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ABSTRACT

Recent evidence suggests human embryonic stem cell
(hESC) and induced pluripotent stem (iPS) cell lines have
differences in their epigenetic marks and transcriptomes,
yet the impact of these differences on subsequent termi-
nally differentiated cells is less well understood. Compari-
son of purified, homogeneous populations of somatic cells
derived from multiple independent human iPS and ES
lines will be required to address this critical question.
Here, we report a differentiation protocol based on em-
bryonic development that consistently yields large num-
bers of endothelial cells (ECs) derived from multiple
hESCs or iPS cells. Mesoderm differentiation of embryoid
bodies was maximized, and defined growth factors were

used to generate KDR
1

EC progenitors. Magnetic purifi-
cation of a KDR1 progenitor subpopulation resulted in an
expanding, homogeneous pool of ECs that expressed EC
markers and had functional properties of ECs. Compari-
son of the transcriptomes revealed limited gene expression
variability between multiple lines of human iPS-derived
ECs or between lines of ES- and iPS-derived ECs. These
results demonstrate a method to generate large numbers
of pure human EC progenitors and differentiated ECs
from pluripotent stem cells and suggest individual lineages
derived from human iPS cells may have significantly less
variance than their pluripotent founders. STEM CELLS
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INTRODUCTION

Induced pluripotent stem (iPS) cells have recently emerged as
a promising alternative to embryonic stem cells (ESCs) for
modeling disease and developing therapeutics [1]. While
seemingly equivalent, many recent studies suggest subtle dif-
ferences between these two pluripotent cell types, including
specific culture-derived genetic abnormalities, propensity to
differentiate toward a specific lineage, and somatic epigenetic
memory [2]. In contrast, the impact of the putative differences
between iPS and embryonic stem cells on fully differentiated
cell states after in vitro-directed differentiation has not been
explored to the same extent, especially in human cell types
where cell-type-specific reporter lines have been difficult to
generate. Well-defined cell surface markers make endothelial
cells (ECs) a useful platform to systematically profile a homo-
geneous cell population derived from pluripotent stem cells
without the requirement for reporter cell lines.

The endothelium is a monolayer that invests the luminal
surface of all blood and lymphatic vessels. ECs composing
this diaphanous film of tissue modulate the growth and reac-
tivity of the underlying smooth muscle, control the interaction
of the vessel wall with circulating blood elements, and regu-
late vascular responses to hemodynamic forces [3]. Trans-
planted human ES or iPS-derived ECs lead to increased func-
tion and vascularization in multiple animal disease models,
including hind limb perfusion and myocardial infarction, in
addition to stably carrying blood up to 150 days after trans-
plantation with no safety issues as yet reported [4–7].

Several methods for generating ECs from human pluripo-
tent stem cells have been reported. Original embryoid body
(EB) differentiation methods supplemented with high VEGF
generated 5–8% CD31-positive cells after 2 weeks in culture
[8, 9]. Recent improvements claim efficiencies of 15–57%
CD31-positive cells by day 14; however, these methods have
been difficult to consistently replicate across multiple pluripo-
tent stem cell lines either because of protocol complexity,
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batch variation in required reagents, or other unexplained fac-
tors [10, 11]. Independent pluripotent stem cell lines may
require optimization of conditions for each cell line due to in-
herent variation among lines [12]. Most importantly, a com-
prehensive genome-wide analysis of gene expression variabili-
ty in human ECs, or any other specific human lineage, among
multiple different ES or iPS cell lines has not been reported
[13, 14].

Here, we report a differentiation protocol that recapitu-
lates normal development and consistently yielded large num-
bers of relatively pure ECs derived from multiple independent
human ES or iPS cell lines. Comprehensive profiling of this
well-defined cell population revealed remarkably few gene
expression differences between ECs derived from multiple
hiPSCs or human ESCs (hESCs) as well as ECs derived with
different differentiation protocols. These findings suggest that
differentiated cell types derived from hESC and hiPS cell
lines, and from multiple hiPS cell lines, may have limited
transcriptome variance, increasing the likelihood of successful
disease modeling using iPS cell-based technology.

