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Background: Endothelial cell (EC) dysfunction is a frequent feature in patients with end-stage renal disease (ESRD). The aim of this 
study was to generate human induced pluripotent stem cells, differentiate ECs (hiPSC-ECs) from patients with ESRD, and appraise the 
usefulness of hiPSC-ECs as a model to investigate EC dysfunction. 
Methods: We generated hiPSCs using peripheral blood mononuclear cells (PBMCs) isolated from three patients with ESRD and three 
healthy controls (HCs). Next, we differentiated hiPSC-ECs using the generated hiPSCs and assessed the expression of endothelial 
markers by immunofluorescence. The differentiation efficacy, EC dysfunction, and molecular signatures of EC-related genes based on 
microarray analysis were compared between the ESRD and HC groups. 
Results: In both groups, hiPSCs and hiPSC-ECs were successfully obtained based on induced pluripotent stem cell or EC marker ex-
pression in immunofluorescence and flow cytometry. However, the efficiency of differentiation of ECs from hiPSCs was lower in the 
ESRD-hiPSCs than in the HC-hiPSCs. In addition, unlike HC-hiPSC-ECs, ESRD-hiPSC-ECs failed to form interconnecting branching point 
networks in an in vitro tube formation assay. During microarray analysis, transcripts associated with oxidative stress and inflamma-
tion were upregulated and transcripts associated with vascular development and basement membrane extracellular matrix compo-
nents were downregulated in ESRD-hiPSC-ECs relative to in HC-hiPSC-ECs. 
Conclusion: ESRD-hiPSC-ECs showed a greater level of EC dysfunction than HC-hiPSC-ECs did based on functional assay results and 
molecular profiles. hiPSC-ECs may be used as a disease model to investigate the pathophysiology of EC dysfunction in ESRD.  
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Introduction 

The rapid increase in patients with end-stage renal disease 

(ESRD) is a global health problem. In Korea, for example, 

the number of patients with ESRD was 28,046 in 2002 but 

had increased rapidly to 93,884 in 2016 [1]. Despite im-

provements in survival due to advances in dialysis therapy, 

the mortality rate is still much higher among those with 

ESRD than in the general population; cardiovascular dis-

ease is a leading cause of mortality, accounting for 30% to 

50% of all deaths in ESRD patients [2]. In addition, a signif-

icant proportion of patients receiving long-term dialysis 

experience cardiovascular complications, which can reduce 

their quality of life and represents a major economic bur-

den [3]. Therefore, methods to limit cardiovascular compli-

cations in ESRD are critical. 

Many traditional risk factors, such as diabetes mellitus, 

hypertension, chronic kidney disease, and mineral bone 

disease, are thought to increase cardiovascular compli-

cations in patients with ESRD [3]. Of note, endothelial 

dysfunction is a common underlying mechanism connect-

ing these risk factors to cardiovascular complications [4]. 

Indeed, endothelial dysfunction and atherosclerosis are 

observed in nearly all patients with ESRD and are invariably 

associated with thrombosis and vascular hypertension [5,6]. 

Therefore, it is necessary to investigate the pathogenesis of 

endothelial cell (EC) dysfunction in ESRD. 

The entire range of cell types found in the human body 

can be evaluated using human induced pluripotent stem 

cells (hiPSCs). Therefore, hiPSC technology and the in-

creasingly refined ability to differentiate hiPSCs into dis-

ease-relevant target cells have far-reaching implications 

for understanding disease pathophysiology, identifying 

disease-causing genes, and developing more precise ther-

apeutics [7,8]. For example, hiPSC-derived neurons and 

neural progenitor cells [9,10], hiPSC-derived hepatocytes 

to model inherited metabolic disorders of the liver [11], and 

hiPSC-derived cardiomyocytes to model hypertrophic car-

diomyopathies and diabetes mellitus-induced cardiomyop-

athies [12,13] represent encouraging routes of investigation. 

Collected findings suggest that ECs differentiated from pa-

tient-derived hiPSCs can be used to develop a platform for 

studies of the mechanisms underlying endothelial dysfunc-

tion in ESRD. 

We characterized ECs differentiated from hiPSCs (hiP-

SC-ECs) taken from patients with ESRD and from hiP-

SC-ECs taken from healthy controls (HCs), respectively. 

In particular, we generated hiPSCs using peripheral blood 

mononuclear cells (PBMCs) from patients with ESRD and 

HCs. Using these cell lines, we compared the efficacy of EC 

differentiation and cell functions. We further used a mi-

croarray approach to identify transcripts associated with EC 

dysfunction in hiPSC-ECs from patients with ESRD. 

