismutase
(SOD), catalase, and glutathione peroxidase (GPX) are
critical ROS scavengers in the cardiovascular system and
protect the endothelium from endogenous and exogenous
oxidative stress, inflammatory overreaction, and physi-
ological impairment'’. Among the antioxidant enzymes,
SOD2 plays a critical role in protecting the cardiovascular
system'®. SOD2, also termed as manganese SOD, is a mito-
chondrial matrix protein required for protecting cells from
ROS". Deficiency in SOD2 expression results in vascular
endothelial dysfunction® ™, suggesting that SOD2 has a
vital role in maintaining cellular and mitochondrial redox
balance in VECs. However, whether excess accumulation
of intracellular Gb3 affects the dysregulation of ROS pro-
duction and imbalance of SOD2-dependent mitochondrial
antioxidants in FD and FD-associated vascular endothe-
lial dysfunction remains unclear.

Human induced pluripotent stem cells (hiPSCs) are a
powerful tool with abilities of unlimited expansion and
lineage-specific differentiation and can be used as a poten-
tial model of inherent diseases to study their underlying
pathogenic mechanisms*. Although hiPSCs derived from
a patient with FD have been recently applied in the study
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of FD-associated cardiomyopathy®, to the best of our
knowledge, a hiPSC-derived vascular endothelial model
has not yet been established for studying FD-associated
endothelial dysfunction. In this study, hiPSCs derived
from a patient carrying the GLA IVS4+919G>A mutation
were differentiated into endothelial-like cells express-
ing the vascular endothelial markers CD31 and von
Willebrand factor (vWF). In addition, we investigated the
molecular basis of increased ROS production induced by
GLA deficiency in the ECs of patients with FD.

MATERIALS AND METHODS
Generation and Culture of hiPSCs

We generated hiPSCs from peripheral blood mono-
nuclear cells (PBMCs) according to a previous study®.
Peripheral blood samples from patients with FD receiving
enzyme replacement therapy (ERT) were collected by qual-
ified clinicians. All procedures, including those for blood
tests and biopsy samples, were approved by the institutional
review board of Taipei Veterans General Hospital (TVGH-
IRB), and signed patient consent forms were obtained.
PBMCs were isolated from peripheral blood using
Histopaque-1077 (Sigma-Aldrich, St. Louis, MO, USA)
through centrifugation at 400 g for 30 min. The bufty coat
was collected, washed with phosphate-buffered saline (PBS),
and maintained in X-VIVO 10 (Lonza, Basel, Switzerland)
for 2 days. Furthermore, PBMCs (2x10°) were repro-
grammed by transfecting a mixture of plasmids contain-
ing PCXLE-hOCT3/4-shp53 (0.83 pg), PCXLE-hSK
(0.83 pg), pPCXLE-hUL (0.83 pg), and pPCXWB-EBNAI
(0.5 pg) using the Amaxa™ Human T Cell Nucleofector™
kit and Amaxa Nucleofector II Program V-024 (Lonza).
PBMCs were then cocultured with inactivated mouse
embryonic fibroblasts as feeder cells and activated using
interleukin-2 (IL-2) (175 U/ml) (PeproTech, Rocky
Hill, NJ, USA) and Dynabead T-Activator CD3/CD28
(3.75 pl/ml; Thermo Fisher Scientific, Grand Island, NY,
USA) in human embryonic stem cell medium contain-
ing Dulbecco’s modified Eagle’s medium (DMEM)/F12
(Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with 20% KnockOut Serum Replacement (KSR;
Thermo Fisher Scientific), 0.1 mM nonessential amino
acids (Thermo Fisher Scientific), 1 mM L-glutamine
(Thermo Fisher Scientific), 0.1 mM B-mercaptoethanol
(Sigma-Aldrich), 10 ng/ml recombinant human basic
fibroblast growth factor (hbFGF) (PeproTech), and anti-
biotics (Thermo Fisher Scientific). The medium was
replaced with fresh medium every 2 days. Alkaline phos-
phatase (ALP)-positive hiPSC colonies were selected
from day 21 to day 28 after nucleofection; undifferenti-
ated hiPSCs were transferred to a Geltrax (Thermo Fisher
Scientific)-coated culture dish and cultured in mTeSR1
medium (StemCell Technologies, Vancouver, Canada).
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Differentiation of ECs

