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The vasculature develops primarily through two processes,

vasculogenesis and angiogenesis. Although much work has

been published on angiogenesis, less is known of the

mechanisms regulating the de novo formation of the vascula-

ture commonly called vasculogenesis. Human embryonic stem

cells (hESC) have the capability to produce all of the cells of the

body and have been used as in vitro models to study the

molecular signals controlling differentiation and vessel assem-

bly. One such regulatory molecule is bone morphogenetic

protein-4 (BMP4), which is required for mesoderm formation

and vascular/hematopoietic specification in several species.

However, hESC grown in feeder-free conditions and treated with

BMP4 differentiate into a cellular phenotype highly expressing a

trophoblast gene profile. Therefore, it is unclear what role, if any,

BMP4 plays in regulating vascular development in hESC. Here

we show in two National Institutes of Health–registered hESC

lines (BG02 and WA09) cultured on a 3D substrate of Matrigel in

endothelial cell growth medium–2 that the addition of BMP4 (100

ng/ml) for 3 days significantly increases the formation and

outgrowth of a network of cells reminiscent of capillary-like

structures formed by mature endothelial cells (P < 0.05).

Analysis of the expression of 45 genes by quantitative real

time–polymerase chain reaction on a low-density array of the

entire culture indicates a rapid and significant downregulation of

pluripotent and most ectodermal markers with a general

upregulation of endoderm, mesoderm, and endothelial markers.

Of the genes assayed, BMPR2 and RUNX1 were differentially

affected by exposure to BMP4 in both cell lines. Immunocyto-

chemistry indicates the morphological structures formed were

negative for the mature endothelial markers CD31 and CD146 as

well as the neural marker SOX2, yet positive for the early

vascular markers of endothelium (KDR, NESTIN) and smooth

muscle cells (a-smooth muscle actin [aSMA]). Together, these

data suggest BMP4 can enhance the formation and outgrowth of

an immature vascular system. Exp Biol Med 232:833–843, 2007
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Introduction

Vasculogenesis and angiogenesis are widely perceived

as two key processes contributing to the development of the

vasculature (1). Vasculogenesis comprises the formation of

the earliest vessels and hematopoietic precursors from the

mesodermal germ layer while angiogenesis involves the

sprouting of new vessels from the established vasculature.

Angiogenesis has been well studied for its therapeutic roles

in blood supply regulation, wound healing, and anti-cancer

treatments. However, the early events regulating vasculo-

genesis are relatively unknown. Many nonhuman models

have been used to gain insight into vascular development;

however, with the isolation of human embryonic stem cells

(hESC), this process can be tested in cells of human

embryonic origin.

Embryonic stem cells form embryoid bodies (EB),

which can recapitulate the development of the three germ

layers (ectoderm, mesoderm, and endoderm) as well as early

vascular events (2–4). It has been shown in several animal

models that the vasculature arises from the mesodermal

germ layer (5). One of the regulatory signals instrumental in

mesoderm formation is bone morphogenetic protein-4
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(BMP4). Disruption of BMP4 is embryonic lethal (6). It has

been shown to influence dorso-ventral body pattern (6, 7),

vascular and hematopoietic development (8–10), apoptosis

(11, 12), and bone formation (13). In hESC culture, BMP4

has been shown to initiate differentiation, while blocking its

activity with Noggin, a BMP-signaling inhibitor, preserves

pluripotence (14). It was also demonstrated that hESC

grown in feeder-free conditions predominantly formed

trophoblast marker expressing cells when exposed to

BMP4 (15). However, it is unclear what role BMP4 plays

in development of the early human vasculature.

Here we show hESC grown on Matrigel in endothelial

growth medium (EGM)-2 form more extensive primitive

vascular-like network structures when treated with 100 ng/

ml of BMP4. These network structures are negative for the

mature endothelial markers CD31 and CD146 but positive

for the early vascular markers KDR, NESTIN, and smooth

muscle cells (a-smooth muscle actin [aSMA]). These results

indicate hESC-derived progenitor cells are capable of

forming a primitive vascular complex and modeling

vasculogenesis.

Materials and Methods

Cell Culture. Human embryonic stem cell lines BG02

(Bresagen, Athens, GA) and WA09 (WiCell, Madison, WI))

were cultured in Dulbecco’s minimal essential medium/

Ham’s F12 medium (DMEM/F12), 2 mM L-glutamine, 0.1

mM minimal essential medium (MEM) nonessential amino

acids, 50 U/ml penicillin, 50 lg/ml streptomycin (all from

Gibco, Gaithersburg, MD), 4 ng/ml basic fibroblast growth

factor (bFGF; R&D Systems, Minneapolis, MN) and 15%

fetal bovine serum (FBS; Hyclone, Logan, UT), 5% knock-

out serum replacement (KSR, Invitrogen, Carlsbad, CA)

with 10 ng/ml leukemia inhibitory factor (LIF; Chemicon,

Temecula, CA) or 20% KSR, respectively, as previously

described (16, 17). Cells were cultured on mitomycin-C

(Sigma Chemical Co., St. Louis, MO) mitotically inacti-

vated murine embryonic fibroblasts, manually dissociated,

and passaged to new feeder layers every 4–5 days (16).

