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Functional Characterization and Expression Profiling
of Human Induced Pluripotent Stem Cell- and Embryonic
Stem Cell-Derived Endothelial Cells
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With regard to human induced pluripotent stem cells (hiPSCs), in which adult cells are reprogrammed into
embryonic-like cells using defined factors, their functional and transcriptional expression pattern during en-
dothelial differentiation has yet to be characterized. In this study, hiPSCs and human embryonic stem cells
(hESCs) were differentiated using the embryoid body method, and CD31" cells were sorted. Fluorescence
activated cell sorting analysis of hiPSC-derived endothelial cells (hiPSC-ECs) and hESC-derived endothelial cells
(hESC-ECs) demonstrated similar endothelial gene expression patterns. We showed functional vascular for-
mation by hiPSC-ECs in a mouse Matrigel plug model. We compared the gene profiles of hiPSCs, hESCs, hiPSC-
ECs, hESC-ECs, and human umbilical vein endothelial cells (HUVECs) using whole genome microarray. Our
analysis demonstrates that gene expression variation of hiPSC-ECs and hESC-ECs contributes significantly to
biological differences between hiPSC-ECs and hESC-ECs as well as to the “distances” among hiPSCs, hESCs,
hiPSC-ECs, hESC-ECs, and HUVECs. We further conclude that hiPSCs can differentiate into functional endo-
thelial cells, but with limited expansion potential compared with hESC-ECs; thus, extensive studies should be
performed to explore the cause and extent of such differences before clinical application of hiPSC-ECs can begin.

Introduction

N RECENT YEARS, HUMAN embryonic stem cells (hESCs)

have gained popularity as a potentially ideal cell candidate
for regenerative medicine. hESCs are derived from the inner
cell mass of the human blastocyte and can be kept in an un-
differentiated, self-renewing state indefinitely [1]. In contrast
to adult stem cells, hESCs are pluripotent and can differentiate
into virtually any cell type. However, the use of human em-
bryos is controversial, and the problem of immune rejection
after transplantation remains challenging. One way to cir-
cumvent these issues is to generate pluripotent cells directly
from the patients” own cells. The introduction of defined
transcription factors into mouse and human somatic cells has
recently been shown to reprogram the developmental state of
mature cells into that of pluripotent embryonic cells, gener-
ating so-called human “induced pluripotent stem cells”
(hiPSCs). hiPSCs have been generated from multiple cell
types by viral expression of Oct4 and Sox2, combined with
either KIf4 and c-Myc or LIN28 and Nanog [2,3]. hiPSCs are

believed to be molecularly and functionally similar to hESCs,
which makes in vitro reprogramming an attractive approach
to produce patient-specific stem cells for treating degenerative
disease. Indeed, reprogrammed skin cells have recently been
shown to alleviate the symptoms of Parkinson’s disease and
sickle cell anemia in mouse models [4,5], and hiPSCs have
already been differentiated into various functional cell types,
including endothelial cells and cardiomyocytes [6-8].
However, before clinical implementation of hiPSC-based
therapy can safely commence, several issues should be ad-
dressed. Most of the hiPSCs made so for are based on len-
tivirus and retrovirus, which carries a potential risk of
insertional mutagenesis. To realize the full therapeutic po-
tential of hiPSC technology, it will be necessary to develop
novel and improved quality assessments that can be readily
used to determine the exact cellular state of reprogrammed
cells. Further, major efforts are needed to generate all desired
cell types. In addition, once such differentiation is possible, it
remains to be determined whether the in vitro derived cell
types are comparable to their in vivo counterparts and
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whether they can be isolated with sufficient purity. Finally,
whether hiPSCs and hESCs are truly equivalent at the
molecular and functional levels is another question that
should be answered [9].

In this study, hiPSCs and hESCs were differentiated into
endothelial cells in vitro by using the embryoid body (EB)
method, and CD31" cells were sorted. Further functional
characterization of hiPSC-derived endothelial cells (hiPSC-
ECs) were carried out by in vitro analysis and in vivo
angiogenesis. We compared the gene profiles of hiPSCs,
hESCs, hiPSC-ECs, hESC-derived endothelial cells (hESC-
ECs), and human umbilical vein endothelial cells HUVECs
using the whole genome microarray. Our analysis indicates
that variation in gene expression of hiPSC-ECs and hESC-
ECs contributes significantly to biological differences be-
tween hiPSC-ECs and hESC-ECs as well as to the “distances”
among hiPSC-ECs, hESC-ECs, and HUVECs.