MATERIALS AND METHODS

Human PSC Culture and Differentiation into ECs

hESCs (H1, H7, and H9) and hiPSCs (iPS1, iPS2, and iPS3)
were cultured according to WiCell Protocols under feeder-free
conditions on matrigel-coated plates in mTeSR1 (Stem Cell Tech-
nologies, Vancouver, BC, http://www.stemcell.com) in a hypoxic
environment (5% CO2, 5% O2). hiPSC lines were all derived by
reprogramming fibroblasts with four factors (Oct4, Sox2, Klf4,
and c-Myc) and were fully characterized for pluripotency. iPS1 is
the iPSC line K23F (S. Yamanaka and K. Tomoda, unpublished
observations), iPS2 is 3S5F [15], and iPS3 is Huf5 [6, 16]. To
induce differentiation, hESCs and hiPSCs were detached with
Dispase (Gibco, Carlsbad, CA, http://www.invitrogen.com) and
scraped with a cell lifter and then placed into StemPro-34 (Invi-
trogen, Carlsbad, CA, http://www.invitrogen.com) supplemented
with 10 ng/ml pen/strep, 2 mM L-glutamine, 150 mg/ml Transfer-
rin, 1 mM ascorbic acid, and 4 � 10�4 M monothioglycerol
(Sigma, St. Louis, MO, http://www.sigmaaldrich.com). All cyto-
kines, including human-basic fibroblast growth factor (bFGF),
human-Activin A, human-BMP4 (R&D Systems, Minneapolis,
MN, http://www.rndsystems.com) and human-vascular endothelial
growth factor (VEGF) (Calbiochem, Gibbstown, NJ, http://
www.emdmillipore.com), were added at the indicated time points
and concentrations. Pluripotent stem cells were cultured in a
hypoxic environment (5% CO2, 5% O2, and 90% N2) until D6 of
differentiation. After D6, magnetic cell sorting (MACS) was per-
formed according to the manufacturers protocol, and kinase insert
domain receptor (KDRþ) cells were plated on fibronectin (Sigma)
in a normoxic environment (5% CO2, 20% O2, and 75% N2) in
ECM medium (ScienCell, Carlsbad, CA, http://www.sciencellon-
line.com) with 5% fetal bovine serum (FBS), pen/strep and endo-
thelial cell growth supplements (ECGS) (10 mg/ml bovine serum
albumin (BSA), 10 mg/ml apo-transferrin, 5 mg/ml insulin, 10
ng/ml epidermal growth factor, 2 ng/ml bFGF, 2 ng/ml VEGF, 2
ng/ml IGF-1, 1 mg/ml hydrocortisone, and 30 ng/ml retinoic
acid). KDRþ cells were allowed to grow to 80%–90% confluence
and were then split 1:3 using 0.05% trypsin. Control differentia-
tions consisted of EB formation, followed by addition of 10 ng/
ml VEGF from D1 to D14 and then CD31þ cell sorting on D14.

Flow Cytometry and MACS

Accutase (Millipore, Bellerica, MA, http://www.emdmillipore.
com) was used to generate single-cell suspensions from EBs
plated overnight on fibronectin. The cells were stained with
KDR-Phycoerythrin (PE)-conjugated antibodies (R&D Systems)

and fluorescence-activated cell sorting (FACS) sorted on a FACS
ARIA 2 or MACS sorted on a midi column (Miltenyi Biotec,
Auburn, CA, http://www.miltenyibiotec.com) according to the
manufacturer’s protocol. CD31 antibodies conjugated to magnetic
beads (Miltenyi Bio) were used with midi columns to further
purify cultures contaminated with more than 10% non-ECs. Char-
acterization of fully differentiated ECs was determined by
PECAM-1-488-conjugated primary antibody (CD31, R&D Sys-
tems) or VE-cadherin-PE-conjugated antibody (CD144; R&D
Systems) staining. EPHB2 staining was performed with recombi-
nant mouse EphB4 Fc chimera protein (R&D Systems). Fluores-
cent intensity was determined for 10,000 cells total, and percen-
tages shown in all figures are the percent of live single cells that
fall within the gate shown. Gates were determined using a nega-
tive control (isotype-specific IgG) stained cell population.

Immunocytochemical Staining

To characterize the phenotype of ECs, purified cells were stained
with antibodies against endothelial markers, including PECAM-1
(CD31, R&D Systems), VE-cadherin (CD144; R&D Systems),
endothelial nitric oxide synthase (eNOS; BD Biosciences, San
Diego, CA, http://www.bdbiosciences.com), and von Willebrand
factor (vWF; Abcam, Cambridge, MA, http://www.abcam.com).
Briefly, the cells were fixed with paraformaldehyde (4%), perme-
abilized with Triton X-100 (0.1%), and blocked with either nor-
mal goat or donkey serum (1%) for 30 minutes, followed by
overnight incubation with the primary antibodies at 4�C. The
cells were washed with 1� PBS and incubated with Alexa Fluor-
488 or �594 secondary antibodies for 1 hour at room tempera-
ture. Cells were washed with 1� PBS, and the nuclei were
stained with Hoechst 33342 dye (Invitrogen).

Acetylated Low-Density Lipoprotein Uptake

Cells were incubated with 1,10-dioctadecyl-3,3,30,30-tetrameth-
lyindocarbocyanineperchlorate-acetylated-LDL (Dil-Ac-LDL) (10
lg/ml; Invitrogen) for 4 hours at 37�C. After incubation, the cells
were washed with 1� PBS before being visualized and photo-
graphed under a fluorescent microscope.

In Vitro Matrigel Assay

Cells (2.5 � 105) were seeded on 24-well plates precoated with
growth factor-reduced Matrigel (BD Discovery Labware, Bed-
ford, MA, http://www.bdbiosciences.com) and incubated for 24
hours at 37�C. Images were taken using a light microscope.

In Vivo Matrigel Injection

To determine whether hiPSC- and hESC-derived ECs formed
functional blood vessels in vivo, a Matrigel plug assay was per-
formed using immunodeficient severe combined immunodefi-
ciency (SCID) mice. Matrigel was mixed with bFGF (50 ng/ml;
Peprotech, Rocky Hill, NJ, http://www.peprotech.com) and ECs
(5 � 105). The mixture was subcutaneously injected into SCID
mice. After 14 days, the animals were euthanized, and the Matri-
gel plugs were removed. Paraffin-embedded matrigel sections
were stained with human CD31. The number of capillaries
formed by the ECs was counted under �200 magnification from
six to seven random fields. All animals were treated in accord-
ance with an approved protocol from the Stanford Administrative
Panel on Laboratory Animal Care.