Methods 

Reprogramming of PBMCs 

A peripheral blood sample was obtained from three patients 

with ESRD and three HCs. PBMCs were isolated by centrif-

ugation using Ficoll-Paque PLUS (GE Healthcare, Chicago, 

IL, USA). Baseline clinical characteristics are presented in 

Table 1. Isolated PBMCs were cultured in StemSpan Animal 

Component-free media (Stem Cell Technologies, Vancou-

ver, BC, Canada) supplemented with StemSpan CC110 

(Stem Cell Technologies) for 4 days. Then, mononuclear 

cells were transferred to 24-well plates manually coated 

with recombinant human vitronectin (BD BioCoat; Corn-

ing, Corning, NY, USA), and Sendai virus (CytoTune hiPSC 

2.0 Reprogramming Kit; Thermo Fisher Scientific, Waltham, 

MA, USA) was added at a multiplicity of infection of three. 

Medium was changed daily until hiPSC colonies formed. 

After manual picking, hiPSC lines were maintained on vi-

tronectin (Invitrogen, Carlsbad, CA, USA)-coated plates 

in TeSR-E8 medium (Stem Cell Technologies). On day 12 

after transduction, emerging hiPSC colonies were picked 

individually and expanded for characterization. From day 

3 to day 21 after transduction, cells were cultured in a 37°C 

incubator with 5% CO2. 

All subjects gave their informed consent for inclusion be-

fore they participated in this study. This study was conduct-

ed in accordance with the Declaration of Helsinki, and the 

protocol was approved by the Institutional Review Board of 

Seoul St. Mary’s Hospital (No. KC16TISI0774). 

EC differentiation from PBMC-hiPSCs 

We used the induced pluripotent stem cell (iPSC) culture 

method without karyotypic abnormalities or the loss of 

pluripotency and the iPSCs used were less than 20 passages 
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[14]. To initiate differentiation, confluent cultures of hiPSCs 

were incubated with 1 mg/mL type IV collagenase for 10 

minutes and transferred to ultra-low attachment dishes 

containing differentiation medium for four days to form 

embryoid bodies (EBs). The differentiation medium con-

sisted of α-minimum Eagle’s medium, 20% fetal bovine se-

rum, L-glutamine, β-mercaptoethanol (0.05 mmol/L), and 

1% nonessential amino acids supplemented with 50 ng/

mL of bone morphogenetic protein-4 (BMP-4) (PeproTech, 

Rocky Hill, NJ, USA) and 50 ng/mL of vascular endothelial 

growth factor (VEGF) A (PeproTech). For the generation of 

heterogeneous hiPSC-ECs, the 4-day EBs were reattached to 

gelatin-coated dishes in the presence of VEGF-A for another 

10 days before purification [15]. On day 14 of differentiation, 

the ECs were purified by magnetic cell sorting. Differentiat-

ed cells were dissociated into single cells with Accutase (Life 

Technologies) for 20 minutes at 37°C, washed with 1× phos-

phate-buffered saline (PBS) containing 5% bovine serum al-

bumin, and passed through a 70-μm cell strainer. They were 

next incubated with the CD31 MicroBead Kit (#130-091-935; 

Miltenyi Biotech, Bergisch Gladbach, Germany) for 30 min-

utes and a MidiMACS separator with an LS column (Miltenyi 

Biotech). The purified hiPSC-ECs were expanded in Endo-

thelial Growth Medium-2MV (EGM-2MV) media (Lonza, 

Basel, Switzerland). Differentiation medium was replaced 

every 2 days for EC differentiation. 