Methods
Maintenance of hiPSCs

We obtained hiPSCs from the James Thomson Lab (Uni-
versity of Wisconsin-Madison), which were originally de-
rived from IMR90 fetal fibroblasts (ATCC) using the
reprogramming factors OCT4, SOX2, NANOG, and LIN28
[2]. hESC (H9 from WiCell) and hiPSC were maintained on
an inactivated mouse embryonic fibroblast feeder layer as
previously described [10,11]. Before endothelial differentia-
tion, hiPSCs were seeded onto Matrigel-coated plates in
mTeSR1 medium (StemCell Technologies) as previously de-
scribed [11]. hESCs (H9 line from WiCell, passages 35 to 45)
were used as controls and cultured as described [10,12,13].
hESCs (control) and hiPSCs were stained for Oct-4 (Chemi-
con). The cell colonies were fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 15min. Nonspecific
binding was blocked with 4% normal goat serum for 30 min,
after which the colonies were stained with antibodies to Oct-
4, incubated with Alexa 594-conjugated rabbit anti-goat
secondary antibodies (Invitrogen) for 30 min, and nuclear
counterstained with 4’,6-diamidino-2-phenylindole (DAPI).
Images were obtained with a Zeiss Axiovert microscopy
(Sutter Instrument).

In vitro differentiation of hiPSC-ECs and hESC-ECs

To induce hiPSC differentiation, undifferentiated hiPSCs
were cultured in a differentiation medium containing Iscove’s
modified Dulbecco’s medium and 15% defined fetal bovine
serum (Hyclone), 0.1 mM nonessential amino acids, 2mM L-
glutamine, 450 uM monothioglycerol (Sigma), 50 U/mL peni-
cillin, and 50 pg/mL streptomycin, in ultra-low attachment
plates for the formation of suspended EBs as previously de-
scribed [10,12]. Briefly, hiPSCs cultured on Matrigel coated
plate with mTeSR™1 medium were treated by 2mg/mL
dispase (Invitrogen) for 15 min at 37°C to loosen the colonies.
The colonies were then scraped off and transferred into ultra
low-attachment plates (Corning Incorporated) for EB forma-
tion. hiPSC-EB sprouting differentiation in collagen type I was
performed as described [11]. Briefly, 12 day-old EBs were
harvested and then suspended into rat tail collagen type I
(Becton Dickinson) at a final concentration of 1.5mg/mL
collagen. After thoroughly mixing hiPSC-EBs into collagen,
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1.5mL/well of the mixture was added into 6-well plates. The
plates were incubated at 37°C for 30 min, allowing gel poly-
merization before the addition of medium. After gel forma-
tion, each dish was supplemented with EGM-2 medium
(Lonza) and 5% Knockout™ SR with 50 ng/mL vascular en-
dothelial growth factor (VEGF) and 20 ng/mL basic fibroblast
growth factor. The cultures were then incubated for 3 days
without media change.

Whole-mount immunostaining of hiPSC-EBs
and hESC-EB sproutings

Whole-mount immunohistostaining of hiPSC-EBs and
hESC-EB sproutings were performed as previously described
[11,14] with minor modifications. The hiPSC-EB and hESC-
EB sproutings were fixed in methanol and dimethyl sulfox-
ide (4:1) at 4°C overnight. For staining, the rehydrated
hiPSC-EBs were first blocked by 2 incubations in PBSBT (2%
bovine serum albumin and 0.2% Tween-20 in PBS), then with
PBSBT containing mouse anti-human MoAb CD31 (Becton
Dickinson) overnight at 4°C. The hiPSC-EBs were washed 5
times in PBSBT each for 1h at 4°C for the initial 3 washes and
at room temperature for the final 2 washes. The primary
antibody was labeled by incubating the hiPSC-EBs with Alex
488/594-conjugated goat anti-mouse IgG (Invitrogen) in
PBSBT overnight at 4°C and nuclear counterstained with
DAPIL.

Fluorescence activated cell sorting of hiPSC-ECs
and hESC-ECs

Single cell suspensions from day 12 of differentiated
hiPSC-EBs were obtained by treatment with 0.56 units/mL
of Liberase Blendzyme IV (Roche) at 37°C for 20-30min.
Cells were passed through a 40-pum cell strainer (BD Falcon)
[10,11]. They were incubated for 30 min at 4°C with mouse
phycoerythrin conjugated anti-human CD31 (BD). The
CD317 cells were isolated using Vantoo (Becton Dickinson).
To generate hiPSC-ECs, the isolated CD31" cells from dif-
ferentiated hiPSC-EBs were grown on 4pug/cm?® human fi-
bronectin (Calbiochem) coated plates in EGM-2 (Clonetics)
with additional 5ng/mL VEGF. The medium was changed
every 2-3 days. A similar process was used for FACS of
hESC-ECs.