Differentiation Procedure. Stem cell colonies were

manually dissociated into aggregates of approximately 100–

500 cells and transferred to tissue culture dishes containing

500 lm–thick Matrigel (BD Biosciences, Bedford, MA)

formed according to the manufacturer’s instructions. Cell

aggregates were cultured in EGM-2 (Cambrex, Walkers-

ville, MD) supplemented with 100 ng/ml recombinant

human BMP4 (rhBMP4) (R&D Systems) or an equal

volume of solvent as control (4mM hydrochloric acid, 0.1%

bovine serum albumin [BSA] in phosphate buffered saline

[PBS]) for 3 days, after which the cells were cultured in

EGM-2 alone for another 5 days.

Noggin Inhibition. hESC were grown as previously

described and cultured with BMP4 control and Noggin

control (PBSþ 0.1% BSA), 100 ng/ml BMP4, and Noggin

control or 100 ng/ml BMP4 and 300 ng/ml Noggin

(rmNoggin, R&D Systems) for 3 days, when supplementa-

tion ended and cells were cultured for another 3 days in

EGM-2 alone.

Cellular Outgrowth Network Quantification.
Phase contrast images (Nikon, Melville, NY) were acquired

on a daily basis over the 8-day experiment. Day 6 images

were used for quantifying the total cellular network per

image field at 34 magnification. For BG02 and WA09, five

and four independent experiments, respectively, were

quantified. Total cellular extensions per field were measured

by using Photoshop software (Adobe, San Jose, CA), and

the statistical difference between means was calculated by

using a one-tailed Student’s t test. Differences were

considered significant at P , 0.05.

Gene Expression and Statistical Analysis. hESC

were grown as described over an 8-day period. Samples were

collected for RNA analysis on Days 0, 2, 4, 6, and 8. Total

RNA was isolated using a Qiagen RNeasy kit (Valencia, CA)

according to the manufacturer’s instructions, and the integrity

of the RNA produced from all used samples was verified and

quantified by a RNA 6000 Nano Assay and the Agilent 2100

Bioanalyzer (Agilent Technologies, Santa Clara, CA). cDNA

was reverse transcribed by using Superscript II (Invitrogen).

For quantitative real time–polymerase chain reaction (qRT-

PCR), a low-density array was custom designed by Applied

Biosystems (ABI, Foster City, CA) for 47 primer sets plus an

18S endogenous control. The 47 primer sets included gene

markers for pluripotence (10); the three germ layers

(ectoderm [5], mesoderm [14], and endoderm [3]); and

endothelial (6), trophoblast (2), and miscellaneous markers

(7) (Table 1). The qRT-PCR low-density array was processed

using an ABI 7900HT system. Relative quantification of the

gene expression output was performed using Sequence

Detection System software (SDS version 2.2.1, ABI). The

SDS utilizes relative quantification of gene expression by

way of the comparative CT method where the relative

quantity (RQ)¼ 2�DDCT , where

DDCT¼ ðCT;target2 CT;18SÞtime 3 2ðCT;target2 CT;18SÞtime 0

and CT is defined as the threshold cycle where the target gene

surpasses a defined amplification (18). All genes were

normalized to 18S as a loading control and with Day 0 as the

base expression. The RQ was analyzed using the generalized

linear model (GLM) procedure of SAS (SAS Institute, Cary,

NC). The statistical model included the independent effects

of BMP4 treatment, time, and the interaction between

treatment and time, indicated in the text as ‘‘treatment*time’’.
Additionally, least square means (LSMEANS) of the

interaction effects and the contrasts between the two

treatment levels at the five different time points were tested

using Student’s t test (SAS Institute, Cary, NC). The gene

expression response was analyzed separately for each cell

line.

Fluorescence Microscopy. Cultures were prepared

and grown on Lab-Tek II glass chamber slides (Nalgene-
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Nunc, Naperville, IL) on mouse embryonic fibroblasts

(MEF) or glass-bottom dishes (Wilco, Bioscience Tools,

San Diego, CA) as previously described. On Days 6–8, the

cells were prepared for immunostaining on Matrigel by

using a modified protocol described by Debnath et al. (19).