We differentiated hiPSCs to ECs according to the
established monolayer EC differentiation protocol®” with
a minor modification. Briefly, hiPSC clumps were seeded
into a six-well plate coated with Geltrax and incubated
with STEMdiff™ APEL™ endoderm differentiation
medium (StemCell Technologies) containing activin A
(25 ng/ml; Cayman, Ann Arbor, MI, USA), BMP4 (30 ng/
ml; Cayman), CHIR (1.5 mM; Cayman), and vascular
endothelial growth factor (VEGF; 50 ng/ml; R&D Sys-
tems, Minneapolis, MN, USA). After 3 days, the medium
was exchanged to STEMdiff™ APEL™ containing
VEGF (50 ng/ml) and SB431542 (10 nM; TOCRIS, Bris-
tol, UK) and continuously changed at days 10 and 13. ECs
were isolated at day 14 using CD31-conjugated magnet
beads (StemCell Technologies). Isolated ECs were further
cultured in endothelial cell growth medium-2 (EGM-2)
(Lonza) complemented with 5 % fetal bovine serum (FBS).

Tube Formation Assay

Tube formation assay was performed using p-slide
angiogenesis (Ibidi, Martinsried, Germany) following the
manufacturer’s instructions. Briefly, 1x10* cells were
plated onto Matrigel (BD Biosciences, San Jose, CA,
USA)-coated p-slide with EGM-2 medium (Lonza). After
6 h, cells were stained with calcein AM (Sigma-Aldrich).
The endothelial network was observed through fluores-
cence microscopy.

Immunofluorescence

Immunofluorescence staining was performed as
described previously with some modifications®. Cells
were fixed with 1% paraformaldehyde (PFA) (Sigma-
Aldrich) solution at room temperature for 15 min and per-
meabilized with 0.1% Triton X-100 (Merck, Darmstadt,
Germany) for 10 min. After several washes with 1x PBS,
fixed cells were blocked using 3% bovine serum albu-
min (BSA; Bovogen Biologicals, VIC, Australia) and 5%
FBS and consequently incubated with indicated mono-
clonal antibodies (1:100) at 4°C overnight. Cells were
washed thrice with PBS and incubated with the cyanine 3

Table 1. Primers for Quantitative PCR
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(Cy3)- or Cy5-conjugated donkey anti-mouse secondary
antibody (Thermo Fisher Scientific) at room temperature
for 1 h. Finally, cells were mounted and observed using
a fluorescent or FV10i confocal microscope (Olympus,
Center Valley, PA, USA).

ALP Staining

ALP staining was performed using the blue alkaline
phosphatase substrate kit (Vector Laboratories, Burlingame,
CA, USA) following the manufacturer’s instructions.
Briefly, cells were washed twice with PBS and fixed with
80% alcohol for at least 2 h at 4°C. Then alcohol and infil-
trated cells were aspirated using double-distilled water for
2 min. After infiltration, Tris-HCI (100 mM, pH 8.2-8.5)
was added for 5 min followed by replacement with the
working solution of ALP substrate for 1 h. Colonies that
were stained purple indicated positive ALP activity.

Transmission Electron Microscopy

The indicated cells were fixed in 4% PFA, 2% glutar-
aldehyde (both from Electron Microscopy Sciences,
Hatfield, PA, USA), and 0.1 M phosphate buffer at 4°C
overnight and then embedded in epoxy resin and sectioned.
Ultrathin sections were counterstained with 2.5% uranyl
acetate (Electron Microscopy Sciences) and 0.4% lead
citrate (Sigma-Aldrich) and then observed using the JEM-
2000EXII (JEOL, Tokyo, Japan) electron microscope.

Microarray and Quantitative Real-Time PCR

Total RNA was isolated using TRIzol (Thermo Fisher
Scientific). The samples were processed and hybridized to
Affymetrix GeneChip Human Genome U133 2.0 Arrays
according to the Affymetrix GeneChip Expression Analysis
Technical Manual (Affymetrix, Santa Clara, CA, USA).

For quantitative real-time polymerase chain reaction
(qRT-PCR), 0.5 ug of total RNA was reverse transcribed
with SuperScript III (Thermo Fisher Scientific) into cDNA
as the template for the following RT-PCR. The RT-PCR
program was performed on an ABI 7900 (Thermo Fisher
Scientific) with indicated primer sets (Table 1) using the
following conditions: initial denaturation at 95°C for

Gene ID Primer Sequence T, Product Size (bp)
SOD1 F: CCACACCTTCACTGGTCCAT 53.7 109
R: CTAGCGAGTTATGGCGACG 53.1
SOD2 F: TAGGGCTGAGGTTTGTCCAG 53.7 125
R: GGAGAAGTACCAGGAGGCGT  55.8
SOD3 F: CGAGTCAGAGTTGGGCTCC 55.3 130
R: TCTCTTGGAGGAGCTGGAAA 51.7
GAPDH F: AGAAGGCTGGGGCTCATTTG 53.7 258

R: AGGGGCCATCCACAGTCTTC 57.8
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10 min and repeated 40 cycles of 95°C for 15 s and 60°C
for 1 min.