EC Migration Assay

EC migration was measured using BD Biocoat Angiogenesis Sys-
tem and the manufacturer’s protocol (BD Biosciences). Briefly, a
cell suspension of 4.0 � 10 cells per milliliter was prepared for
each EC sample and added into 24-well plate inserts. The insert
plates were incubated for 24 hours at 37�C, 5% CO2. The inserts
were removed and transferred to another plate containing aceto-
methoxy derivate of calcein (calcein AM) solution, and the plates
were incubated for 90 minutes at 37�C, 5% CO2. A fluorescence
plate reader with bottom-reading capability at excitation/emission

White, Rufaihah, Liu et al. 93

www.StemCells.com



wavelengths of 494/517 nm was used to quantify fluorescence of
the cells that successfully migrated. The fold migration was cal-
culated by the fluorescence value of the treated cells over the
untreated cells.

Nitric Oxide Measurement

Production of nitric oxide was determined using high perform-
ance liquid chromatography (HPLC) measurement of nitrite in
media after 24 hours of cell conditioning. After media collection,
the cells were lysed with RIPA buffer containing protease inhibi-
tors, and the protein concentration for each cell type was meas-
ured using bicinchoninic acid (BCA) assay to adjust nitrite levels
for cell number.

RNA Extraction, Microarray, and Quantitative
Reverse Transcriptase-PCR Validation

All cells were washed with phosphate buffered saline (PBS) and
placed in Trizol (Invitrogen). Total RNA was collected using
phenol/chloroform extraction with phase-lock tubes (5 Prime,
Gaithersburg, MD, https://www.5prime.com). The RNA was
cleaned and DNase digested on RNeasy columns (Qiagen, Valen-
cia, CA, http://www.qiagen.com). RNA was amplified, frag-
mented, and labeled using NuGEN Technologies Applause Plus
kits and the manufacturer’s instructions (NuGen, San Carlos, CA,
http://www.nugeninc.com). Labeled samples were then hybridized
to Affymetrix Human Gene 1.0 ST GeneChips (Affymetrix, Santa
Clara, CA, http://www.affymetrix.com). The GeneChips were
then washed and stained on Affymetrix 450 Fluidics Stations and
scanned on an Affymetrix 3000 Scanner according to standard
protocols. Validation of a selected set of differentially expressed
genes was performed by quantitative reverse transcriptase-PCR
(qRT-PCR) using standard Taq-Man primer sets (Applied Biosys-
tems, Life Technologies, Carlsbad, CA, http://www.appliedbiosys-
tems.com) on an ABI-7900 HT (Applied Biosystems).

Bioinformatics

Microarrays were normalized to control for array-specific effects
with the Affymetrix Power Tools software using Robust Multi-
Array normalization. For statistical analyses, all probe sets in
which none of the groups had an average log2 intensity greater
than 3.0 were removed. This is a standard cutoff, under which
the expression levels are indistinguishable from background. All
array data are available from Gene Expression Omnibus (acces-
sion number GSE37631). Linear models were fitted for each gene
using the limma package [17] in R/Bioconductor. Moderated t-
statistics and the associated p-values were calculated. p-values
were adjusted for multiple testing by controlling for false-discov-
ery rate (which is the expected percentage of falsely declared dif-
ferentially expressed genes among the set of all declared differen-
tially expressed genes) using the Benjamini-Hochberg method.
Differential expression was defined using a threshold of two- to
fourfold change as indicated and a p-value of <.05. Hierarchical
cluster analysis was performed on normalized array values with
Cluster 3.0 with Euclidean distance and single linkage for
>10,000 genes and average linkage for smaller gene sets. Heat
maps were generated with Java TreeView. Gene ontology (GO)
analysis was completed using GO Elite with default settings.

Statistical Analysis

All experiments were performed at least three times unless other-
wise stated. All statistical analyses were completed using Graph-
Pad Prism software. Two-way analysis was completed with two-
tailed unpaired t tests with a 95% confidence interval. Multiple
comparison tests were performed by one-way Analysis of Var-
iance (ANOVA) with Bonferroni post test with Alpha ¼ 0.05
(95% confidence interval).

RESULTS

Generation of KDR
1
Precursors

Large numbers of cardiac myocytes have been efficiently gen-
erated from mouse and human stem cells by inducing precar-
diac mesoderm cells marked by KDR and platelet-derived
growth factor receptor (PDGFR)-a cell surface receptors, then
biasing toward the cardiac muscle fate [18, 19]. Since the pre-
cardiac mesoderm cells are multipotent and give rise to endo-
thelial and smooth muscle cells in addition to cardiac myo-
cytes, we searched for approaches to bias these precursors
into the EC lineage [20].