Biological characteristics of hiPSC-ECs
and hESC-ECs

Flow cytometry analysis, Dil-acetylated low-density lipo-
protein (Dil-ac-LDL) uptake assay, immunostaining, and
Matrigel assay were used to confirm endothelial cell phe-
notype within these CD31" purified hiPSC-ECs. Antibodies
used for flow cytometry analysis were phycoerythrin (con-
jugated anti-CD31 and anti-CD34 (BD Pharmingen, Moun-
tain View, CA), Allophycocyanin conjugated anti-Flk-1 and
anti-CD133 (R&D Systems), Allophycocyanin conjugated
anti-mouse IgG2a, and rabbit anti-human CD144 (Abcam).
The stained cells were analyzed using FACS Vantage (Bec-
ton-Dickinson). Dead cells stained by propidium-iodide (PI)
were excluded from the analysis. Isotype-identical antibodies
served as controls (BD Pharmingen). For immunostaining,
the cells were fixed with 4% paraformaldehyde in PBS at
room temperature for 15min. The fixed cells were permeated
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by 1% Triton 100, incubated with 2% bovine serum albumin
for 30 min to block nonspecific binding, and stained for 1h
with the primary antibodies CD31 (BD Pharmingen). The
cells were then incubated for 30 min with Alexa 594-conju-
gated donkey anti-mouse secondary antibody and counter
stained with DAPI. For Dil-ac-LDL uptake assay, hiPSC-ECs
were incubated with 10pg/mL of Dil-Ac-LDL (Molecular
Probes) at 37°C for 6 h. After washing twice with PBS, Dil-ac-
LDL uptake was detected with fluorescence microscopy as
described [15]. The formation of endothelial tubes was as-
sessed by seeding cells in 24-well plates coated with Matrigel
(BD Pharmingen) and incubating them at 37°C for 12h as
described [16,17]. Cell cycle of CD31" purified hESC-ECs
and hiPSC-ECs was analyzed by PI Staining. Apoptosis
analysis was performed by FITC Annexin V Apoptosis De-
tection Kit (BD Pharmingen). For detection of endothelial cell
senescence, hESC-ECs and hiPSC-ECs were fixed between 14
and 16 days after initiation of endothelial differentiation and
then stained for endogenous B-galactosidase using a Cell
Senescence Kit (Cell Signaling Technology) according to the
manufacturer’s manual.

In vivo vasculogenic potential of hiPSC-ECs. To evaluate
whether hiPSC-ECs are capable of forming functional blood
vessels in vivo, we used Matrigel plug models in immuno-
deficient SCID mice that allow observation of blood vessels
derived from implanted cells [18,19]. Briefly, 2 weeks after
subcutaneous injection, Matrigel plugs were harvested, and
histology was performed. Hematoxylin and eosin staining
showed microvessels that contained murine blood cells in the
vessel lumens. Harvested Matrigel plugs were also stained
with anti-human CD31 and anti-human CD144 antibodies.

A
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Microarray hybridization and data acquisition. Total RNA
samples were isolated in Trizol (Invitrogen) followed by
purification over a Qiagen RNeasy column (Qiagen) from
undifferentiated hESCs, hiPSCs, hESC-ECs (after CD31 sort),
hiPSC-ECs (after CD31 sort), and HUVECs. Four samples
from each group (for a total of 20 unique samples) were
harvested for RNA isolation. Using Agilent Low RNA Input
Fluorescent Linear Amplification Kits, cDNA was reverse
transcribed from each of the 16 RNA samples representing 4
biological quadruplicates as well as the pooled reference
control, and cRNA was then transcribed and fluorescently
labeled with Cy5/Cy3. cRNA was purified using an RNeasy
kit (Qiagen). 825ng of Cy3- and Cy5- labeled and amplified
cRNA were hybridized to Agilent 4x44K whole human ge-
nome microarrays (G4112F) and processed according to the
manufacturer’s instructions. The array was scanned using
Agilent G2505B DNA microarray scanner. The image files
were extracted using Agilent Feature Extraction software
version 9.5.1 applying LOWESS background subtraction and
dye-normalization.