Immunoblotting

Total proteins were separated through gradient sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred onto a polyvinylidene difluoride
(PVDF) membrane. After blocking with 5% skim milk at
room temperature for 1 h, the membrane was hybrid-
ized with indicated primary antibodies in Tris-buffered
saline Tween 20 (TBST) buffer solution at 4°C overnight,
followed by incubation with horseradish peroxidase-
conjugated secondary antibodies at RT for 1 h. The immu-
noblot was developed using an enhanced chemilumines-
cence system (EMD Millipore, Darmstadt, Germany) and
detected using an X-ray film (Fujifilm, Tokyo, Japan).

Cellular ROS and Mitochondrial ROS Assay

The cellular and mitochondrial levels of ROS were deter-
mined using 2’,7’-dichlorofluorescin diacetate (DCFDA,;
Sigma-Aldrich) and MitoSOX Red (Thermo Fisher Scien-
tific), respectively. The cells were washed with PBS twice
and incubated with 100 uM DCFDA or MitoSOX red in
a loading medium in a CO, incubator at 37°C for 30 min.
The cells were then washed with PBS. Fluorescence was
measured through flow cytometry.

Conjugation of Gb3 With BSA and Loading
on Human Umbilical Vein ECs

Human umbilical vein ECs (HUVECSs) were cultured
in EGM-2 medium. We administered Gb3 (Matreya,
Pleasant Gap, PA, USA) to ECs following a previous
description with some modifications'’. Briefly, Gb3 was
dissolved in chloroform (Merck)/methanol (2:1 by vol-
ume) in a glass tube and left for air drying, followed by
resuspension in dimethyl sulfoxide (DMSO) (Sigma-
Aldrich). Gb3-DMSO was heated at 90°C for 10 min
with occasional vortexing. Subsequently, the Gb3 solu-
tion was mixed with PBS containing fatty acid-free
BSA to achieve a 1:1 molar ratio of Gb3/albumin. The
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Gb3—albumin complex was formed through sonication
in a bath sonicator for 10 min. Finally, the Gb3—albumin
complex was diluted into EGM-2 medium containing
0.5% FBS. HUVECs were incubated with the medium
containing the indicated concentration of the Gb3-
albumin complex or recombinant human o.-galactosidase
A (tho-GLA; Genzyme Corporation, Cambridge, MA,
USA) for 48 h.

Statistical Analysis

Data are presented as meanzstandard error of the
mean (SEM). Statistical analyses were performed using
GraphPad Prism, Version 5.00 (GraphPad Software, La
Jolla, CA, USA). Statistical significance was assessed
using unpaired Student’s #-test or one-way analysis of
variance (ANOVA) followed by Bonferroni multiple
comparisons test. A value of p<0.05 was considered sta-
tistically significant.

RESULTS

Establishment of hiPSCs and hiPSC-Derived VECs
From PBMCs of a Patient With FD

PBMCs isolated from a patient with FD carrying
the GLA IVS4+919G>A mutation were reprogrammed
to induced pluripotent stem cells (iPSCs; FD-iPSCs)
through transfection of nonviral plasmids using the elec-
troporation method”. The characteristics of the generated
FD-iPSCs were examined. As presented in Figure 1A, both
FD-iPSCs and healthy control-derived iPSCs (NC-iPSC)
exhibited EC-like morphology and positive staining for
ALP. The mRNA expression levels of stem cell genes
(DAPP4, RAX1, SOX2, NANOG, OCT4, NATI1, GDF3,
and DAPP2) in FD-iPSCs and NC-iPSCs were similar to
those in human embryonic stem cells (hESCs) (Fig. 1B).
In addition, the protein expression of human pluripotent
stem cell markers [octamer-binding transcription factor
4 (OCT4), NANOG, TRA-1-60, and TRA-1-81] in both
FD-iPSCs and NC-iPSCs was determined using immuno-
fluorescence staining (Fig. 1C). Under in vitro three-germ