hESCs and hiPSCs were grown in feeder-free conditions
and aggregated to form EBs. KDRþ cells were induced from
day 1 to day 4 (D1–D4) (stage 1) with defined medium con-
taining bFGF (5 ng/ml), Activin A (6 ng/ml), and a range of
BMP4 (4–14 ng/ml) in a manner similar to a reported proto-
col for directed differentiation of ESCs into cardiac myocytes
[19] (Fig. 1A). We attempted to further differentiate precar-
diac mesoderm into endothelial precursors from D4 to D5
(stage 2) with VEGF (10 ng/ml) and bFGF (10 ng/ml), two
cytokines critically important for angiogenesis [21, 22]. At
D5.4, EBs were plated on fibronectin-coated plates that pro-
mote attachment and proliferation of ECs [23]. On D6, sin-
gle-cell suspensions were generated using Accutase and sub-
sequently stained for KDR. Expression of KDR ultimately
becomes restricted to the endothelial lineage [20, 21], so we
tested a range of BMP4 concentrations (BMP 4–14 ng/ml)
(Supporting Information Fig. S1A) for the ability to generate
KDRþ cells at D6. BMP4 administered at 12 ng/ml from D1
to D4 resulted in maximal KDR expression (55%) at D6, as
detected by flow cytometry (Fig. 1B). This concentration of
BMP4 was used for subsequent differentiations of all pluripo-
tent cell lines, although optimization for each line may further
maximize EC yield. In order to determine the level of com-
mitment to the endothelial lineage at D6, we used flow cyto-
metric analysis to profile the surface markers PECAM1
(CD31) and VE-Cadherin (CD144), which are highly
expressed in mature human ECs. While 44% of the cells were
KDRþ, only 12% or 13% of the cells were CD31þ or
CD144þ, respectively (Supporting Information Fig. S1B).

EC Differentiation Potential of KDR1 Populations

Cells expressing KDR at D6 could be divided into three sub-
populations based on KDR expression level: KDRlow,
KDRmed, and KDRhigh. To investigate their potentials to dif-
ferentiate into ECs, the three subpopulations were sorted by
FACS and replated on fibronectin-coated plates in EC me-
dium commonly used to maintain primary EC lines. We used
PECAM1 (CD31) and VE-Cadherin (CD144) cell-surface
staining at D14 to monitor and optimize the EC differentia-
tion. The KDRhigh population resulted in greater than 90%
CD31/CD144 double positive ECs (CD31þ/CD144þ) (Fig.
1C). The KDRmed or KDRlow populations generated 20% or
3% CD31þ/CD144þ ECs, respectively. Interestingly, a mix-
ture of KDRhigh/med cells resulted in greater than 90%
CD31þ/CD144þ ECs, while a mixture of KDRmed/low cells
generally resulted in fewer than 10% CD31þ/CD144þ ECs
(data not shown). This may indicate that the KDRmed subpo-
pulation is a plastic precursor cell responsive to non-cell au-
tonomous differentiation cues from surrounding cells. The
KDRlow fraction’s inhibition of EC differentiation may repre-
sent a dominant effect over the KDRhigh population or may
be due to more rapid proliferation of the KDRlow derivatives
that then become the dominant cell type.
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Figure 1. KDRhigh cells differentiate into mature ECs. (A): EC differentiation protocol. Human embryonic stem cells (hESCs) or induced pluri-
potent stem (iPS) cells were induced to form cardiac mesoderm using BMP, Activin A, and basic fibroblast growth factor. Embryoid bodies were
placed into conditions promoting EC formation at D4, plated on fibronectin at D5, and then KDRhigh endothelial precursor cells were magneti-
cally sorted on D6. The precursors were plated in EC maintenance conditions and expanded until D14 when they were frozen. (B): Flow cyto-
metric analysis of the effects of various BMP4 concentrations on KDR expression. The control population consisted of cells labeled with isotype
control antibodies (IgG). The experiment was repeated three times, and representative data from one experiment are displayed. (C): Analysis of
the EC differentiation potential of three cell subpopulations with varying KDR expression levels. Three populations were sorted by fluorescence-
activated cell sorting at D6 and then analyzed for expression of the mature human EC surface markers VE-Cadherin and PECAM1 on D14. The
control population consisted of cells labeled with isotype control antibodies (IgG). The experiment was repeated three times, and representative
data from one experiment are displayed. (D): i. Analysis of KDR expression before and after magnetic sorting of KDRhigh cells at D6. ii. Two
KDR fractions (þ and –) were replated after magnetic sorting and reanalyzed on D14 for expression of VE-Cadherin and PECAM1. The experi-
ment was repeated three times and representative data from one experiment are displayed. (E): i. Mean percentage of cells expressing both
PECAM1 and VE-Cadherin at D14 of differentiation from ESCs or iPS cells from four different cell lines in four separate experiments for each
group. Error bars represent SD. Mean values were not statistically different when compared with two-tailed unpaired t test. ii. Mean yield of ECs
from one million pluripotent stem cells from four different cell lines in four separate experiments for each group. Error bars represent SD. Mean
values were not statistically different when compared with two-tailed unpaired t test. Abbreviations: EC, endothelial cell; HAEC, human aortic
EC; HLEC, human lymphatic EC; HSVEC, human saphenous vein EC; KDR, kinase insert domain receptor.



Isolating large numbers of KDRhigh/med cells that could
ultimately become ECs required a more efficient method than
FACS, which is time consuming and destructive to cells need-
ing further culture and expansion. Therefore, we used MACS
to isolate KDRhigh/med cells with a combination of a KDR
antibody conjugated to PE and an anti-PE antibody conju-
gated to a magnetic bead. We purified KDRhigh/med cells by
MACS and quantified the KDR-expressing cells by FACS
from the premagnetic and postmagnetic sort populations. By
MACS at D6, we recovered a KDRþ population that was
94% KDRhigh/med cells (Fig. 1D). The percent KDRhigh/med of
the total cell population varied widely between cell lines and
between differentiations of the same cell line with a range of
6.78%–72.7% (Table 1).