Microarray data analysis. The data were analyzed using
GeneSpring GX 10.0. (Agilent Technologies). Summarization
of gene expression data was performed by implementing the
robust multichip averaging algorithm, with subsequent
baseline normalization of the log-summarized values for
each probe set to that of the median log summarized value
for the same probe set in the control group. Expression data
were then filtered to remove probe sets for which the sig-
nal intensities for all the treatment groups were in the low-
est 20 percentile of all intensity values. The data were
then subjected to analysis of variance, incorporating the

FIG. 1. Morphology and pluripotent
markers of hESC and hiPSCs. (A) hiPSCs
exhibit colony formation similar to hESCs.
(B) hESCs and hiPSCs showed similar ex-
pression pattern of Oct-4 under fluores-
cence microscopy. DAPI staining is used as
a nuclear marker. Scale bar=>50 um. hESC,
human embryonic stem cell; hiPSC, human
induced pluripotent stem cells; DAPI, 4,6-
diamidino-2-phenylindole. Color images
available online at www.liebertonline
.com/scd
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FIG. 2. In vitro endothelial
differentiation of hESCs and
hiPSCs. Undifferentiated hESCs
and hiPSCs subcultured in a
low-attachment dish with dif-
ferentiation medium supple-
ment vascular  endothelial
growth factor and basic fibro-
blast growth factor can form
EBs. Whole-mount immuno-
chemistry of day-12 EBs show
areas of CD31 (red) expression
within EBs are organized in
elongated clusters and channels
in both groups. After 3 days of
culturing in collagen matrix,

hesc it

hiPSC
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Whole-mount

Whole-mount EB EB sprouting

EB sprouting

hiPSC-EB and hESC-EB showed sprouting angiogenesis. Whole-mount immunostaining showed CD31 sprouting with
channel-like vessel structures (green). Cell nuclei stained with DAPI (blue). EB, embryoid body. Color images available online

at www liebertonline.com/scd

Benjamini-Hochberg FDR multiple testing correction, with
a significance level of P value<0.05 to get the differentially
expressed genes between different groups. Probe sets were
further filtered on the basis of a fold-change cut off of 2.0
unless specified. Hierarchical clustering was performed by
average linkage and uncentered correlation using the open
source clustering software Cluster 3.0; results were visual-
ized using Java TreeView. In order to perform a further de-
tailed functional annotation of the differentially expressed
genes between hiPSC-EC and hESC-EC, we used Ingenuity
Pathway Analysis (IPA) software (Ingenuity Systems).
Real-time — quantitative polymerase chain reaction analysis.

Total RNA from each cell sample was isolated by RNeasy
Mini Kit (QIAGEN), then it was reversed transcribed with
High-Capacity cDNA Reverse Transcription Kit (Applied
Biosystems). Quantitative real-time polymerase chain reac-
tion (PCR) was performed in triplicate on a StepOnePlus
Real-time PCR system (Applied Biosystems) using Tagman
primer probe sets (Applied Biosystems) for each gene of in-
terest and glyceraldehyde 3-phosphate dehydrogenase con-
trol primer probe set for normalization.

Statistical analysis

Analysis of variance and 2-tailed Student’s t-test were
used. Differences were considered significant at P values of

Brightfield

FIG. 3. In vitro characteriza-
tion of hiPSC-ECs. Morphogen-
esis shows that the hiPSC-ECs
are cobblestone-like. Similar to
hESC-ECs, hiPSC-ECs can up-
take Dil-ac-LDL (red). Histology
shows that CD31 are expressed
in cell membranes (red). Cell
nuclei were stained with DAPI
(blue). Angiogenesis assay re-
veals that hiPSC-ECs can form
tube-like structure on Matrigel.

hESC-EC M8

hiPSC-EC .

<0.05. Unless otherwise specified, data are expressed as
mean + standard deviation.