Briefly, cultures were washed once with PBS, fixed with 4%

paraformaldehyde for 20 mins at room temperature,

permeablized with 0.5% Triton X-100 in PBS for 10 mins

at room temperature, washed 3 times with PBS for 10 mins

each, incubated with blocker (0.1% BSA and 6% secondary

antibody-matched serum in PBS) for 1 hr at room temper-

ature, incubated with primary antibody in blocker for 1 hr at

room temperature or overnight at 48C, washed with blocker

3 times for 20 mins each, incubated with secondary

antibody in PBS for 1 hr, washed 3 times for 20 mins each

with PBS, counterstained with diamidino-2-phenylindoline

(DAPI, 1:10,000 in water; Sigma Chemical) for 5 mins at

room temperature, washed once with PBS, preserved with

mounting medium, and sealed with a coverslip. Antibodies

used for immunocytochemistry were Oct4 (Santa Cruz

Biotechnology, Santa Cruz, CA), CD31 (Chemicon,

Temecula, CA, MAB2148), CD146-PE (BD Biosciences,

550315), SOX2 (R&D Systems, MAB2018), KDR (Cell

Signaling, Beverly, MA, 2479), aSMA (Abcam, Cam-

bridge, MA, AB7817) and NESTIN (Neuromics, Edina,

MN MO15012). Secondary antibodies were AlexaFluor 488

goat anti-rabbit and AlexaFluor 594 donkey anti-mouse

(Invitrogen-Molecular Probes, Eugene, OR) and DAPI

nuclear staining (Sigma Chemical). Imaging was performed

using an Olympus inverted fluorescence microscope (IX81,

Center Valley, PA) with a disc-spinning unit (DSU). A

series of images were collected in the Z plane and

deconvolved, and a two-dimensional projection was ren-

dered using SlideBook software version 4.1 (Intelligent

Imaging Innovations, Denver, CO).

Results

BMP4 Regulates Cellular Network Outgrowth
from Embryoid Bodies. To determine the effect of

BMP4 in vascular development, BG02 or WA09 hESC

were manually passaged as cell aggregates onto a three-

dimensional Matrigel substrate in EGM-2 supplemented

with either 100 ng/ml of BMP4 or control. The dose of

BMP4 was chosen to correspond with that used in an earlier

hESC study (15). BMP4 or control was added to fresh

culture medium daily for 3 days, then supplementation was

stopped and the EGM-2 was changed daily for the

remaining 5 days. Supplementation was stopped after 3

days, which roughly corresponded to the initial outgrowth

of network structures. The cell aggregates formed adherent

spheroids reminiscent of embryoid body (EB) structures (1

day postpassage; Fig. 1). The compact EB was maintained

for 2–3 days when cells began to migrate out of the EB,

either along the surface or invading the gel. Typically on

Days 3 to 4, the BG02 untreated cultures began to show the

Table 1. Quantitative Real Time-PCR Genesa

Variable Full name

Pluripotency
CCNA2 Cyclin A2
DNMT3B DNA (cytosine-5)-methyltransferase 3b
EBAF Lefty-2; left-right determination factor-2
FGF2 Fibroblast growth factor-2
FGF4 Fibroblast growth factor-4
FGFR4 Fibroblast growth factor receptor-4
FOXA2 Forkhead box A2
Oct4/POU5F1 POU domain, class 5, transcription

factor-1
SALL2 EGFR, epidermal growth factor receptor
SOX2 SRY (sex determining region Y) box 2

Mesoderm
ACVR1B Activin-like receptor-1B
ACVR1C Activin-like receptor-1C
BMP4 Bone morphogenic protein-4
BMPR2 Bone morphogenic protein receptor-2
CD34 Hematopoietic progenitor cell antigen

CD34
CD45 PTPRC, protein tyrosine phosphatase,

receptor type C
FLT1 VEGF receptor 1
FLK1/KDR VEGF receptor 2
GATA4 GATA-binding protein 4
GSC Goosecoid
RUNX1 Runt-related transcription factor 1
T Brachyury
NKX2–5 NK2 transcription factor related, locus 5

(Drosophila)
Ectoderm

FGF5 Fibroblast growth factor-5
FN1 Fibronectin-1
MSI1 Musashi-1
NEFH Early neural marker; forebrain marker
NES Nestin

Endoderm
AFP a-Fetoprotein
CER1 Cerberus-1
HNF4 Hepatocyte nuclear factor-4
NODAL Nodal

Endothelial
CD31 PECAM-1
NOS3 Endothelial nitric oxide synthase, NOS III
TEK TEK tyrosine kinase, Tie-2
CDH5 Cadherin 5, type 2; VE-cadherin
VEGF Vascular endothelial growth factor
VWF von Willebrand factor/factor VIII-related

antigen
Trophoblast

GATA3 GATA-binding protein-3
HEY1 Hairy/enhancer-of-split related with YRPW

motif 1
Miscellaneous

EPO Erythropoietin
HIF1A Hypoxia inducible factor-1a
FST Follistatin
SMAD1 Smad1
SMAD2 Smad2
SMAD3 Smad3
TGFB1 Transforming growth factor-b1

Control
18S

a This lists 47 genes representing markers of pluripotence, the three
germ layers (ectoderm, mesoderm, and endoderm), endothelium,
trophoblast, hypoxia, the TGFb signaling pathways, and 18S
endogenous control. Two genes, FGF5 and CD45, did not amplify
and were excluded from the analysis.
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migration of a sheet of epithelial-like cells along the surface

of the gel (Fig. 1A, 4d, arrowhead). By Day 8, the EB

structures began to flatten because of mass migration of cells

out onto the gel (Fig. 1A, 8d, arrowhead). When left to grow

to confluence, a multilayered arrangement filled the culture

dish (data not shown). In addition to the sheet morphology,

cells from the EB invaded the three-dimensional gel with

extended philopodia in a radial projection from the EB (Fig.