FACING PAGE

Figure 1. Generation and characterization of Fabry disease-specific induced pluripotent stem cells (FD-iPSCs) carrying the
o-galactosidase A (GLA) IVS4+919G>A mutation. (A) Morphology and alkaline phosphatase activity of FD-iPSCs. Scale bars: 100 pm.
(B) Reverse transcription polymerase chain reaction (RT-PCR) analysis indicated the expression pattern of embryonic stem cell-like
genes in FD-iPSC sublines. Human embryonic stem cells (hESCs) served as a positive control. (C) Immunofluorescence analysis
demonstrated the protein expression of pluripotency markers [octamer-binding transcription factor 4 (OCT4), NANOG, TRA-1-60,
and TRA-1-81] in FD-iPSCs sublines. Nuclear was counterstained with 4’,6-diamidino-2-pheylindole (DAPI). Scale bars: 200 um.
(D) In vitro three-layer differentiation of FD-iPSCs in a specific culture medium resulted in subpopulations of cells that were immu-
noreactive for smooth muscle actin, mesoderm (SMA), nestin, ectoderm, and o-fetoprotein, endoderm (AFP). Scale bars: 100 pm.
(E) Sequence electropherograms of GLA IVS4 mutations. The nucleotide at the position 919 of IVS4 in healthy control-derived iPSCs
(NC-iPSCs) or FD-iPSC sublines is indicated (arrow). The mutant allele carried guanine (G), and the wild-type allele carried alanine
(A). (F) Karyotype analysis of NC- or FD-iPSCs. PBMC, peripheral blood mononuclear cell; FD1, FD-iPSC1; FD2, FD-iPSC2;
SOX2, sex-determining region Y-box 2; NAT1, N-acetyltransferase 1; GDF3, growth differentiation factor-3; GAPDH, glyceraldehyde
3-phosphate dehydrogenase.
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layer differentiation conditions, differentiated cells of both
FD-iPSCs and NC-iPSCs positively stained for nestin
(neuron-like cell marker for the ectoderm), SMA (smooth
muscle cell marker for the mesoderm), and AFP (hepa-
tocyte-like cell marker for the endoderm), indicating
their pluripotency (Fig. 1D). The GLA TVS4+919G>A
mutation in FD-iPSCs was confirmed through genomic
DNA sequencing (Fig. 1E). The chromosomal analysis
indicated that the karyotype of FD-iPSCs was identical
to that of NC-iPSCs (Fig. 1F). Collectively, these results
suggest that FD-iPSCs retained the genetic characteris-
tics of the original FD clinical sample and presented the
same pluripotency as that of NC-iPSCs because of the
identical capabilities of cell reprogramming, stem cell
gene expression, and three-germ layer differentiation.

To elucidate the mechanism underlying the patho-
genesis of FD-associated vascular endothelial dysfunc-
tion, FD-iPSCs were differentiated into VECs using an
established protocol®’; a brief diagram of the protocol is
presented in Figure 2A. During the differentiation pro-
cedure, the expansion and size of ECs continued to
increase (Fig. 2B), indicating the induction capability of
differentiating iPSCs into VECs, which has been previ-
ously described”’. The differentiation rate of FD-iPSC-
derived VECs (FD-VECs) was 13.2+2.2%, which was
detected through flow cytometry against VE-cadherin, a
VEC marker (Fig. 2C). After 14 days of differentiation,
ECs were isolated using antibody-conjugated magnetic
beads against surface CD31 (PECAM-1). The VEC char-
acteristics of both FD-ECs and NC-ECs were similar to
those of HUVECsS, including the expression of the VEC
markers CD31 (PECAM-1) and vWF and the capabil-
ity to form vascular tube-like structures (Fig. 2D). The
GLA protein level in FD-ECs was considerably lower
than that in NC-ECs; however, the expression of GLA
in FD-iPSCs was only slightly decreased compared with
that in NC-iPSCs (Fig. 2E). These results suggest that
FD-ECs expressed typical VEC characteristics and GLA
reduction, representing the VEC phenotype from patients
with FD. In summary, we established patient-specific
FD-EC lines that carried the original genetic mutation
of FD and exhibited the phenotype of GLA deficiency,
providing an experimental platform for elucidating the
pathophysiological mechanism of FD-associated vascu-
lar endothelial dysfunction.

Massive Lysosomal Gb3 Accumulation in FD-ECs

We observed evident accumulation of Gb3 along with
the classic pathological phenotype of FD in cardiac biop-
sies obtained from patients with FD (Fig. 3A). Similarly,
immunofluorescence staining of Gb3 demonstrated sig-
nificant cellular accumulation of Gb3 in FD-ECs but not in
NC-ECs (Fig. 3B). Quantification of the staining intensity
indicated that, compared with NC-ECs, the accumulation
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of Gb3 increased by approximately 50% in FD-ECs
(p=0.009) (Fig. 3C). Moreover, the comparative TEM
analysis between FD-ECs and NC-ECs confirmed the
accumulation of Gb3 in FD-ECs (Fig. 3D), and the multi-
layered structure was selectively observed in the lysosomes
of FD-ECs, indicating lysosomal accumulation of Gb3 in
FD-ECs (Fig. 3D, iii and iv). Our immunofluorescence
and TEM data indicated that FD-ECs recapitulate the FD
pathophysiological phenotype of intracellular lysosomal
accumulation of Gb3 and can be applied in studies on
FD-associated vascular endothelial dysfunction (Fig. 3E).