Results
Endothelial differentiation of hiPSCs

hiPSC colonies were found to be morphologically indis-
tinguishable from hESCs (Fig. 1A). Both hESCs and hiPSCs
showed similar expression patterns of stem cell markers Oct-
4 on immunostaining (Fig. 1B). Using our previously opti-
mized methods [10,11], we first carried out a series of ex-
periments to determine whether the hiPSCs could generate
endothelial cells. To isolate endothelial cells from hiPSCs,
undifferentiated hiPSCs cultured on Matrigel-coated plated
were placed into Petri dishes with differentiation medium for
induction of EB formation. Previous studies have shown that
differentiated hEBs from hESCs contain endothelial cells
which can be isolated by CD31 [20] or CD34 [15] markers.
Whole-mount immunostaining showed that within day-12
hiPSC-EBs, the CD31" endothelial cells were organized in
specific channel-like structures (Fig. 2). These data confirmed
that hiPSCs cultivated as hiPSC-EBs spontaneously differ-
entiated into endothelial cells and formed blood vessel-like
structures. After embedding into collagen I and subculturing
for an additional 3 days, hiPSC-EBs were observed to sprout

Angiogenesis
R

Dil-ac-LDL, Dil-acetylated low-density lipoprotein; hiPSC-ECs, hiPSC-derived endothelial cells; hESC-ECs, hESC-derived en-
dothelial cells. Color images available online at www liebertonline.com/scd
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channel-like outgrowths from these EBs in collagen I that
stained positive for CD31 (Fig. 2). The population of CD31"
in hiPSC-EBs was further sorted, cultured, and propagated
for further analysis to confirm endothelial cell traits. After
sorting, CD31™" cells were further expanded as a nearly pure
population (98% *+1%), and these cells were used for subse-
quent experiments. To determine whether hiPSC-ECs re-
semble hESC-ECs in endothelial markers and angiogenesis
potential, Dil-ac-LDL uptake assay, immunostaining, and
Matrigel assay were used to confirm endothelial cell phe-
notype within these CD31" purified cells. hiPSC-ECs mor-
phologically resembled hESC-ECs, which were uniformly
flat, adherent, and cobblestone-like in appearance. Both
hiPSC-ECs and hESC-ECs expressed endothelial markers
CD31 at the adherent junctions (Fig. 3). hiPSC-ECs also took
up Dil-ac-LDL and rapidly formed vascular network-like
structures when placed on Matrigel (Fig. 3). Taken together,
these data confirm that these differentiated cells were en-
dothelial lineage.

Characterization of hiPSC-ECs

To further determine whether hiPSC-ECs resemble hESC-
EC in endothelial markers and angiogenesis potential, we
expanded FACS sorted CD31" cells on fibronectin-coated
plates supplemented with endothelial cell medium EGM-2
(Fig. 4A). For FACS analysis, we examined CD31, CD34,
CD144, Flk-1, and CD133, which are known markers for
endothelial differentiation of hESCs [10,20]. There are strik-
ing similarities between these 2 types of undifferentiated
pluripotent cells (Fig. 4B). Initial FACS analysis showed that
6.8%+2.3% cells expressed CD31 marker in hiPSC-EBs, but
3.1%+%1.2% did so in hESC-EBs (P<0.05) (Fig. 4C). This

A
Day -2 Day 0 (B) Day 12 (C) Day 14 (D)
| 1 | |
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population of CD31" was sorted, cultured, and propagated
for further analysis to confirm endothelial cell traits. The
CD31™" hiPSC-ECs initially expressed similar levels of CD34,
CD144, Flk-1, and CD133 (Fig. 4D), but gradually lost ex-
pression of these surface markers after 2 weeks of sub-
culturing (Fig. 4E). Interestingly, Flk-1 and CD133 were
continuously expressed in both undifferentiated and differ-
entiated hESCs as well as hiPSCs as shown by FACS. This
pattern of expression is unlike mouse ESCs or umbilical cord
blood in which Flk-1 and CD133 are specifically expressed
on hemagioblasts [14,21].

To further explore kinetic expression of CD31 on hiPSC-
ECs during prolonged in vitro subculturing, repeated FACS
analysis was carried out, and the results revealed that CD31
expression was downregulated significantly from week 1 to
week 4 (Fig. 5A). Further, cell proliferation analysis dem-
onstrated that hiPSC-ECs proliferated at a lower rate com-
pared with hESC-ECs, especially during first few days
(P<0.05 at day 3 and day 7) (Fig. 5B), which is consistent
with a previous report [7]. By contrast, CD31 expression in
hiPSC-ECs was downregulated swiftly after 10 days culture,
which indicates that CD31" endothelial cells from hiPSCs
cannot be readily expanded in vitro. To further investigate
the nature and extent of these biological differences, we
carried out cell senescence and cell cycle analysis. Interest-
ingly, neither hESC-ECs nor hiPSC-ECs expressed significant
levels of B-galactosidase (Supplementary Fig. S1; Supple-
mentary Data are available online at www.liebertonline
.com/scd), which has been shown to be a reliable marker for
cellular senescence [7]. Consistent with these results, apo-
ptosis analysis revealed no obvious cell death in hiPSC-ECs
and hESC-ECs (Supplementary Fig. S2). However, results
obtained by PI stained cell cycle analysis with FACS for cell