1A, 4d, and 8d, open arrow). When viewed with light

projected from below (dissecting microscope), the cell

sheets became transparent and allowed visibility of the gel

invasive cells (data not shown). There was also an

outgrowth of cells forming a network, similar in appearance

to the capillary-like structures (CLS) formed by endothelial

cells on Matrigel in an angiogenesis assay (Fig. 1A, 4d, and

8d, thin arrow). The EB formed by BG02 began to diminish

in size when exposed to BMP4 compared with control, with

the cell sheet migration generally inhibited while the gel

invasive cells remained (Fig. 1A, 4d, and 8d, open arrow).

BMP4 supplementation was also characterized by an

increase in the network outgrowth and formation. When

BMP4 addition ended at Day 3, some sheet formation

occurred but was typically not as dense or expansive as seen

in the control-treated dishes. In contrast, WA09-derived EB

exposed to BMP4 maintained a relatively uniform size

compared with control and did not experience shrinkage.

There was a greater incidence of sheet outgrowth but not at

the same level as BG02 control. In the same fashion, BMP4-

treated WA09 cells demonstrated an increase in network

formation and outgrowth compared with control (Fig. 1A).

To determine if BMP4 treatment quantifiably increased

network formation we measured the total network length per

field on Day 6 (BG02, n¼ 6, average number of fields¼ 10;

WA09, n¼ 5, average number of fields¼ 11) (Fig. 1B). For

BG02, there was an almost 3-fold increase in the total

network outgrowth compared with control (Average 6 SE:

Control ¼ 49 6 9 mm vs. BMP4 ¼ 139 6 17 mm; P ,

0.05). When comparing the effect of BMP4 on WA09

network outgrowth, we observed an approximately 1.5-fold,

statistically significant increase (Average 6 SE: Control ¼
92 6 13 mm vs. BMP4 ¼ 141 6 13 mm; P , 0.05). It is

interesting to note WA09 control also produced more

network outgrowth than BG02 control (P , 0.05). As

already mentioned, BG02 control predominantly produces a

sheet of cells that migrate onto the gel surface before

networks are typically seen. While WA09 control also has

cell sheet migration, it was to a lesser extent than BG02.

These results indicate BMP4 augments the formation and

outgrowth of network structures in both BG02 and WA09

hESC. It also suggests individual cell lines may have subtle

inherent differences making them more or less responsive to

experimental conditions.

To determine if inhibition of BMP4 would block the

outgrowth of the networks, we treated cultures with the

BMP4 antagonist Noggin. For both BG02 and WA09,

cultures were treated with equal volumes of BMP4 and

Noggin controls, BMP4 (100 ng/ml) and Noggin control or

BMP4 (100 ng/ml) and Noggin (300 ng/ml) for 3 days, then

cultured for another 3 days in EGM-2 alone. As shown in

Figure 2, the addition of Noggin completely blocked the

effect of BMP4 on the EB. It is interesting to note the

inhibition was so complete that the Noggin-treated cultures

Figure 1. BMP4 treatment regulates network structure outgrowth. hESC lines BG02 and WA09 were manually passaged onto Matrigel and
cultured in EGM-2 with either 100 ng/ml of BMP4 (þBMP4, bottom two rows) or an equivalent volume of control (�BMP4, top two rows) for 3
days. After 3 days, all cells were cultured in EGM-2 alone for another 5 days. (A) Phase contrast images were taken on Days 1 (left column), 4
(middle column), and 8 (right column) at 34 magnification. hESC form EB and adhere to the Matrigel (1 day). After 3 to 4 days, cells begin to
migrate out of the EB as sheets along the surface or into the gel (4 days). Treatment with BMP4 inhibits the cell sheets and increases the
outgrowth of network structures. After 8 days, cell sheets, gel-invasive cells, and networks form in the control dishes while gel invasive cells and
an extensive network characterizes BMP4-treated cultures (arrow head ¼ migrating cell sheet; open arrow ¼ gel invasive cells; thin arrow ¼
network structures) (B) Network structure length was measured within a field and quantified using a Student’s t test. WA09 control produced
more network outgrowths compared with BG02 control (* P , 0.05). BMP4 statistically significantly increased the total network length compared
with controls in both BG02 (* P , 0.05) and WA09 (** P , 0.05).