Increased ROS Production in FD-ECs

Abnormal accumulation of Gb3 has been associated
with increased production of ROS'". Because of the accu-
mulation of Gb3 in FD-ECs, we evaluated the level of
intracellular ROS in iPSC-ECs through flow cytometry.
As presented in Figure 4A, intracellular ROS contents,
which were evaluated using DCFDA staining, were
observed in FD-ECs but not in NC-ECs. The quantifi-
cation of the DCFDA staining intensity through flow
cytometry indicated that the production of intracellular
ROS in FD-ECs was 1.6-fold higher than that in NC-ECs
(p=0.002) (Fig. 4B). In addition, MitoSOX Red stain-
ing demonstrated significant activation of mitochondrial
superoxide production in FD-ECs (Fig. 4C). The quanti-
fication of the MitoSOX Red staining intensity indicated
that mitochondrial superoxide production in FD-ECs was
1.4-fold higher than that in NC-ECs (p<0.001) (Fig. 4D).
Collectively, our results demonstrate that FD-ECs had
high accumulation of Gb3 and active intracellular and
mitochondrial ROS production.

Antioxidant Gene Expression Profiles in FD-ECs

Increased ROS production has been frequently corre-
lated with impaired antioxidant gene expression. To exam-
ine the expression of antioxidant genes, we performed
an RNA expression microarray analysis of hiPSCs-ECs
and a comparative analysis of the expression levels of
antioxidant-related genes including SODs, GPXs, gluta-
thione S-transferase ©t 1 (GSTP1), glutathione S-transferase
C 1 (GSTZ1), arachidonate 12-lipoxygenase (ALOX12),
and copper chaperone for superoxide dismutase (CCS)
in NC-ECs and FD-ECs. Of the selected antioxidant
genes, the expression level of SOD2 most significantly
differed between FD-ECs and ND-ECs; the expression
level of SOD2 in FD-ECs was twofold lower than that
in ND-ECs (Fig. 5A). The difference in the expression
level of SOD2 was further confirmed through qRT-PCR.
The results revealed that compared with NC-ECs, SOD2
mRNA levels were significantly suppressed in FD-ECs
(p=0.013) (Fig. 5B).

To elucidate the mechanism underlying the involve-
ment of SOD2 in vascular endothelial dysfunction, we
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Figure 3. Gb3 accumulation in cardiac biopsy samples obtained from patients with FD and FD-iPSC-derived endothelial cells
(FD-ECs). (A) Histological survey and specific staining for confirming the diagnosis of Fabry disease (FD) using cardiac biopsy sam-
ples. Toluidine blue staining of the myocardium verified the accumulation of glycosphingolipids (left). The perinuclear vacuoles were
filled with materials that stained positive for periodic acid—Schiff (PAS) staining (middle). Transmission electron microscopic (TEM)
examination of the myocardium revealed lamellar bodies (zebra bodies) representing lysosomes containing glycolipids, 60,000x
(right). Scale bars: 250 um. (B) Intracellular globotriaosylceramide (Gb3) in FD-ECs was stained by a Gb3-specific antibody (CD77,
left). Scale bars: 20 um. (C) The mean fluorescence intensity of an individual cell was determined using ImageJ (NIH, Bethesda, MD,
USA), and quantitative data represented the fluorescence intensity of Gb3 in FD-ECs (right, n=50). (D) Ultrastructure of FD-ECs
(10,000x). The arrowheads indicate the multilayered lysosomal structure. Scale bars: 2 um. (E) A representative diagram of Gb3 accu-
mulation in FD-ECs. **p<0.01. FD-iPSC, Fabry disease induced pluripotent stem cell; DAPI, 4’,6-diamidino-2-pheylindole; NC-EC,
healthy control iPSC-derived endothelial cell.