FIG. 4. Kinetic expression of endo-
Day 28 (E)  thelial markers during hESC and
J hiPSC differentiation and maintenance

Feeder CD31+ sorting
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EB formation
VEGF+bFGF
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procedures. (A) An outline of the pro-
tocol used for differentiation of hESCs
and hiPSCs into endothelial cell line-
age. (B-E) indicate the time points
used for flow cytometry analysis. (B)
Flow cytometric analysis of endothelial
markers for hiPSCs and hESCs. The
expression pattern of hiPSCs was
similar to hESCs. (C) CD31/CD144
expression was observed after 12 days
subculturing by EB formation in both
hiPSCs and hESCs. (D) hiPSC-ECs and
hESC-ECs expressed robust endothe-
lial markers CD31 and CD144 imme-
diately after sorting. (E) After 2 weeks
of subculture, endothelial marker ex-
pression downregulated significantly
in hiPSC-ECs. Isotype-matched anti-
bodies were used in flow cytometry
for background fluorescence. Experi-
ments were performed in triplicates.

#*P<0.05, *P<0.01 compared with

hESC-EB or hESC-ECs. VEGEF, vascu-
! - lar endothelial growth factor; bFGF,
CD133 basic fibroblast growth factor.
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FIG. 5. Kinetic expression of
CD31 and cell proliferation during
iPSC-EC maintenance. (A) Kinetic
expression of CD31 during hiPSC-
EC in vitro subculturing. CD31
expression on hiPSC-EC down-
regulated significantly after 4
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proliferation revealed 26.7%*2.1% and 17.6%+3.2% at the
G2/M phase of hiPSC-EC and hESC-EC, respectively
(P <0.05) (Fig. 5C), which is consistent with cell proliferation
results (Fig. 5B). Finally, hiPSC-ECs displayed a large, fi-
broblast-like phenotype after subculture. In contrast, hESC-
EC exhibited normal endothelial cell morphology (Supple-
mentary Fig. S1).

In vivo vasculogenic potential of hiPSC-ECs

To evaluate whether hiPSC-ECs are capable of forming
functional blood vessels in vivo, we used Matrigel plug and
tissue-engineered vessel models in immunodeficient SCID
mice that allow dynamic and long-term observation of blood
vessels derived from implanted cells [18,19]. For Matrigel
plug assay, 2 weeks after subcutaneous injection, Matrigel
plugs were harvested, and histology was performed. He-
matoxylin and eosin staining showed microvessels that
contained murine blood cells in the vessel lumens. Harvested
Matrigel plugs were also stained with anti-human CD31 and
CD144 antibodies (Fig. 6).

Gene profiles of hiPSC-EC differentiation

In order to define at a molecular level the changes occur-
ring at each stage of hiPSC differentiation into endothelial
cells, we next performed transcriptional profiling using
whole human genome microarrays on (i) undifferentiated
hiPSCs, (ii) undifferentiated hESCs, (iii) hiPSC-ECs after
CD31 sorting, (iv) hESC-ECs after CD31 sorting, and (v)
HUVECs as positive controls (n=4/group). The resulting
data were analyzed using GeneSpring GX 10.0 to identify
genes that had changed expression significantly between

e
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stages. A hierarchical clustering overview of the microarray
experiments as a whole (Fig. 7A) likewise shows that the
overall gene expressions among replicates of each stage are
very similar, with progressive differences between more
distantly separated stages. Of particular interest is the close
clustering of hESC-ECs and hiPSC-ECs, indicating a high
degree of similarity between their respective expression
profiles immediately after CD31 sorting. Scatter plots
showed a similar endothelial gene expression pattern be-
tween hESC-ECs and hiPSC-ECs (Fig. 7B). To obtain an
overview of the transcriptional landscape, we looked at the
data using principal components analysis, a dimensional
reduction technique that identifies “principal components”
or major trends in gene expression in the overall data (Fig.
7C). Principal components analysis demonstrates that dif-
ferentiated cells and undifferentiated cells were significantly
different between stages, as expected. Although hiPSC-ECs
and hESC-ECs express endothelial cell genes similar to
HUVECs, further investigation will be necessary to deter-
mine the nature and extent of the biological variances among
these cell types, especially with regard to loss of endothelial
phenotype after further subculturing of hiPSC-ECs as shown
in Figs. 4 and 5.