836 BOYD ET AL



showed little change in EB morphology or cell migration.

This suggests that not only was the effect of the

supplemented BMP4 blocked, but differentiation cues

inherent to the EGM-2 and Matrigel substrate were also

blocked.

BMP4 Induction of Gene Expression in BG02
and WA09 hESC. We next wanted to determine the effect

of BMP4 on temporal gene expression of endothelial as well

as other markers of hESC differentiation. We utilized a

qRT-PCR low-density array of 47 genes and 18S endog-

enous control. Genes were selected to monitor the state of

pluripotence, the three germ layers (ectoderm, mesoderm,

and endoderm), endothelium, trophoblast, transforming

growth factor (TGF)b and bone morphogenetic (BMP)

pathways, and hypoxia (Table 1). Manually passaged BG02

or WA09 were cultured as described with 100 ng/ml BMP4

or control with samples taken for RNA isolation on Days 0,

2, 4, 6, and 8 (n ¼ 3 for both BG02 and WA09) and

analyzed for statistical significance as described in the

Materials and Methods. Two genes (FGF5 and CD45) did

not amplify and therefore were not considered in this

analysis (raw data can be found at http://www.biomed.

uga.edu/stice.html).

The first step of the statistical analysis was to determine

the significance levels for the treatment, time, and the

interaction between treatment and time. For BG02 and

WA09, treatment was found to be significant in 24/45 (53%)

and 15/45 (33%), time was significant in 28/45 (62%) and

28/45 (62%), and the combined effect of treatment and time

was significant for 10/45 (22%) and 4/45 (9%), respectively,

out of the genes surveyed. All of the pluripotent genes

except EBAF for BG02 and FOXA2 for WA09 were

significantly downregulated with time, while 5/9 for BG02

and 3/9 for WA09 were significantly affected by BMP4

treatment (Fig. 3A). It has been shown by others that under

specific conditions, BMP4 can induce WA09 to differentiate

toward a global trophoblast phenotype (15). Here, two

trophoblast markers were upregulated in this culture system

for BG02 and WA09. BMP4 treatment induced a significant

increase in expression of HEY1 (Fig. 3B) in both cell types

(BG02: treatment, P , 0.001; time, P , 0.05; treatment*-

time interaction, P , 0.05; H9: treatment, P , 0.05) and

GATA3 (Fig. 3C) in BG02 (treatment, P , 0.05). Although

GATA3 was also upregulated in WA09, the difference was

not significant. Ectoderm markers for BG02 and WA09

were all significantly affected by time with all but FN1
(fibronectin) and NESTIN being downregulated (Fig. 3B).

All of the BG02 ectoderm markers and SOX2 for WA09

(Fig. 3C) were significantly affected by BMP4 treatment.

For the three endoderm markers (AFP, CER1, and HNF4A)

in this study, the only statistical significance was found in

AFP (BG02 and WA09: P , 0.05) and how time affects its

gene expression. We saw the largest relative upregulation

with AFP compared with any other gene. Immunostaining

detected small clusters of AFPþ cells within the differ-

entiating EB but absent in the network outgrowths (data not

shown).

Because our interest was to examine gene expression

profiles affecting endothelial differentiation, we focused on

mesoderm and endothelial markers. Of the 15 mesoderm

markers, GLM analysis indicated significant differences for

BG02 and WA09, respectively, between the treatment (7 vs.

6) and time (8 vs. 7); only two genes from BG02 and none

for WA09 demonstrated a combined effect of time and

treatment. BRACHYURY expression reached a maximum

at 2 days for both cell lines before declining to subbasal

levels. In both cases, the control maximum expression was

greater than BMP4 treatment, although a statistical differ-

ence was detected only in WA09. For both cell lines, genes

for which one or more effects in the models were significant,

LSMEANS contrasts between the different effect levels

were inspected. For BG02, ACVR1C, BMPR2, GATA4,

KDR/Flk1, NODAL, and RUNX1 were significantly differ-

entially expressed, while for WA09, ACVR1B, BMPR2,

CD34, and RUNX1 indicated differential regulation for

BMP4 treatment as well as some treatment and time

interactions (Fig. 3D). In some cases, GLM analysis

indicated treatment was statistically different, but no

difference was determined for the time points by

LSMEANS analysis (e.g., WA09: GATA4 and NKX2–5).

KDR/Flk1 is the earliest known marker of cells capable of

forming vascular progenitors (20). In both BG02 and

WA09, KDR was upregulated, but only in BG02 at Day 4

did BMP4 induce statistically significant gene expression

(Fig. 3E). Many of the genes associated with cardiovascular

and hematopoietic development were increased under these

culture conditions, though overall BMP4 treatment did not

appear to influence their expression. This suggests meso-

derm and its downstream products are produced in this

system but of the genes monitored here, perhaps only

BMPR2 and RUNX1 play a role in network formation and

outgrowth.