Flow cytometry 

hiPSC colonies were dissociated using TrypLE Express (Life 

Technologies) and washed with PBS, and the cell suspen-

sion was stained with stage-specific embryonic antigen-4 

(SSEA-4) (813-70, 1:100; Santa Cruz Biotechnology, Santa 

Cruz, CA, USA) and TRA-1-81 (TRA-1-80, 1:100; Santa Cruz 

Biotechnology) surface antibodies for 30 minutes. Intra-

cellular staining for NANOG (1E6C4, 1:100; Santa Cruz 

Biotechnology) was performed by sequential incubations 

with fixation and permeabilization solutions (A and B Fix & 

Perm Solutions, Thermo Fisher Scientific). Cells were incu-

bated with NANOG, followed by with a fluorescein isothio-

Table 1. Baseline characteristics of patients with ESRD and healthy controls

Characteristic
ESRD Healthy control

Patient 1 Patient 2 Patient 3 Patient 1 Patient 2 Patient 3

Age (yr) 40 56 42 42 36 40

Sex Female Male Female Female Male Female

Primary renal disease IgAN DM IgAN NA NA NA

Dialysis duration (mo) 0 0 0 NA NA NA

Smoking history No Yes No No No No

Body mass index (kg/m2) 20.4 24.2 24.7 20.9 21.5 20.7

Hypertension Yes Yes Yes No No No

Cardiovascular disease No No No No No No

Creatinine (mg/dL) 5.41 5.84 7.10 0.64 0.98 0.80

BUN (mg/dL) 45.4 76.1 56.4 15.6 14.1 17.3

WBC (109/L) 5.65 4.53 4.06 4.20 5.35 5.21

Hemoglobin (g/dL) 10.6 10.9 10.5 13.0 15.2 13.8

Hematocrit (%) 31.7 33.7 30.8 38.8 45.4 40.1

Platelet (109/L) 174 198 154 266 432 498

CRP (mg/dL) <0.03 <0.03 <0.03 <0.03 <0.03 <0.03

Triglyceride (mg/dL) 162 143 241 213 144 55

Cholesterol (mg/dL)

  Total 118 140 190 205 142 202

  HDL 34 48 40 65 50 75

  LDL 53* 82* 89 90 67 137

BUN, blood urea nitrogen; CRP, C-reactive protein; DM, diabetes mellitus; ESRD, end-stage renal disease; HDL, high-density lipoprotein; IgAN, immunoglob-
ulin A nephropathy; LDL, low-density lipoprotein; NA, not applicable; WBC, white blood cell.
*Any type of 3-hydroxy-3-methyl-glutaryl-coenzyme reductase inhibitor (statin) therapy.
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cyanate-conjugated secondary antibody (BD BioSciences, 

San Jose, CA, USA). 

Confocal microscopic analysis 

hiPSCs were grown on plastic cover slide chambers and 

fixed with 4% paraformaldehyde. The following antibodies 

were used: NANOG (1E6C4, 1:100), SSEA-4 (813-70, 1:100), 

and TRA-1-81 (TRA-1-80, 1:100). ECs from ESRD-PB-

MC-hiPSCs were grown on plastic cover slide chambers 

and fixed with 4% paraformaldehyde. The following anti-

bodies were used: CD31 (WM-59; eBioscience, San Diego, 

CA, USA), CD34 (4H11; eBioscience), CD133 (TMP4; eBio-

science), von Willebrand factor (VWF) (sc-53466, 1:100; 

Santa Cruz Biotechnology), fetal liver kinase 1 (Flk-1) (sc-

6251, 1:100; Santa Cruz Biotechnology), and VEGF receptor 

(Flt) (sc-271789, 1:100; Santa Cruz Biotechnology). Alexa 

Fluor 488-conjugated streptavidin (Molecular Probes, Eu-

gene, OR, USA) was used according to the manufacturer’s 

instructions. The stained sections were visualized under a 

Zeiss microscope (LSM 510 Meta; Carl Zeiss, Oberkochen, 

Germany) at magnifications of 200× and 400×. The pro-

files of EC markers were evaluated in each stained tissue 

section at ×200 magnification using a color image analyzer 

(TDI Scope Eye, version 3.0, for Windows; Olympus, Tokyo, 

Japan). All data are presented as mean ± standard error 

values; unpaired t tests were used for comparisons among 

groups. Differences with p-values of less than 0.05 were 

considered statistically significant. All statistical analyses 

were conducted using GraphPad Prism version 5 (GraphPad 

Software Inc., San Diego, CA, USA). 

Alkaline phosphatase 
After 5 days in culture, colonies were assayed for phospha-

tase alkaline enzymatic activity using the Alkaline Phospha-

tase Detection Kit (Merck-Millipore, Burlington, MA, USA) 

according to the manufacturer’s instructions. 

In vitro EC tube formation assay 

Endothelial tube formation assays were performed in 96-

well plates coated with Matrigel (354230; BD, Franklin 

Lakes, NJ, USA), a reconstituted basement membrane 

matrix. Approximately 2 × 104 ECs were seeded into each 

well with 200 µL of EGM-2MV + 20% human serum media. 

Capillary-like networks were monitored and images were 

obtained after 4 hours [16]. The area of endothelial tube for-

mation was measured in samples using the ImageJ software 

(original magnification, 50×; National Institutes of Health, 

Bethesda, MD, USA). 