Essential differences between hESC-ECs
and hiPSC-ECs

Although similarities exist between hiPSC-ECs and hESC-
ECs, there are also considerable differences between them,
especially with regard to their capability of cellular prolif-
eration. To further investigate this difference, we performed
a comparative analysis of the gene expression data of hiPSC-
EC versus hESC-EC and performed a functional annotation
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FIG. 6. Demonstration of func-
tional vessels in vivo using Matrigel
plug. (A) Matrigel plug with hiPSC-
ECs were implanted via subcutane-
ous injection in the dorsal region of
8-week-old SCID mice. The plugs
were harvested 2 weeks later. (B) (I)
HE stain of Matrigel plug. (II, III)
Some of these microvessels have
mouse blood cells in their lumen
(arrow). (C) 14-day Matrigel plugs
were stained with anti-human CD31
(red) and anti-CD144 (green) anti-
bodies, showing microvessels that
are immunoreactive with these hu-
man-specific antibodies. Color ima-
ges available online at www liebert
online.com/scd

FIG. 7. Major themes in gene
expression profiles at each stage
of differentiation. (A) Hierarchical
Clustering Analysis shows cells
from each developmental stage
cluster relatively close to each
other, with the most distance
between hESCs and HUVECs.
(B) Scatter plots depicted gene
expression fold changes between
hiPSC-EC and HUVEC. High-
lighted are endothelial genes PE-
CAM-1, NOS3, VACAM1, SELE,
and CDHb)5 expression (red). Green
lines indicate fivefold changes
in expression between samples.
(C) Principal Component Analysis
shows that hiPSC-EC, hESC-EC,
and HUVEC are very similar,
whereas undifferentiated groups
(hESC and hiPSC) and differenti-
ated groups (hiPSC-EC, hESC-EC,
and HUVEC) separate signifi-
cantly along components 1 and 2.
Color images available online at
www.liebertonline.com/scd
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of the differentially expressed genes between them (Supple-
mentary Tables S1-S4). Interestingly, we found that a set of
cellular proliferation-specific genes have significant differ-
ence in expression between the 2 groups. Figure 8 shows the
expression fold-change of those genes. PF4 is a potent in-
hibiter of endothelial cell proliferation that is 26.5-fold up-
regulated in hiPSC-ECs compared with hESC-ECs [22].
Further, there is a significant upregulation of the genes re-
lated to Notch signaling pathway such as NOTCH4, DLL1,
JAG2, DTX4, HEY2, HES7, NOTCHI1, and APHI1A. It has
been previously reported that stimulation of Notch pathway
suppresses endothelial cell proliferation [23,24] by limiting
the number of endothelial progenitors within the mesoderm.
Among the highly downregulated genes in hiPSC-ECs,
SNCA and KLF2 play a positive modulatory role in endo-
thelial cell proliferation [25,26]. Hence, insufficient induction
of these genes in hiPSC-ECs might be a cause of their lower
rate of proliferation. HGF is another highly downregulated
gene that has been reported to play a role toward enhancing
the proliferative, migratory, and angiogenic capabilities of
endothelial progenitor cells [27]. PFN2 is one of the profilin
group of proteins, the deletion of which causes defects in
cellular migration and proliferation [28]. It has been reported
that STATs contribute towards cellular proliferation. The
signaling pathway of type I interferons activates STAT1 and
STAT2, which promote endothelial cell proliferation [29].
Here we find that STATI is significantly downregulated in
hiPSC-ECs, which might contribute to lowering the prolif-
erative potential of these cells. RUNX2, a member of the
RUNX family of transcription factors, contains a highly
conserved DNA-binding runt domain and serves as a de-
velopmental regulator. Qiao et al. have shown the potential
of RUNX2 in endothelial cell proliferation and cell cycle
progression [30], which are downregulated in these cells.
Further, we observed that both VEGFs, VEGFC and VEGFA,