For the endothelial markers, we observed an overall

Figure 2. Noggin inhibits differentiation and network outgrowth.
BG02 and WA09 were treated with BMP4 and Noggin controls (left
column), 100 ng/ml BMP4 and Noggin control (middle column), or
100 ng/ml BMP4 and 300 ng/ml Noggin (right column) for 3 days,
then EGM-2 alone for another 3 days. Noggin inhibited differentiation
and network outgrowth in both cell lines (34 magnification).
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Figure 3. Least-squared mean gene expression analysis of BMP4 versus control time course for BGO2 and WA09. BG02 (solid lines) and
WA09 (dashed lines) were cultured for 3 days 6 BMP4, then for another 5 days in EGM-2 only. Samples were collected on Days 0, 2, 4, 6, and
8; total RNA was extracted, and gene expression was analyzed by qRT-PCR. Least-squared mean comparison was then expressed as x-fold
change with respect to Day 0 control. The gene expression time course for (A) OCT4, (B) HEY1, (C) GATA3, (D) NESTIN, (E) SOX2, (F)
BMPR2, (G) KDR/Flk1, and (H) CD31/PECAM1 are shown. (BG02: �BMP4 ¼ solid diamond; þBMP4 ¼ solid square; WA09: �BMP4 ¼ open
triangle;þBMP4¼ open circle; * P , 0.05 for BG02 only; ** P , 0.05 for WA09 only; *** P , 0.05 for both BG02 and WA09).
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robust upregulation for both cell lines with Tie-2/TEK and

eNOS for BG02 and CD31/PECAM1 and vWF for WA09

showing differential expression with BMP4 treatment.

CD31/PECAM1 is often used as a marker for mature

endothelial cells and has been used for isolating hESC

derived endothelial cells (21). In our model, we saw a large

increase in CD31 gene expression for both cell lines with a

statistically significant difference in expression for WA09 at

Day 8 (Fig. 3F). However, we were not able to detect

CD31þ cells by immunofluorescence in either the EB cell

mass or network structures (Fig. 4A). Together, the gene

expression data suggests the culture conditions are con-

ducive to differentiation of hESC toward an endoderm and

mesoderm phenotype at the expense of ectoderm and may

be producing vascular components that assemble into the

network structures seen here.

Vascular Marker Expression Within Residual

EB and Networks. When examining the formation and

growth of vascular structures, several markers are typically

used for endothelial (CD31, KDR, and CD146) and smooth

muscle (aSMA) identification. Since the outgrowth and

network formation resembled that formed by endothelial

cells in an angiogenesis assay, we initially used CD31 and

CD146 for spatial localization of endothelial cells within the

culture and to confirm the network composition. However,

we were unable to detect either marker anywhere within the

network structures or residual EBs (Fig. 4A and B) in spite

of our ability to detect CD31þ and CD146þ HUVEC under

the same conditions (data not shown). As was already

mentioned, endothelial cells of the developing vascular

system are positive for NESTIN (22), an intermediate

filament originally associated with neural stem cells (23).

Although negative for both CD31 and CD146, the networks

and much of the residual EB were positive for commonly

used neural marker NESTIN (Fig. 4A–C). However, we

were unable to detect expression of the early neural and

pluripotent marker SOX2 (Fig. 4C).

In the mouse, one of the earliest vascular markers is the

VEGF-R2 or KDR (human)/Flk1 (mouse) (24). Yamashita

et al. (20) showed Flk1þ mouse progenitor cells can

differentiate into both endothelial and smooth muscle cells.

In human hESC, KDR transcripts have been shown (25, 21),

though to our knowledge protein expression has not. In

Figure 4D, we show hESC grown on a MEF feeder layer

that is dual-labeled for the pluripotent marker Oct4 (green)

and KDR (red). Virtually the entire colony is Oct4-positive;

while some KDR expression is detected within the colony

(arrow), it does not appear to be globally expressed in

undifferentiated cells. aSMA (Fig. 4E) is expressed in the

surrounding MEF feeders (arrow) but not within the stem

cell colony, in agreement with the findings of Huang et al.
(26). Therefore, to identify the network-forming cells in our

Figure 4. Network structures are CD31�, CD146�, and SOX2�, and NESTINþ while pluripotent cells are Oct4þ, KDRlow, and aSMA�. Cultures
were grown on glass-bottom dishes or chamber slides as described. To examine the expression of the common endothelial markers, cells were
stained with (A) CD31 (green), (B) CD146 (red), or (C) SOX2 (green). All cultures were dual-immunostained with NESTIN (red in [A] and [C],
green in [B]) and the nucleus counterstained with DAPI. Undifferentiated pluripotent cells were grown on MEFs and stained for (D) Oct4 (green)
and KDR (red, indicated with arrow) or (E) aSMA (green, indicated with arrow), then counterstained with DAPI. All images were acquired with a
340 oil objective, and a Z series stack was projected into a single image. A color figure is available in the online version of the journal.
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culture, we used antibodies specific for KDR, aSMA, and