Once replated on fibronectin in EC medium, the KDRhigh/

med endothelial precursor cells had a high proliferative
capacity and were allowed to grow to 80%–90% confluence
and then were split 1:3 using 0.05% trypsin. ECs round up
and can be tapped off of the plate before other contaminating
cell types release from the culture dish when using 0.05%
trypsin, which helped maintain nearly pure populations of
CD31þ/CD144þ ECs. All differentiations with adequate
enrichment of KDRhigh/med cells, regardless of starting presort
KDRhigh/med percentage, resulted in 95% 6 3.7% CD31þ/
CD144þ cells at day 14 for ESCs and 93% 6 4.8% for iPS
cells (Fig. 1D, 1E). The CD31þ/CD144þ ECs were frozen at
D14 and could be thawed and expanded again. The yield of
ECs varied among batches and lines, but ranged from 1.5 �
105 to 4.0 � 105 cells per million pluripotent cells and corre-
lated with the proliferation rate of the KDRhigh/med cells after
sorting rather than the percentage of KDRhigh/med cells at the
time of sorting (Fig. 1E). It should be noted that this calcula-
tion is based on the number of starting ESCs on day 0 and
not the number of cells present at D1 after aggregation
(�50% of starting population) as was reported in James et al.
[11].

Biological and Functional Characterization

CD31þ/CD144þ cells were derived from various hiPS (iPS1,
iPS2, and iPS3) and hESC lines (H1, H7, and H9) and used
for genome-wide gene expression analysis. Two lines of each
EC type (hiPS or hES) were randomly selected for full char-
acterization and were subjected to a comprehensive series of

standard endothelial characterization tests, including immuno-
staining, fluorescent-acetylated LDL (Dil-Ac-LDL) uptake
assays, and Matrigel assays. Both hiPS-ECs and hES-ECs
developed cobblestone morphology and stained positive for
the endothelial markers PECAM-1 (CD31), VE-cadherin
(CD144), eNOS, and vWF (Fig. 2, Supporting Information
Fig. S2). These cells also formed vascular network-like struc-
tures when placed on Matrigel (Fig. 3A) and were able to
incorporate Dil-Ac-LDL (Fig. 3B). hiPS-ECs and hES-ECs
also migrated in response to VEGF (Fig. 3C). When com-
pared with a hESC line, all EC lines tested produced signifi-
cantly higher levels of nitric oxide, which is a fundamental
determinant of vascular homeostasis (Fig. 3D).

An in vivo Matrigel plug assay was used to evaluate the
angiogenic capabilities of CD31þ/CD144þ pluripotent cell-
derived ECs. When ECs are mixed with Matrigel and injected
subcutaneously in a mouse, they organize into functional
capillaries that link with the endogenous circulatory system
and carry red blood cells. All the hiPS-ECs and hES-ECs
were able to form functional blood capillaries in a similar
fashion to primary ECs, as indicated by the robust staining
for human CD31 and the presence of blood cells within some
lumens (Fig. 3E).

Gene Expression Analysis of Pluripotent
Cell-Derived ECs

Global gene expression of the pluripotent cell-derived ECs
(ES/iPS) and primary human ECs was profiled by microar-
rays, and 32 genes with the highest differential gene expres-
sion between various groups were subsequently analyzed by
qRT-PCR (Supporting Information Figs. S4, S5, S6, S7).
Human aortic ECs, human saphenous vein ECs, and human
lymphatic ECs were chosen as representative primary cell
lines of the three major EC types of the body: arterial, ve-
nous, and lymphatic. The primary ECs were grown in vitro in
EC medium until passage 3, while still actively dividing, and
the cells were collected for total RNA extraction. D14 ES- or
iPS-derived ECs were thawed and matured until D21, at
which point cell proliferation had decreased, as expected. All
lines were collected for RNA at full confluence when the ECs
were contact inhibited and displayed cobblestone morphology.

We compared three human ES-derived ECs (H1, H7, and
H9 ECs) to three genetically independent human iPS-derived
EC lines (iPS1, iPS2, and iPS3 ECs) as well as one of the
same iPS cell line differentiated on two separate days (iPS2
Day X and iPS2 Day Y). In addition, we compared ES- and
iPS-derived EC lines differentiated with two independent
methods (H9 EC-A, H9 EC-B, iPS3 EC-A, and iPS3 EC-B).
Method A represents the new differentiation method described
here and Method B is an EB þ VEGF method.

When comparing array log2 intensity values from all
ESC- and iPSC-derived ECs pairwise, Pearson’s R2 values
were >0.97 for all pairs (Fig. 4A, Supporting Information
Fig. S2A). Clustering analysis of all genes with twofold or
greater difference in gene expression between any two sam-
ples clearly revealed a single cluster containing all three pri-
mary ECs and a second cluster that included all ES- or iPS-
derived ECs (Fig. 4B). Genes differentially expressed between
these two clusters included mainly those involved in cell
cycle and adhesion, likely reflecting the nature of the 6-day
primary culture versus longer term differentiation of the pluri-
potent stem cells (day 21).