Cell viability assay 

Differentiated ECs were seeded in 96-well plates at a densi-

ty of 2 × 104/well for 24 or 48 hours, respectively. Before the 

end of the specified periods, Cell Counting Kit-8 solution 

(Dojindo Molecular Technologies, Kumamoto, Japan) was 

added to each well for 2 hours. Absorbance was measured 

at 450 nm using a VersaMax enzyme-linked immunosor-

bent assay reader (Molecular Devices, Sunnyvale, CA, USA). 

Microarray analysis 

RNA purity and integrity were evaluated using the ND-1000 

spectrophotometer (NanoDrop, Wilmington, DE, USA). 

The Affymetrix Whole Transcript Expression Array (Thermo 

Fisher Scientific) was used to estimate transcript levels ac-

cording to the manufacturer’s protocol (GeneChip WT Pico 

Reagent Kit; Thermo Fisher Scientific). Complementary 

DNA was synthesized using the GeneChip WT Pico Am-

plification Kit, as described by the manufacturer (Thermo 

Fisher Scientific). The sense complementary DNA was frag-

mented and biotin-labeled with terminal deoxynucleotidyl 

transferase using the GeneChip WT Terminal Labeling Kit 

(Thermo Fisher Scientific). Approximately 5.5 μg of labeled 

DNA target was hybridized to the Affymetrix GeneChip 

Human 2.0 ST Array (Thermo Fisher Scientific) at 45°C for 

16 hours. Hybridized arrays were washed and stained on 

a GeneChip Fluidics Station 450 system (Thermo Fisher 

Scientific) and scanned on a GCS3000 scanner (Thermo 

Fisher Scientific). Signal values were computed using the 

GeneChip Command Console software (Thermo Fisher 

Scientific). 

Raw data preparation and statistical analyses 

Raw data were extracted automatically, following the Affy-

metrix data-extraction protocol, using the GeneChip Com-

mand Console software. After importing CEL files, data 

were summarized and normalized by the robust multi-aver-
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age (RMA) method implemented in the Affymetrix Expres-

sion Console software. A gene-level RMA analysis and dif-

ferentially expressed gene (DEG) analysis were performed. 

Significant differences in expression level were determined 

based on fold-change values and the local pooled errors 

test, in which the null hypothesis was not different among 

groups. The false discovery rate (FDR) was controlled by 

adjusting the p-value using the Benjamini-Hochberg al-

gorithm. For a DEG set, a hierarchical cluster analysis was 

performed using complete linkage and Euclidean distances 

as a measure of similarity. Gene enrichment and functional 

annotation analyses for the significant probe list were per-

formed using the Gene Ontology (GO; www.geneontology.

org/) and Kyoto Encyclopedia of Genes and Genomes 

(KEGG; www.genome.jp/kegg/) databases. All data analy-

ses and the visualization of DEGs were conducted using R 

version 3.1.2 (www.r-project.org; R Foundation for Statisti-

cal Computing, Vienna, Austria). 

Protein-protein interaction network analysis 

It is known that the Search Tool for the Retrieval of Inter-

acting Genes (STRING) (https://string-db.org) database, 

which integrates both known and predicted protein-protein 

interactions (PPIs), can be applied to predict functional 

interactions of proteins [17]. In this study, to seek potential 

interactions between DEGs according to different tissues, 

the STRING tool was employed. Active interaction sources, 

including text mining, experiments, databases, and co-ex-

pression, were applied, together with limiting the species to 

“Homo sapiens” and the interaction score to greater than 0.4, 

to construct the PPI networks. The Cytoscape software ver-

sion 3.8.2 (an open-source software platform for visualizing 

networks) was used to visualize the PPI network. In this 

kind of network, the nodes correspond to the proteins and 

the edges represent the interactions, respectively. 

Results 

Characterization of hiPSC in patients with ESRD and HCs 

The pluripotency-associated markers NANOG, SSEA4, and 

TRA-1-81 on hiPSCs from patients with ESRD or HCs were 

detected by confocal microscopy (Fig. 1A) and flow cytom-

etry (Fig. 1B). Differentiation assays demonstrated that hiP-

SCs are pluripotent. Pluripotency was assessed by alkaline 

phosphatase staining (Fig. 1C). 