NESTIN (Fig. 5). Within the residual EB, most cells were

NESTIN�with some randomly arranged KDRþ and aSMAþ

cells (Fig. 5A and D). Along the periphery all three proteins

were detected with aSMA and NESTIN colocalizing in

some cells (Fig. 5D and G). Where cells were migrating out

of the EB, there was a higher incidence of KDRþ and

aSMAþ where organized outgrowths appeared (Fig. 5B, E,

and H). KDR does not specifically colocalize with the two

cytoskeletal proteins as indicated by distinct staining

patterns, but this could be a matter of where in the cell

aSMA and NESTIN are expressed (Fig. 5B and E). As

would be expected in cells expressing both proteins,

NESTIN and aSMA were seen to colocalize in the same

cells (Fig. 5H). In the small diameter networks, most cells

were positive for NESTIN and many, but not all, for KDR

or aSMA (Fig. 5C, F, and I). Where thin structures stretched

across the gel and interconnected, an interesting pattern of

protein segmentation was often seen (Fig. 5C and I). This

could indicate compartmentalization of proteins within cells

expressing both of the markers or different cell types

individually expressing these proteins and combining to

form a structure. In other instances, both proteins were

expressed distinctly by the same cell, as in the case of the

leading migratory cell in Figure 5F. Detection of the early

vascular markers KDR, aSMA, and NESTIN, coupled with

the lack of expression of the mature endothelial markers

CD31 and CD146, suggest the network structures formed in

this culture could be an immature vascular network.

Discussion

The main and novel findings in this study are (i)

exposure of hESC to BMP4 increases the formation and

outgrowth of network structures onto Matrigel; (ii) hESC

(BG02 and WA09) differentiated in EGM2 on Matrigel

show a rapid downregulation of pluripotent genes with a

robust increase in endothelial marker genes and differential

expression of BMPR2 and RUNX1 with BMP4 treatment;

Figure 5. Early vascular markers KDR, aSMA, and NESTIN are detected within the network structures and elsewhere. Cell cultures were dual-
immunostained to detect co-expression of KDR with aSMA (A–C), KDR with NESTIN (D–F), or aSMA with NESTIN (G–I), and the nucleus was
counterstained with DAPI. For each case, three different morphologic regions were represented: the residual EB (A, D, and G), the periphery of
the EB (B, E, and H), and the thin network structures (C, F, and I). All images were acquired with a 340 oil objective, and a Z series stack was
projected into a single image. A color figure is available in the online version of the journal.
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and (iii) network structures are composed of cells negative

for the endothelial markers CD31 and CD146, the neural

marker SOX2, while positive for KDR, NESTIN and

aSMA.

The effects of BMP4 on development have been well

documented in multiple species including mouse, chick,

zebrafish, and Xenopus (6, 27–29). One of the primary

morphogenic functions of BMP4 is the induction of

mesoderm (9, 30). Recently, Xu and colleagues (15)

showed BMP4 induces hESC grown in a feeder-free culture

system to preferentially form trophoblast gene expressing

cells. Therefore, it is unclear what role BMP4 plays in

vascular development in humans. Here, we have differ-

entiated two hESC lines, WA09 and BG02, on Matrigel in

EGM2 and show BMP4 exposure statistically significantly

increases the formation and outgrowth of a network of cells.

We specifically chose 100 ng/ml of BMP4 to parallel the

dosage used by Xu et al. (15). Being a morphogen, BMP4’s

cellular effect is dose dependent, with higher exposure being

associated with blood formation in Xenopus (31). The

increase in network outgrowth with high-dose BMP4

treatment may indicate its morphogenic effect in human

vascular development. Matrigel is a basement membrane

composed primarily of type IV collagen, laminin, and

heparin sulfate derived from Engelbreth-Holm-Swarm

tumors and contains endogenous growth factors (e.g.,

bFGF, PDGF, EGF, NGF, IGF-1, and TGF-b), some of

which play a role in endothelial and smooth muscle

differentiation from progenitors (32). Here these factors

may play a role in formation or supporting the viability of

the networks. However, the BMP4-induced quantifiable

increases in network outgrowth and Noggin inhibition of

differentiation and lattice assembly suggests BMP4 signal-

ing, or lack thereof, can modulate this process. Although

both cell lines produced more network outgrowth with

exposure to BMP4, we noted differences between them.

Between untreated controls, H9 cultures produces signifi-

cantly greater network outgrowth compared to BG02. In

addition, treatment with BMP4 induced the BG02 colonies

to shrink and inhibited the epithelial sheet migration, a

phenomenon not noted as dramatically in H9. The reasons

for this differential response are unknown but could be

related to differences between the two cell lines or the initial

culture conditions making them more or less responsive to

experimental conditions.