Importantly, when comparing ECs from the same pluripo-
tent cell line differentiated in two separate experiments (iPS2
Day X ECs and iPS2 Day Y ECs) or ECs from the same plu-
ripotent cell line differentiated with two separate methods

Table 1. Summary of KDRhigh/med yield on day 6 of
differentiation

Pluripotent cell line KDRhigh/med

H1 6.8
H1 12.8
H7 43.8
H9 33.6
H9 43.4
H9 44.8
H9 59.1
H9 76.2
iPS2 9.8
iPS2 19.6
iPS2 30.5
iPS2 72.7

Data are displayed as percentage of total cell population staining
positive for KDR at d6 of differentiation. Duplicate lines indicate
independent differentiations done on separate days. Percentages
from same cell line are arranged in ascending order.
Abbreviations: iPS, induced pluripotent stem; KDR, kinase insert
domain receptor.
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(iPS3 EC-A:iPS3 EC-B or H9 EC-A:H9 EC-B), differences in
gene expression were very small: Pearson’s R2 ¼ 0.99 for all
comparisons and only seven protein coding genes were differ-
entially regulated by more than twofold between the two dif-
ferent methods (Supporting Information Fig. S3A and
Table S1). Expression of cell cycle genes was similar under
all conditions and protocols.

When comparing ES- and iPS-derived ECs, only 17 pro-
tein coding genes were differentially expressed by more than
threefold, and 147 genes showed greater than twofold differ-
ences (p value �.05) (Supporting Information Tables S2, S3
and Fig. S4). Genes upregulated in iPS-ECs showed signifi-
cant overlap with genes reported to be upregulated in iPS-
derived beating clusters or iPS cells in an undifferentiated
state when compared with ES counterparts, whereas genes
downregulated in iPS-ECs did not show overlap with genes
downregulated specifically in iPS cells or iPS-derived beating
clusters compared to their ES counterparts (Supporting Infor-
mation Table S4) [24–26]. When analyzed with GO-Elite,
iPS-ECs had reduced expression of genes involved in cell di-

vision/cell cycle and higher expression levels of genes
involved in cell adhesion, chemotaxis, and proteolysis com-
pared to ES-ECs, potentially indicating a difference in growth
and senescence (Fig. 5, Supporting Information Table S5).

To calculate the difference in gene expression variance
across all genes between hES- and hiPS-derived ECs, the non-
parametric Wilcoxon signed rank test was used. This test cal-
culates and determines which group of ECs (hES- or hiPS-
derived) has higher variance in gene expression for each indi-
vidual gene on the microarray (28,439 genes). Then, each
group is assigned a percentage corresponding to the number
of individual genes across the entire microarray that are more
variable. If hESCs or hiPS cells have a fundamental differ-
ence in their ability to generate ECs or a certain type of ECs,
then one might expect global gene expression to be more
highly variable between different lines in one of the types of
pluripotent-derived ECs. For example, if hiPS cells stochasti-
cally have incomplete epigenetic remodeling during reprog-
ramming and thus more heterogeneity between pluripotent
lines, one might expect more variation in expression when

Figure 2. Morphology and protein expression of endothelial cells (ECs) derived from pluripotent stem cells. Immunofluorescent staining for
PECAM1 (A), VE-Cadherin (B), eNOS (C), and vWF (D) in ECs derived from pluripotent stem cells at day 21 of differentiation protocol. Con-
trol cells are HMVECs. Nuclei were visualized with DAPI (blue). Abbreviations: ES, embryonic stem; eNOS, endothelial nitric oxide synthase;
HMVEC, human microvascular endothelial cell; vWF, von Willebrand factor; DAPI, 40,6-diamidino-2-phenylindole.
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Figure 3. Functional characterization of ECs derived from pluripotent stem cells. (A): Bright-field microscopy of Matrigel tube formation
assay showing in vitro angiogenesis potential. (B): Fluorescent microscopy of Dil-Ac-LDL uptake (red) and nuclei (blue) in ECs derived from
pluripotent stem cells. (C): Quantification of EC migration induced by VEGF. The graph shows fold migration, which refers to migration rate
when stimulated with VEGF divided by migration rate without VEGF. All measurements were performed in triplicate and were not statisti-
cally different from one other using one-way ANOVA with Bonferroni’s multiple comparison post hoc test. (D): Quantification of nitric oxide
production. Cells were grown for 24 hours in serum-free media in the presence of 50 ng/ml VEGF at which time nitrite concentration was
measured in the conditioned media by HPLC. The nitrite concentration was adjusted for cell number by measuring the protein concentration
of the cell lysate, resulting in arbitrary units of nitric oxide production. Statistical analysis was performed using one-way ANOVA with Bon-
ferroni’s multiple comparison post hoc test (*, p < .05; **, p < .01; and ***, p < .001). (E): Bright-field microscopy of representative sec-
tions from in vivo Matrigel plug angiogenesis assay. Human PECAM1 staining is shown in brown. Blood cells are indicated (arrowheads).
Scale bars represent 100 lm. Quantification of average capillary number from six fields of view per cell line is displayed 6 SD. Statistical
significance was determined using one-way ANOVA with Bonferroni’s multiple comparison post hoc test (*, p < .05). No human PECAM1-
positive cells or capillaries were observed in animals injected with matrigel only, and this condition was excluded from subsequent graphing
and statistical analysis. Abbreviations: EC, endothelial cell; HMVEC, human microvascular endothelial cell; iPS, induced pluripotent stem;
LDL, low-density lipoprotein; VEGF, vascular endothelial growth factor.