used ingenuity pathway analysis (IPA) to investigate
the interaction network of SOD2 in ECs. Mapping of
SOD2 to the network of “endothelial injury and abnor-
malities” revealed the potential factors that participate
in SOD-related endothelial dysfunction. As presented
in Figure 5C, SOD2 was observed to interact with the
NF-xB-mediated signaling pathway that involves c-Jun
N-terminal kinase (JNK), extracellular signal-regulated
kinase (ERK), AKT/protein kinase B, and AMP-activated
protein kinase (AMPK). Because the AMPK signaling is

vital in regulating endothelial function®®, we further deter-
mined the protein expression of AMPK in FD-ECs. The
phosphorylation of AMPK was significantly increased
in FD-ECs accompanied with decreased SOD2 expres-
sion and GLA deficiency (Fig. 5D). A study reported that
AMPK activation has a protective role in response to mito-
chondrial ROS production in the human endothelium®.
In our study, AMPK activation may have further sup-
ported mitochondrial ROS production in FD-ECs. Taken
together, these results suggest that SOD2, a mitochondrial
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Figure 4. Accumulation of endogenous and mitochondrial ROS in FD-ECs. (A) Intracellular reactive oxygen species (ROS) in Fabry
disease (FD) induced pluripotent stem cell-derived vascular endothelial-like cells (FD-ECs) was stained using 2’,7’-dichlorofluorescin
diacetate (DCFDA), and (B) fluorescence intensity was measured through flow cytometry. The expression level of healthy control
iPSC-derived endothelial cells (NC-ECs) served as 1. Data are presented as mean *standard error of the mean (SEM), n=4. Scale bars:
200 pum. (C) Mitochondrial ROS in FD-ECs was stained using MitoSOX Red, and (D) fluorescence intensity was measured through
flow cytometry. NC-ECs served as 1. Data are presented as mean+SEM, n=4. **p<0.01; ***p<0.001. Scale bars: 200 ym.

antioxidant enzyme, plays a crucial role, at least in part, in
increasing ROS contents in FD-ECs.

Gb3 Administration, But Not GLA Deficiency,
Reduced SOD?2 Expression in VECs

The low expression of SOD2 in FD-ECs might be
attributable to the loss of GLA expression or cellular
accumulation of Gb3. To confirm this notion, we knocked
down GLA expression using shRNAs in HUVECs and
evaluated changes in SOD2 mRNA and protein levels.
The results of qRT-PCR and Western blot revealed that
GLA shRNA successfully reduced GLA expression; how-
ever, unlike what we expected, mRNA or protein levels of
SOD2 were not suppressed after the knockdown of GLA
(Fig. 6A and B). These results ruled out the possibility
that GLA deficiency suppresses SOD2 expression in
FD-ECs. To determine the effect of Gb3 accumulation on
SOD2 expression, a Gb3—-BSA conjugant was adminis-
tered to HUVECsS. The protein expression level of SOD2

in HUVECS significantly decreased after Gb3 treatment in
a dose-dependent manner (p=0.036) (Fig. 7A and B).
In addition, AMPK activation significantly increased in
HUVECs after treatment with 100 pM Gb3 (p=0.039)
(Fig. 7A and C). Furthermore, qRT-PCR results con-
firmed that Gb3 administration selectively decreased
SOD2 mRNA expression (p=0.002) (Fig. 7D), which is
in line with the phenomenon of FD-ECs (Fig. 5B and D).
To confirm that GLA plays a vital role in Gb3-mediated
SOD2 downregulation, HUVECs were simultaneously
treated with tha-GLA and Gb3. We observed that rho-
GLA significantly rescued Gb3-induced SOD2 reduction
in HUVECs (Fig. 7E). Collectively, our results indicate
that Gb3 accumulation reduces SOD2 expression in
FD-ECs, which may consequently increase ROS produc-
tion. Furthermore, we determined that SOD2 expression
decreased due to Gb3 accumulation and not due to GLA
deficiency in HUVECsS, suggesting a detrimental role of
Gb3 accumulation in redox homeostasis of FD-ECs and a
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Figure 6. Detection of SOD2 expression in HUVECs treated with GLA shRNA. (A) a-Galactosidase A (GLA) silencing after transfec-
tion of human umbilical vein endothelial cells (HUVECs) with GLA shRNA. Total RNA from HUVECsS transfected with the indicated
shRNA was collected and subjected to quantitative real-time polymerase chain reaction (QRT-PCR) analysis. Values were repre-
sentative of four independent experiments; all blots were normalized to the glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
expression. Small hairpin RNA specific for luciferase (shLuc) served as 1. (B) Protein expression of GLA and superoxide dismutase 2
(SOD2) in GLA shRNA-treated HUVECsS. Total cell lysates of indicated cells were collected and subjected to Western blot by
using GLA- or SOD2-specific antibodies, respectively. B-Actin served as a loading control (left). Quantitative data are presented as
mean tstandard error of the mean (SEM) of three independent experiments (right). ***p<0.001 compared to cells transfected with
small hairpin RNA specific for luciferase (shLuc).