Relative qRT-PCR was used to identify trends of

differentiation within the culture towards all germ lineages.

As expected, all of the pluripotent genes were down-

regulated as the cells began to differentiate. For those genes

selected to monitor ectoderm, all markers were significantly

downregulated with BMP4 treatment with the exception of

NESTIN and FN1, which were transiently upregulated by

BMP4 in the BG02 cell line. Although statistical differences

were not found in WA09 control and BMP4-treated

cultures, the trends in gene expression paralleled BG02.

Of interest to these experiments is the association of both

NESTIN and fibronectin to the vasculature. Fibronectin has

been shown to be required for vascular assembly (33), while

NESTIN is detected in developing endothelium (22), in

mature capillary endothelium, and in angiogenic endothelial

cells (34, 22). Although no difference was seen between

control and BMP4 treatment in the endoderm markers, all

three showed increases in expression over time. Endoderm

signals to adjacent mesoderm and plays a role in regulating

vascular development (35). AFP expression has been

correlated with increased vascularization in tumors (36,

37) and as an angiogenic factor (38). The high AFP and

general increase in endoderm gene expression could indicate

a role in regulating cell specification leading to network

formation.

For the two trophoblast markers included in this study,

both showed early gene expression response to BMP4

treatment (15). This could indicate the formation of

trophoblast lineages in addition to network outgrowths,

possibly modeling an endothelial-like phenotype they

assume when making the heterotypic endovascular placen-

tal-maternal connection (39, 40). Whether this represents

extraembryonic or embryonic vasculogenesis is still to be

determined.

Since we were specifically interested in vascular

differentiation and development, we primarily examined

genes of the mesoderm or endothelial lineage. Most of the

genes followed were upregulated within this culture, but

only BMPR2, a BMP4 receptor (41), and RUNX1, a

transcription factor that binds BMP4-induced Smads and is

involved in hematopoietic differentiation (42), were differ-

entially regulated by BMP4 in both hESC lines. This

suggests the effects seen with BMP4 treatment may be due

to upregulation of the BMP4-signaling pathway and tran-

scriptional regulation through RUNX1. Endothelial gene

expression was altered by culture conditions but not further

affected by the addition of BMP4. CD31 relative gene

expression on Day 8 ranged from an approximate 70-fold to

almost 500-fold increase when normalized to the Day 0

control. Despite this large increase, we were unable to detect

CD31 protein expression. This suggests that although the

relative increase in mRNA is large, the detection of CD31

by immunocytochemistry may lag behind the detected gene

expression, and longer culture periods may produce CD31

positive cells. Alternatively, the actual number of copies

may not be biologically significant, or posttranslational

regulation prevents protein detection within the time course

of this experiment.

We observed the network morphology and large

increases in the mRNA of several endothelial markers and

expected to be able to detect mature endothelial cells within

the cultures by Day 8. Levenberg et al. (21) utilized CD31

for sorting differentiated cells (potential endothelial cells)

from 8-day EB. However, Kaufman et al. (43) were unable

to detect CD31 when differentiating Rhesus monkey ES to

endothelial cells and hence used CD146 for 29 days of their

differentiation protocol. We, however, were unable to detect
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either CD31 or CD146. The lack of mature endothelial

markers and expression of NESTIN suggested the possi-

bility the observed structures were of nonendothelial

lineage. However, the intermediate filament NESTIN is

expressed in the developing vasculature, capillaries, and

angiogenic endothelial cells (22, 34). Also, immunocyto-

chemical analyses by others have indicated mouse ES–

derived endothelial cells do not express all markers at the

same level as primary cultured mouse aortic endothelial

cells and therefore may still be an immature phenotype (44).

In support of this, we were able to detect VEGF-R2 or

KDR, aSMA as well as NESTIN. KDR is embryonic lethal

in the null mouse (45) and is the earliest known marker of

vascular-hematopoietic lineage (20), while aSMA is a

common marker for smooth muscle cells (46). Although

several possibilities exist as to what these network structures

represent, the lack of mature and abundance of early

endothelial and smooth muscle markers suggest this could

be an immature vascular network. If so, it appears these cells

are able to migrate and assemble into structures recapitulat-

ing vasculogenesis without expressing the more common

vascular markers. A third possibility is the co-development

of vascular and neural structures. Recent research demon-

strates the parallel growth patterns and molecular cues

regulating neurovascular development (47). Further work to

identify the nature of gene expression in these structures will

enable precise identification and lead to insights into their

development and functionality.

These findings confirm the use of stem cells and the EB

as a model of early development including vasculogenesis

(3, 4). Using hESC in this manner can provide insights into

the mechanisms regulating the earliest events in human

vasculogenesis. An understanding of how the vasculature is

formed could also be applied to tissue engineering and

angiogenic/ischemic therapies.

We thank R. Nilsen for help with the qRT-PCR.
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