Figure 4. Global gene expression in ECs derived from multiple pluripotent stem cell lines and primary ECs. (A): Log2 intensity plots of repre-
sentative samples from four groups of cells: ESC-ECs (H9 EC-A), iPS-ECs (iPS1-EC), primary ECs (HAEC), and ESCs (H9 ES). (B): Heat map
and clustering analysis of genes displaying at least twofold differential expression between any sample (15,740 genes). Scale extends from 2.5 to
13. Red indicates log2 intensity >7.0, and green <7.0. iPS2 EC Day X and iPS2 EC Day Y indicate the same iPSC line differentiated in two in-
dependent experiments. iPS3 EC A and iPS3 EC B refer to the same iPSC line differentiated by two different methods. (C): Heat map of GO
analysis terms that differentiate pluripotent cell-derived ECs from primary ECs. Genes with threefold difference in expression between pluripotent
cell-derived ECs and primary ECs and p value <0.05 were selected (968 genes) and GO Elite was used to group them by GO category with an
adjusted p value <0.05. Red indicates average log2 intensity of genes in each category that are higher than 8.75, and green lower than 8.75. (D):
Heat map and clustering analysis of genes with at least fourfold differential expression between any two of the primary EC lines, not considering
X and Y chromosome genes (240 genes). Red indicates log2 intensity >7.0 and green <7.0. All Array data are available from Gene Expression
Omnibus (accession number GSE37631). Abbreviations: EC, endothelial cell; ES, embryonic stem; HAEC, human aortic EC; HLEC, human
lymphatic EC; HSVEC, human saphenous vein EC; iPS, induced pluripotent stem.
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comparing each gene individually across the transcriptome.
Fifty-four percent of the genes showed higher variance in
hiPS-ECs, while 46% was more variant in hESC-ECs, indicat-
ing iPS- and ES-derived ECs have similar variance in gene
expression and implying a lack of fundamental difference
between the ability of hESCs and iPS cells to generate ECs.

The limited gene expression variation between the ES- or
iPS-derived ECs allowed us to group them together for further
comparisons with primary culture of ECs. Pairwise compari-
sons between ES- or iPS-derived ECs and primary ECs
resulted in a range of Pearson’s R2 values of 0.92–0.97.
Grouping all the pluripotent cells together and comparing
them to primary ECs, we found 839 genes with at least three-
fold change up or down (p value �.05) (Supporting Informa-
tion Table S6). When analyzed with GO Elite, ES- and iPS-
derived ECs had reduced expression of genes involved in cell
division/cell cycle and higher expression levels of genes
involved in integrin-mediated cell adhesion and chemotaxis
compared to primary ECs, including CDK2, CDK6, FAT1,
RGS5, and PCDHB5 (Fig. 4C, Supporting Information Fig.

S5). This difference likely reflects the fact that primary cells
were analyzed after only three passages and 6 days of culture,
while pluripotent cell-derived ECs were passaged seven to
eight times and cultured for 21 days prior to analysis; both
cell types are known to decrease their proliferative rate with
prolonged culture.

Limiting the comparisons to endothelial-specific genes
[27], the ES- or iPS-derived ECs and primary cells all
expressed high levels of KDR, PECAM1, CDH5 (VE-cad-
herin), LAMA4, MCAM, and THBS1. ES- or iPS-derived
ECs expressed lower levels of vWF, PRKACA, and ROBO4
and higher levels of PLSCR4 when compared with primary
ECs (Supporting Information Fig. S3B). qRT-PCR showed
lower expression levels of nitric oxide synthase 3 and vWF
and higher expression of VEGF receptor 2 in pluripotent-
derived ECs compared to primary ECs (Supporting Informa-
tion Fig. S6). Using a set of known EC type-specific genes to
perform cluster analysis, ES- and iPS-derived ECs lacked
expression of canonical lymphatic-specific genes PROX1,
PDPN, and SOX18 (Supporting Information Fig. S3C).

Figure 5. Gene ontology differences between ES-ECs and iPS-ECs. Heat map of GO analysis terms that differentiate iPS-ECs from ES-ECs.
Genes with twofold difference in expression between iPS-ECs and ES-ECs and p value <0.05 were selected (147 genes) and GO Elite was used
to group them by GO category with an adjusted p value <0.05. Abbreviations: EC, endothelial cell; ES, embryonic stem; iPS, induced pluripotent
stem; KDR, kinase insert domain receptor; GO, gene ontology.
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Cluster analysis indicated ES- and iPS-derived ECs were
most similar to arterial cells in vitro. To perform an unbiased
cluster analysis, the top 250 genes differentially expressed
between the three primary EC types were identified and genes
with X and Y chromosome locations were removed to control
for sex of primary cell source. Then, gene expression analysis
and clustering were extended to the ES- or iPS-derived ECs.
This impartial clustering analysis also indicated ES- or iPS-
derived ECs, by the method described here, are most similar
to primary arterial cells in vitro (Fig. 4D, Supporting Informa-
tion Fig. S7). In addition, FACS analysis showed that 86% of
pluripotent cell-derived ECs was positive for expression of
the arterial EC marker, EPHB2, although the levels of VEGF
in the media could also induce EPHB2 expression in venous-
derived cells (Supporting Information Fig. S1C).

DISCUSSION

This study describes a simple method for differentiating
human pluripotent stem cells into ECs amenable to multiple
pluripotent cell lines, which revealed limited gene expression
variability among multiple human iPS- and ES-derived ECs.
In this method, stem cells were guided through cell fate deci-
sions mimicking their EC development in vivo, and the inter-
mediate progenitors could be isolated, unlike previously
described approaches (Figure 6). This advancement provides a
platform for investigating novel aspects of human EC fate
commitment, including chromatin remodeling and gene
expression changes. Furthermore, the limited variance in gene
expression of a defined human iPS-derived cell type supports
the potential for successful detection of meaningful transcrip-
tome alterations in iPS-based disease models.