EC differentiation using ESRD-hiPSCs and HC-hiPSCs 

We examined the efficiency of hiPSC differentiation into 

ECs. hiPSCs were differentiated via the EB formation meth-

od in the presence of BMP-4 (50 ng/mL) and VEGF (50 ng/

mL), as depicted in Fig. 2A. In addition, we evaluated the 

properties for characteristics of mature ECs using endothe-

lial markers such as CD31, CD34, CD133, VWF, Flk (kinase 

insert domain receptor), and Flt-1 (VEGF receptor 1) (Fig. 

2B). Before and after purification with CD31, ESRD-hiP-

SC-ECs demonstrated reduced immunoreactivity for en-

dothelial markers relative to HC-hiPSC-ECs. Furthermore, 

fewer hiPSC-ECs were generated from ESRD-hiPSC-ECs 

than from HC-hiPSC-ECs using our standard differentiation 

procedure (average yields: 33% and 4% of total differentiat-

ed cells, respectively; p < 0.01) (Fig. 2C). These results show 

that cell line-specific differences in the efficiency of endo-

thelial differentiation were detected. 

Clear dysfunction of ESRD-hiPSC-ECs in comparison with 
HC-hiPSC-ECs 

To compare the angiogenic potential of ESRD-hiPSC-ECs 

and HC-hiPSC-ECs, we first seeded the ECs onto Matrigel in 

vitro and evaluated the formation of branching point struc-

tures (Fig. 3A). Morphogenic differentiation into vascular 

plexus-like networks or branching point structures was 

induced. The plating of HC-hiPSC-ECs on Matrigel resulted 

in the formation of branching point networks. However, 

ESRD-hiPSC-ECs failed to form interconnecting branching 

point networks (average areas: 35% and 10% tube forma-

tion; p < 0.01) (Fig. 3A, B). We also evaluated the viability 

of differentiated EC from hiPSCs; as shown in Fig. 3C, ES-

RD-hiPSC-ECs exhibited worsened cell viability relative to 

HC-hiPSC-ECs.  

Phenotypic and transcriptional profiles of ESRD-hiPSC-ECs 
and HC-hiPSC-ECs 

We performed a microarray analysis of ESRD-hiPSC-ECs 

(n = 3) and HC-hiPSC-ECs (n = 3) (Fig. 4A) and identified 

a total of 226 DEGs. We further identified the leading-edge 
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Figure 1. Characterization of hiPSCs from patients with ESRD and healthy controls. (A) Patient-derived PBMCs were reprogrammed 
to hiPSCs. The hiPSCs expressed the pluripotency markers NANOG (red), SSEA4 (green), and TRA-1-81 (green), as evaluated by im-
munofluorescence staining. The scale bar represents 50 µM. Nuclei were counterstained with DAPI. (B) hiPSCs expressed the plurip-
otency markers NANOG, SSEA4, and TRA-1-81 based on flow cytometry analysis. (C) hiPSCs were stained with alkaline phosphatase 
substrate to assess pluripotency (100×).
ESRD, end-stage renal disease; hiPSCs, human induced pluripotent stem cells; PBMC, peripheral blood mononuclear cell; DAPI, 4′,6-di-
amidino-2-phenylindole.
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Figure 2. EC differentiation of hiPSCs from patients with ESRD and HCs. (A) Schematic overview of EC differentiation. (B) Expression 
levels of the EC markers CD31, CD34, CD133, VWF, Flk-1, and Flt in purified hiPSC-ECs before and after CD31+ isolation, as deter-
mined by immunofluorescence staining with quantitative analysis. Scale bar represents 50 µM. **p < 0.05 relative to HC-iPSC-ECs. (C) 
CD31+ expression on hiPSC-ECs differentiated from patients with ESRD and HCs, as determined by flow cytometry analysis. **p < 0.01 
relative to HC-iPSC-ECs.
EC, endothelial cell; ESRD, end-stage renal disease; Flk-1, fetal liver kinase 1; Flt-1, vascular endothelial growth factor receptor 1; HC, 
healthy control; hiPSC, human induced pluripotent stem cell; SSC, side scatter; vWF, von Willebrand factor.
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gene set (i.e., the core set of genes accounting for this en-

richment) from each hiPSC-EC group and distinguished a 

core of 144 upregulated (Supplementary Table 1, available 

online) and 75 downregulated (Supplementary Table 2, 

available online) genes. Genes with expression level differ-

ences exceeding the established threshold (i.e., upregulated 

or downregulated by at least 1.5-fold) were further evalu-

ated (see scatterplot in Fig. 4B). The expression levels of 37 

genes were higher (upregulated by at least five-fold) and sev-

en genes were lower (downregulated by less than five-fold) 