which induce endothelial cell proliferation and migration
[31], are downregulated in hiPSC-ECs. Taken together, these
data indicate an incomplete induction of cellular prolifera-
tion genes and higher expression of the genes inhibiting
proliferation in hiPSC-ECs, which might explain the biolog-
ical differences between the 2 cell populations. In order to
further confirm microarray results and to measure viral
transgenes together with a variety of endothelial markers, we
performed real-time PCR analysis. We found that hiPSC-ECs
expressed lower-level viral transgenes Oct-4 (P<0.01), Sox-2
(P<0.05), and Klf4 (P<0.01) compared with hESC-ECs (Fig.
8B). This indicates that the lentiviral transduction of repro-
gramming genes was silenced during the differentiation pro-
cess and hence excludes reactivation of the viral transgenes on
hiPSC-ECs as a potential cause of their biological differences
compared with hESC-ECs. Interestingly, embryonic genes
such as Oct-4 and Klf4 can still be detected in these differen-
tiated cells, which is consistent with a previous report [32],
indicating that hiPSC-ECs and hESC-ECs are not equivalent to
HUVEC. Further, both hESC-ECs and hiPSC-ECs expressed
endothelial constructive marker eNOS at a lower level com-
pared with HUVEC, indicating that the 2 types of cells were
still premature and probably did not fully represent somatic
endothelial cells (Fig. 8C). Finally, hiPSC-ECs expressed a
higher level of ICAM-1 compared with hESC-ECs (P<0.01),
but a lower level of VCAM-1 and Flk-1 (P<0.01) (Fig. 8C).

Discussion

At present, hESCs are approved by the Food and Drug
Administration for use in the treatment of acute spinal cord
injury (www.geron.com) and Stargardt’s macular dystrophy
(www.advancedcell.com). The potential of hiPSC-based
regenerative medicine is considered to be similar to that
of hESCs, but largely free from the problems of ethical
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dilemmas and potential immune response [33,34]. For
hiPSCs to be clinically useful, however, they should be free
from genetic aberrations and capable of differentiating into
fully committed cells. A better understanding of the gene
profiling that guides their development and differentiation
would allow the development of new techniques for hiPSC
derivation. Moreover, researchers need to understand how
best to evaluate the properties of hiPSC-derived differenti-
ated cells and compare them with their natural counterparts
in vivo. In this study, we have demonstrated that endothelial
cells could be directionally induced from hiPSCs, recapitu-
lating vasculogenesis in vitro and in vivo. However, our in
vitro characterization and transcriptional analysis revealed
broad similarities as well as significant differences between
hESC-ECs and hiPSC-ECs.

Since the first description of hiPSCs [2,3], multiple labora-
tories have collectively made tremendous strides in develop-
ing more clinically acceptable hiPSCs and inducing in vitro
differentiation of hiPSCs into a variety of cell types to suit
human disease models. hiPSCs are molecularly and function-
ally similar to hESCs, which makes in vitro reprogramming an
attractive approach to produce patient-specific stem cells for
studying and potentially treating degenerative disease. In this
study, we demonstrated that hiPSCs can differentiate into
endothelial lineage after CD31" sorting. Although hiPSC-ECs
were able to recapitulate vasculogenesis, the in vitro subcul-
ture revealed limited growth rate compared with hESC-ECs as
indicated by a lower G2/M phase population. We did not find
early senescence or apoptosis in hiPSC-ECs as reported before
[7], which might be explained by the different differentiation
methods that were used. To investigate the mechanism of the
slower growth and phenotype shift of hiPSC-ECs, we per-
formed real-time PCR analysis, which excluded reactivation of
the viral transgene as a potential cause. Interestingly, recent
studies have revealed that somatic memory does exist [35-37].
This may explain the slower growth and fast loss of endo-
thelial phenotype, as the donor cells for our hiPSC-ECs were
derived from fetal fibroblasts. Further improvements in the
derivation and differentiation processes are needed to facilitate
clinical application of hiPSC-ECs in the future.

To help resolve these problems, our microarray analysis is
designed to provide a greater understanding of the patterns
of activation for specific genes during endothelial differen-
tiation, by identifying novel gene targets that may be used to
enhance endothelial differentiation, and developing more
efficient induction strategies for hiPSCs derivation in the
future. Our microarray data not only demonstrated that
hESCs and hiPSCs are identical but also revealed substantial
differences between hiPSC-ECs and hESC-ECs. These dif-
ferences are explained by the higher expression of the genes
inhibiting proliferation in hiPSC-ECs as compared with
hESC-ECs. Comparative functional studies of the 2 cell types
in the future will provide an opportunity to fine-tune our
understanding of the molecular mechanisms underlying
endothelial differentiation and somatic cell reprogramming.

In summary, we have shown that hiPSC-ECs are similar to
hESC-ECs, but the 2 cell types also possess important bio-
logical differences with potential clinical significance. This
work represents a comprehensive analysis of available mi-
croarray data on hiPSCs and hESCs and has produced in-
teresting observations that should help guide future clinical
applications of hiPSC-ECs.
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