Of the EC subtypes, ECs derived using this differentiation
method most closely resembled arterial cells, as previously
reported for in vitro-derived ECs [28]. Future functional studies
such as monocyte adhesion assays could further define the EC
subtype. The medium used for the growth and expansion of the
KDRþ precursors contains relatively high concentration of

human-VEGF, which promotes the arterial fate by inducing
NOTCH signaling [29]. Immature ECs show plasticity and can
switch between arterial and venous fates [30]. Further matura-
tion into fully differentiated arterial cells may require higher lev-
els of VEGF, cAMP, or induction of NOTCH signaling by shear
stress. From our knowledge of EC development in vivo,
NOTCH signaling inhibition or retinoic acid treatment might
induce ECs to venous or lymphatic fates, respectively [29, 31].
Isolation of significant numbers of human KDRþ endothelial
precursors, uniquely enabled by the approach we describe, will
permit interrogation of early EC-type fate determination through
high-throughput screening or candidate approaches, taking cues
from zebrafish and mouse development.

The gene expression of the pluripotent-derived ECs
resembles the primary derived ECs, although they express
lower levels of NOS3 and vWF than the primary cells, which
may indicate incomplete maturation. Importantly, the in vivo
Matrigel plug angiogenesis assays indicate that the ECs pro-
duced from ES or iPS-derived sources are capable of organiz-
ing into functional capillaries that link with the endogenous
circulatory system and carry red blood cells, although further
studies are necessary to determine whether the cells from this
protocol can functionally rescue a disease model such as hind
limb ischemia or myocardial infarction.

This study is the first comprehensive analysis of ECs
derived from multiple hESC and hiPSC lines. The wide varia-
tion in percent KDRhigh/med cells derived from the same pluri-
potent cell line during separate differentiations is quite sur-
prising and seems to be influenced by the state of pluripotent
cells in combination with reagent variability, which is a major
problem for directed differentiation protocols. This variation
may impede interrogation of the role genetic mutations play
in affected and unaffected iPS cell differentiation potential
and requires the use of multiple cell lines from each group. It
seems that the health and purity of the starting ESC or iPS
cell line on the first day of differentiation played a larger role
in the success of the differentiation than the passage number
of the pluripotent cell line, as some of the most successful
differentiations were from ESCs with a passage number over
200. Fortunately, after purification using a cell surface

Figure 6. Model depicting the directed differentiation of human pluripotent stem cells into three mesodermally derived somatic cell types im-
portant for cardiovascular function. Abbreviations: EC, endothelial cell; ES, embryonic stem; iPS, induced pluripotent stem; KDR, kinase insert
domain receptor.
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marker, the resulting cell populations were seemingly more
homogeneous, allowing for more accurate comparisons
between different pluripotent cell lines. Our data indicate
some significant disparity in gene expression between pluripo-
tent cell-derived ECs and primary ECs. Many of these differ-
ences are related to cell cycle and adhesion. One possible ex-
planation is that the primary cells were collected at passage 3
(day 6 of culture) to minimize in vitro gene expression
changes and, thus, were in a more proliferative state. In con-
trast, the pluripotent cell-derived ECs were grown to day 21
(seven to eight passages), and their proliferation rates had
greatly decreased by that time, indicating a shift toward a sen-
escent state, as expected. Senescent primary ECs at high pas-
sage numbers display higher levels of integrin b4 signaling,
similar to our pluripotent cell-derived ECs, indicating a shared
characteristic of senescence at high passage number between
the two EC types [32]. The addition of the TGFb-inhibitory
molecule, SB431542, during EC differentiation seems to pro-
mote cell proliferation and inhibit senescence and could be a
useful tool for expanding pure populations of ECs [11].

Our data indicate that despite gene expression heterogene-
ity between undifferentiated hESC and hiPSC lines as a whole
[33], ECs derived from both pluripotent cell types are very
similar. While there are some iPS-specific upregulated genes,
most of the gene expression differences between ES-ECs and
iPS-ECs were related to cell cycle and adhesion. These gene
programs seem to be mutually exclusive in our datasets and
most likely reflect differences between proliferation genes
(high cell cycle and low adhesion) and senescence genes (low
cell cycle and high adhesion) that would be expected in ECs
maintained in long-term culture. In addition, the high concord-
ance of gene expression between ECs derived from the same
pluripotent cell line via separate experiments or differentiation
methods indicates that in a well-defined differentiated cell
type, such as CD31þ/CD144þ ECs, gene expression differen-
ces are most likely due to the inherent differentiation capacity
of the originating cell line. These findings are relevant as we
consider bioengineering vascularized tissues or creating vascu-
lar grafts for ischemic repair using hiPS cells. In addition,
given the limited variability, ECs derived from patient-specific
iPS cells should be useful in modeling diseases caused by
defects in EC differentiation or maintenance, enabling the iden-
tification of molecular mechanisms underlying such ailments.
Successful modeling of endothelial diseases with limited gene
expression ‘‘noise’’ will enable drug-screening strategies using
iPSC-derived ECs to identify novel therapeutics.

CONCLUSION

In conclusion, these results demonstrate a method to generate
large numbers of pure human KDR? EC progenitors and dif-
ferentiated ECs from human embryonic and induced pluripo-
tent stem cells. In addition, we have found that highly purified
individual lineages derived from human iPS cells may have
significantly less gene expression variance than their pluripo-
tent founders.
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