FACING PAGE

Figure 5. Dysregulated expression levels of the antioxidant enzyme in FD-ECs. (A) Data of antioxidant-related gene expressions
from microarray analysis. (B) Expression of superoxide dismutases (SODs). Total RNA from indicated cells was collected and sub-
jected to quantitative real-time polymerase chain reaction (QRT-PCR) analysis using specific primer sets; all blots were normalized
to the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. The expression level of healthy control induced pluripotent
stem cell-derived endothelial cells (NC-ECs) served as 1. Data are presented as meanzstandard error of the mean (SEM), n=4.
(C) The associated network was defined using ingenuity pathway analysis (IPA) for SOD2 and endothelial dysfunction-related genes.
(D) Protein expression of ROS-related proteins in Fabry disease induced pluripotent stem cells (FD-iPSCs) and Fabry disease (FD)
induced pluripotent stem cell-derived vascular endothelial-like cells (FD-ECs). Total cell lysates of indicated cells were collected and
subjected to Western blot using phospho-AMP-activated protein kinase (p-AMPK)-, AMPK-, o-galactosidase A (GLA)-, SODI-, or
SOD2-specific antibodies, respectively. B-Actin served as a loading control. Quantitative data are presented as mean+SEM of three
independent experiments. *p<0.05; ***p<0.001. GPXs, catalase and glutathione peroxidases; GSTP1, glutathione S-transferase 7 1;
GSTZ1, glutathione S-transferase { 1; ALOX12, arachidonate 12-lipoxygenase; CCS, copper chaperone for superoxide dismutase; S6,
human embryonic stem cell; GSK3, glycogen synthase kinase 3; NF-kB, nuclear transcription factor kB; PI3K, phosphatidylinositol-
3-kinase; NOS3, nitric oxide synthase 3; VEGF, vascular endothelial growth factor; JNK, Jun N-terminal kinase; ERK, extracellular
signal-regulated kinase.
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Figure 7. Ectopic addition of Gb3 suppressed SOD2 expression in HUVECsS. (A) Globotriaosylceramide (Gb3) suppressed super-
oxide dismutase 2 (SOD2) expression in human umbilical vein endothelial cells (HUVECs). HUVECs were incubated with the
indicated concentration of Gb3 for 48 h. After several washes, lysates were subjected to Western blot using phospho-AMP-activated
protein kinase (p-AMPK)-, AMPK-, SOD1-, or SOD2-specific antibodies, respectively. -Actin served as a loading control. (B, C)
Quantitative data of (A) presented the meantstandard error of the mean (SEM) of three independent experiments. (D) Total RNA
from HUVECsS treated with the indicated concentration of Gb3 was subjected to quantitative real-time polymerase chain reaction
(qRT-PCR) analysis. The RNA expression of indicated antioxidant proteins was quantified using specific primer sets; all blots were
normalized to the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression. The untreated group served as 1. Data are pre-
sented as mean+SEM, n=4. (E) HUVECs were incubated with recombinant human o-galactosidase (rhoi-GLA) (5 pg/ml) or Gb3
(100 uM) for 48 h. After several washes, the lysates were subjected to Western blot analysis using GLA- or SOD2-specific antibodies,
respectively. B-Actin served as a loading control. Quantitative data are presented as mean=SEM, n=4. (F) Schematic representa-
tion of GLA deficiency-induced cellular reactive oxygen species (ROS) production. *p <0.05; **p<0.01. LacCer, lactosylceramide;
Con, control.

consequent effect on FD-associated vascular endothelial
dysfunction (Fig. 7F).

the oxidation of low-density lipoproteins and modifica-
tion of endothelial functions and adhesion molecules™™.
A clinical study reported that VEGF-A, an oxidative

DISCUSSION stress-induced factor, was increased in a patient with

The progressive accumulation of Gb3 has been con-
sidered to play a critical pathophysiological role in
FD-associated cardiovascular disorders"*>*’. In addition,
clinical studies have reported higher oxidative stress and
oxidative stress-induced damage from protein to DNA'*',
Oxidative stress plays a crucial role in the development of
atherosclerosis and other cardiovascular disorders through

FD and that a high VEGF-A level is a possible response
to vascular damage™. These studies have suggested the
potential involvement of oxidative stress in the pathogen-
esis of vascular complications in FD. However, detailed
mechanisms underlying the effect of Gb3 on the dereg-
ulation of pathological factors remain largely unclear.
In this study, we determined that Gb3 accumulation is
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accompanied with an increase in ROS production, sup-
porting the effect of Gb3 on oxidative stress in VECs.