in ESRD-hiPSC-ECs than in HC-hiPSC-ECs. Among genes 

with increased expression, the levels of the following 10 

genes were increased by more than 10-fold: MT1H, NLRP7, 

MIR302C, DPPA3, MT1G, ESRG, L1TD1, SLC7A3, ZNF729, 

and PRDM14. Meanwhile, among genes with reduced ex-

pression, the levels of the following seven were decreased 

by more than five-fold: CEMIP, COL12A1, TYRP1, TXNIP, 

IL18, PCDH10, and GDF6. Fourteen upregulated genes 

in ESRD-hiPSC-ECs were associated with oxidative stress 

[18] and inflammation, i.e., MT1H, MT1G, NLRP7, NLRP2, 

SOX2, IFIT1, IFIT2, IFIT3, CXCL1, IFI6, IFIH1, IFI44, FOXI3, 

and IFI44L, and four upregulated genes in ESRD-hiP-

SC-ECs were associated with the inhibition of EC migration 

and proliferation (i.e., MIR302C, MIR302B, MIR302D, and 

Figure 3. Fluorescence microscopy imaging and quantification of tube formation in hiPSC-derived ECs from patients with ESRD 
and HCs. (A) hiPSC-ECs showed EC morphologies. Cells formed tube-like structures in Matrigel (BD, Franklin Lakes, NJ, USA). Scale 
bar represents 200 µM. (B) Bar graphs represent the area (%) of the tube-like structure in Matrigel, presented as mean ± standard 
deviation values. *p < 0.05 relative to HC-iPSC-ECs. (C) Cell viability of ECs detected using Cell Counting Kit-8 assay (Dojindo Molecular 
Technologies, Kumamoto, Japan) for 24 or 48 hours, respectively. Data are presented as mean ± standard error values and are repre-
sentative of at least three independent experiments. *p < 0.05 relative to HC-iPSC-ECs.
EC, endothelial cell; ESRD, end-stage renal disease; HC, healthy control; hiPSC, human induced pluripotent stem cell.
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Figure 4. RNA microarray analysis of hiPSC-derived ECs from patients with ESRD and HCs. (A) Hierarchical clustering analysis of 
gene expression in hiPSC-derived ECs from patients with ESRD and HCs, respectively. Heatmap showing 219 significantly (p < 0.05) 
differentially expressed transcripts between HC-iPSC-ECs (n = 3) and ESRD-hiPSC-ECs (n = 3). The 219 genes were selected based on 
the criteria described in the Methods section. Expression levels are normalized for each gene; yellow represents high expression and 
blue represents low expression. (B) Scatterplot of expression levels in HC-iPSC-ECs and ESRD-hiPSC-ECs. (C) Enriched KEGG pathways 
in ESRD-hiPSC-ECs in comparison with HC-hiPSC-ECs.
EC, endothelial cell; ESRD, end-stage renal disease; HC, healthy control; hiPSC, human induced pluripotent stem cell, KEGG, Kyoto En-
cyclopedia of Genes and Genomes.
*indicates pathways associated with EC dysfunction.
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MARVELD2, CCL5, SPP1, and CXCL10). Downregulated 

DEGs were significantly enriched with regard to functions in 

ECM-receptor interactions and focal adhesion (i.e., ITGA11, 

VTN, LAMA1, SPP1, and TNC) (Fig. 4C, Table 2). 

PPI network between genes more expressed in ESRD-hiP-
SC-ECs relative to in HC-hiPSC-ECs 

The PPI network among genes was expressed more 

strongly in ESRD-hiPSC-ECs than in HC-hiPSC-ECs. A to-

tal of 144 upregulated and 75 downregulated unique gene 

identities were analyzed using the STRING database and 

the Cytoscape software. The required confidence score was 

set to 0.400. In the networks, the nodes corresponded to 

the proteins and the edges represented the interactions. In 

Fig. 5A and B, red ovals depict cellular metabolism, while 

blue ovals depict ECM remodeling and green ovals indicate 

additional GO terms (i.e., cytokine and immune response). 

In ESRD-hiPSC-EC, the major hubs are those that are in-

volved in the remodeling of the ECM, cellular metabolism, 

cytokines, and immune responses. Detailed GO terms are 

described in Supplementary Tables 3, 4 (available online). 