We performed a microarray analysis to identify the
critical role of SOD2 in Gb3-induced oxidative stress in
VECs. The causality of Gb3 in the suppression of SOD2
expression has been determined in HUVECs. SOD2 is
located in the mitochondrial matrix and can scavenge the
superoxide leaking from the respiratory chain'®. The sup-
pression of SOD2 production by siRNA resulted in the
overproduction of ROS, loss of mitochondrial membrane
potential, and induction of the apoptotic program in rab-
bit corneal ECs”. Furthermore, homozygous (Sod2™")
knockout was lethal in neonatal mice and resulted in
dilated cardiomyopathy and severe myocardial tissue
damage™™. In addition, mice with Sod2 heterozygous
mutation (Sod2*") exhibit endothelial dysfunction with
hypercholesterolemia® and aging®'. Moreover, a study
reported decreased SOD2 expression in the circulating
angiogenic cells of a patient with FD*’. Mitochondrial
haplogroup variants account for different mitochondrial
functions such as ATP production, ROS generation, and
calcium buffering. Specific mitochondrial haplogroups
are more frequently observed in patients with FD, indi-
cating a role of mitochondria in FD**. Taken together, our
results indicate that Gb3-induced increased ROS produc-
tion and mitochondrial SOD2 suppression may play a
role, at least in part, in FD-associated vascular endothe-
lial dysfunction.

NF-kB has been regarded as a redox-sensitive transcrip-
tion factor that manipulates homeostasis and endothelial
inflammatory responses™. JNK, a stress-activated protein
kinase, participates in ROS-induced endothelial dysfunc-
tion*. In addition, the involvement of several downstream
effectors of JNK and/or NF-xB signaling [i.e., ERK, phos-
phoinositide 3-kinase (PI3K), AKT/protein kinase B, nitric
oxide synthase 3 (NOS3), and AMPK] has been demon-
strated by IPA. All these signaling molecules play crucial
roles in the maintenance of physiological homeostasis in
VECs™*"*, The activation of AMPK plays a vital role in
the modulation of endothelial functions under stress™*.
A recent study reported that increased mitochondrial ROS
production significantly enhanced AMPK activation in
the endothelium of patients with coronary artery disease
and type 2 diabetes™. The protective role of AMPK activa-
tion in response to oxidative stress**** further supports our
findings that Gb3 suppressed SOD2 expression causing an
increase in ROS production along with enhancing AMPK
activation (p-AMPK). However, prolonged AMPK acti-
vation causes vascular endothelial impairment*, suggest-
ing that Gb3-induced AMPK activation has an etiological
role in FD-associated vascular dysfunction. Therefore,
more studies are required to investigate whether the
interplay between AMPK and mitochondrial SOD2 regu-
lates the imbalance of FD-associated oxidative stress in
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patients with FD and cardiovascular diseases. Overall,
our bioinformatics approach of gene regulatory linkage
analysis indicated that SOD?2 is a major constituent in the
network of FD-associated oxidative stress, strengthening
the involvement of mitochondrial SOD2 in FD-associated
vascular endothelial dysfunction.

The GLA protein expression level was considerably
lower in FD-ECs than in NC-ECs, and this phenomenon
correlates with the severe pathophysiological phenotype
of FD-ECs. A study reported a high incidence of the GLA
IVS4+919G>A mutation (approximately 1 in 1,500—
1,600 men) in patients with FD having the late-onset
cardiac phenotype in Taiwan™". Therefore, this finding
provides a possible mechanism for the late-onset cardiac
phenotype in which the GLA IVS4+919G>A mutation is
expressed. This notion should be explored in future stud-
ies using the IVS4+919G>A mutation and hiPSCs derived
from patients with classical FD. In conclusion, our study
findings were as follows: (1) VECs carrying the GLA
IVS4+919G>A mutation had increased ROS production
and Gb3 accumulation; (2) FD-ECs exhibited decreased
expression of the antioxidant SOD2 and accumulation of
Gb3; and (3) administration of Gb3, but not knockdown
of GLA, in part, suppressed mitochondrial SOD2 expres-
sion in VECs. The imbalance of the redox status leads to
endothelial dysfunction through canonical cell death and
inflammation. The newly defined interplay among GLA,
Gb3, and SOD2 reveals a potential pathophysiological
mechanism that causes increased ROS production and
provides insights on targets that can be used for devel-
oping novel therapeutics for FD, particularly for severe
FD-associated cardiovascular complications.
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