Discussion 

It is well known that significant EC dysfunction is de-

tectable in ESRD patients, which can induce major cardio-

vascular complications, resulting in higher mortality and 

morbidity rates in this patient population [5,6]. Therefore, 

it is necessary to establish an appropriate platform that can 

Table 2. KEGG pathway enrichment analyses of DEGs
KEGG ID KEGG pathway Count FDR Gene(s)

04514 Cell adhesion molecules (CAMs) 7 7.347E-05 CD34, CLDN10, CDH5,CDH1, CLDN6, CLDN7, PDCD1LG2

04512 ECM-receptor interaction 5 4.807E-04 ITGA11, VTN, LAMA1, SPP1, TNC

04510 Focal adhesion 5 6.53E-03 ITGA11, VTN, LAMA1, SPP1, TNC

04670 Leukocyte transendothelial migra-
tion

4 1.17E-02 CLDN10, CDH5,CLDN6, CLDN7

04530 Tight junction 4 2.759 E-02 CLDN10, CLDN6, CLDN7, MARVELD2

04620 Toll-like receptor signaling pathway 3 8.557E-02 CCL5, SPP1, CXCL10

DEG, differentially expressed gene; ECM, extracellular matrix; FDR, false discovery rate; KEGG, Kyoto Encyclopedia of Genes and Genomes.

Figure 5. Protein-protein interaction network analysis between genes expressed in ESRD-hiPSC-ECs as compared with HC-
hiPSC-ECs. (A) Results of upregulated genes. (B) Results of downregulated genes.
EC, endothelial cell; ESRD, end-stage renal disease; HC, healthy control; hiPSC, human induced pluripotent stem cell; STRING, Search 
Tool for the Retrieval of Interacting Genes.
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be used for disease pathology research as well as new drug 

development to combat EC dysfunction. In the past decade, 

advances in iPSC reprogramming technology have enabled 

scientists to create specific organ tissues or cells with char-

acteristics of specific diseases [12,19,20]. In this study, we 

successfully generated hiPSCs and hiPSC-ECs using PBMCs 

from ESRD patients and showed that hiPSC-ECs may rep-

resent EC dysfunction in terms of functional and molec-

ular assays. These findings suggest that an in vitro model 

of hiPSC-ECs from patients with ESRD may improve our 

understanding of EC dysfunction and may be an effective 

platform for screening drug candidates. 

Our first aim was to reprogram hiPSCs, which can be 

a source for ESRD-hiPSC-ECs, using PBMCs from ESRD 

patients. Several reprogramming techniques have been 

developed for generating hiPSCs via transferring genes cor-

responding to the four Yamanaka transcriptional factors to 

various types of somatic cells, such as dermal fibroblasts, 

PBMCs, or urine cells [21,22]. We decided to use PBMCs 

as a platform for hiPSC reprogramming because collecting 

blood is less invasive than performing a skin biopsy to gath-

er dermal fibroblasts and ESRD patients are also mostly fa-

miliar with the former process. For reprogramming, we em-

ployed the Sendai virus-transfection method. Subsequently, 

we did not observe any differences between cells from 

patients with ESRD and HCs with regard to reprogramming 

efficacy or the expression of markers of pluripotency, such 

as NANOG, SSEA4, and TRA-1-81; hence, hiPSCs from pa-

tients with ESRD were expected to have a similar pluripo-

tent potential to that of cells from normal subjects. 

The next consideration was whether reprogrammed hiP-

SCs could retain the specific characteristics of a disease. 

Until now, disease modeling employing hiPSCs has been 

mainly focused on hereditary or familial disorders because 

reprogrammed hiPSCs essentially retain the germline ge-

netic defects found in somatic cells. Therefore, target cell 

types differentiated from hiPSCs with genetic defects are ex-

pected to show the phenotype or molecular signature of the 

genetic disease associated with the mutations. Indeed, the 

cause of ESRD in three patients was either diabetes mellitus 

or immunoglobulin A nephropathy, which basically do not 

have significant germline mutations at baseline [23–25]. Re-

cently, it was suggested that hiPSCs generated using somat-

ic cells from patients with aging-related diseases, including 

chronic kidney disease, may retain the somatic memory 

associated with cell identity [26]. Indeed, in contrast with 

the complete loss of germ cell memory in embryonic stem 

cells, there is some evidence that hiPSCs partially retain the 

characteristics of their origin somatic cells, such as the age 

of the donor [27,28]. Therefore, some recent studies have 

focused on generating hiPSCs from diseased somatic cells 

to use as a source for regeneration or for research into the 

mechanism of disease or the senescence of target cells or 

tissues. 

So, we presumed that ESRD-hiPSCs may retain the char-

acteristics of ESRD and performed a comparison between 

ESRD-hiPSC-ECs and HC-hiPSC-ECs in the following three 

aspects: efficacy of EC differentiation, results of functional 

assay using a tube formation assay, and results of molecular 

signature analysis by microarray. During differentiation into 

hiPSC-ECs, we observed differences between ESRD-hiP-

SCs and HC-hiPSCs in terms of differentiation efficacy. 

ESRD-hiPSC-ECs consistently generated fewer hiPSC-ECs 

(estimated as the proportion of CD31+ cells) in comparison 

with HC-hiPSC-ECs. Indeed, patient-derived hiPSCs can be 

defective in disease-related cell differentiation; for example, 

hiPSCs derived from a patient with Prader-Willi syndrome 

exhibit neuronal differentiation defects [29]. 

Next, we evaluated the functional differences between 

ESRD-hiPSC-ECs and HC-hiPSC-ECs. For the evaluation of 

EC dysfunction in an in vitro model, tube formation assay, 

a test designed to evaluate angiogenesis, has been widely 

employed [16,30]. We observed that, unlike HC-hiPSC-ECs, 

ESRD-hiPSC-ECs failed to form interconnecting branching 

point networks. Our findings suggest that ESRD-hiPSC-ECs 

lose their vasculature formation ability. It is speculated 

that somatic cells exposed to a uremic state for a long time 

undergo an epigenetic change, which is memorized and 

partially retained in the reprogrammed hiPSCs. [27] This 

epigenetic defect in ESRD-hiPSC-ECs may result in their 

functional disability in terms of angiogenesis, but further 

investigation is necessary to clarify this issue. 

Lastly, we conducted a microarray analysis to investigate 

the underlying mechanism associated with the vasculature 

functional disability observed in ESRD-hiPSC-ECs in com-

parison with HC-hiPSC-ECs. As a result, it was determined 

that genes associated with the regulation of the basement 

membrane, ECM degradation, and EC migration were dif-

ferentially expressed between ESRD-hiPSC-ECs and HC-

hiPSC-ECs. Endothelin 1 (EDN1), mainly produced by 
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vascular ECs, induces vasoconstriction in physiological 

conditions [31]. Angiopoietin 2 (ANGPT2) is involved in 

angiogenesis and modulates EC differentiation, survival, 

and stability [32]. Matrix-remodeling associated 5 (MXRA5) 

is involved in adhesion and remodeling [33]. Membrane 

metallo-endopeptidase (MME) regulates the inflammatory 

response and insulin signaling in white preadipocytes [34]. 

Finally, cell migration-inducing hyaluronan binding protein 

(CEMIP) promotes cell migration [35]. The observed defects 

in the transcription of essential molecules in hiPSC-ECs 

from patients with ESRD may contribute to the defects in 

angiogenesis revealed by the tube formation assay [36]. 

This study had some limitations. First, we did not clearly 

demonstrate the epigenetic changes in ESRD-hiPSC or ES-

RD-hiPSC-ECs—for example, the methylation of specific 

genes. Robust gene-sequencing analysis may help to clarify 

this issue. Second, the number of patients who participat-

ed was limited and their underlying renal diseases varied. 

Indeed, it is possible to consider that the characteristics of 

endothelial dysfunction in diabetic patients are fundamen-

tally different from those of nondiabetic patients. However, 

a considerable effort is required to reprogram hiPSCs and 

differentiate hiPSC-ECs in order to conduct research using 

a large patient group. The development of more efficient 

and faster iPSCs reprogramming techniques will help to 

mitigate this issue. Lastly, one of the inherent limitations of 

the predictive power of in vitro iPSC-based model systems 

is that they may not demonstrate sufficient complexity to 

approximate in vivo physiology. To overcome this, it would 

be preferable to use self-assembled vascular organoids and 

vasculature-on-a-chip platforms for studying the effects of 

disease processes and drugs on iPSC-derived vasculature. 

Lastly, two of the three ESRD patients or HCs were female. 

There are sex differences in the remodeling of DNA methyl-

ation marks; hence, these sex differences can be connected 

to differences in developmental potential between female 

and male iPSCs [37,38]. Therefore, it may be necessary to 

conduct further research among subjects of the same sex. 

In conclusion, our results suggest that hiPSC-ECs derived 

from patients with ESRD may demonstrate functional and 

molecular characteristics of EC dysfunction. Accordingly, 

our in vitro model of hiPSC-ECs in patients with ESRD may 

be helpful to elucidate EC dysfunction and establish a plat-

form for screening drug candidates. 
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