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Abstract: Pluripotent embryonic stem can (ES) cells can differentiate into all cell lineages. During the process of embry-
onic development, ES cells are exposed to fluid flow or blood flow generated by the contracting heart. Absence of fluid
flow results in the formation of abnormal cardiac chambers and valve formation. Thus, hemodynamic forces and ES cell
differentiation to vascular progenitor cells (VPCs) are of emerging interests for restoring endothelial dysfunction, induc-
ing angiogenesis, and forming blood vessel networks. Hemodynamic forces such as fluid shear stress increase the percent-
age of cells in the S and G,-M phases, and induce decondensation of chromatin for gene transcription. Fluid shear stress
further accelerates ES commitment to CD317 VPC vascular progenitor cells. These ES-derived CD31" cells express endo-
thelial nitric oxide synthase (eNOS) and von Willebrand factor (vWF). They are also capable of LDL uptake and tubular
network formation. In this context, understanding hemodynamic forces and ES cell kinetics of differentiation towards en-
dothelial lineage has potential therapeutic applications for repairing vascular damage and engineering vascular graft.
Multidisciplinary team approach will likely garner momentum and synergize expertise to address the current road blocks
in basic stem cell research for engraftable, restorative, low immunogenic, and non-tumorigenic endothelial progenitors in

high purity and stability.

INTRODUCTION

Life is regenerative. But by and large, humans lack the
regenerative capacity of creatures such as newts and hydra.
Emerging interest in using endothelial cells for therapeutic
purposes has led to assessing hemodynamic forces as biome-
chanical stimuli for enriching embryonic stem (ES) cell
commitment to endothelial progenitor cells. Endothelial cells
(ECs) are critical cellular components of blood vessels. The
denudation of the intact endothelial monolayer can cause
lipid accumulation, monocyte adhesion, and inflammatory
responses that initiate atherogenesis [1]. Pluripotent ES cells
are capable of differentiating into all cell including neurons,
cardiomyocytes, hematopoeitic cells, endothelial cells, os-
teogenic cells, and chondrocytes (Fig. 1) [2-5].

BIOMECHANICAL FORCES AND VASCULAR
BIOLOGY

Vascular endothelial cells in the resistant arteries are con-
stantly exposed to the dynamic changes of blood flow (Fig.
2). The hemodynamic forces can be resolved into three com-
ponents: (1) shear stress, the tangential frictional force acting
at the endothelial cell surface, (2) hydrostatic pressure, the
perpendicular force acting on the vascular wall, and (3) cy-
clic strain, the circumferential stretch of vessel wall [6].

In response to biomechanical forces, namely, circumfer-
ential stretch of arterial wall and fluid shear stress, vascular
ECs undergo elongation in morphology in alignment with
the direction of blood flow. In response to shear stress, ECs
respond metabolically by altering the pro duction of vaso-
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dilating substances, including nitric oxide, prostacyclin, C-
type natriuretic peptide, and adrenomedulin [8]. These fluid
flow-induced phenotypic changes in EC function are often
accompanied by genotypic changes in the expression of re-
lated genes [9].

Shear stress imparts metabolic as well as mechanical
effects on vascular endothelial function, and is intimately
involved in angiogenesis and atherosclerosis [1, 8, 11]. Dur-
ing atherosclerosis, disturbed flow, including oscillatory
flow (bidirectional net zero forward flow), is considered to
be an atherogenic hemodynamics, developing at the lateral
wall (Fig. 3). By comparison, pulsatile flow is atheroprotec-
tive, developing at the medial wall of bifurcation or straight
segments, and is responsible for down-regulating adhesion
molecules, inflammatory cytokines, and oxidative stress [12-
14].

STEM CELL, FLUID FLOW, AND VASCULOGENE-
SIS

ES cell lines established from the inner cell mass of blas-
tocysts have the potential to differentiate into all embryonic
cell lineages (Fig. 1) [15]. Developmentally, hemodynamic
forces play an important role during myocardiogenesis. In-
tracardial fluid shear stress is an essential epigenetic factor
for zebra fish embryonic cardiogenesis, and absence of fluid
flow results in the formation of an abnormal cardiac cham-
bers and valve formation [16]. Disturbed flow is also a criti-
cal stimulus for morphologic embryonic heart. The direction
of fluid flow on the node of mouse embryos determines the
left-right asymmetry in the body plan [17].

Fluid flow also influences the differentiation of ES cells
[18, 19] and mesenchymal progenitors [20] to vascular endo-
thelial cells. Yamamoto ez al. reported that fluid flow af-
fected differentiation of human bone marrow-derived endo-
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Fig. (1). Development of vascular cells from human embryonic stem cells. Hemangioblasts are bipotential precursors to hematopoietic pro-
genitor cells and endothelial progenitor cells (EPCs). The origins of smooth muscle cells (SMCs) are dependent on the location in the em-
bryo. Vascular progenitor cells (VPCs) can further differentiate to mural cells (SMCs and pericytes) and endothelial cells. EPCs may trans-
differentiate into SMCs during vessel formation. ES cells express Oct3/4, and Sox2; vascular progenitors express CD133, CD31, CD34, c-
kit, and Flk-1 (VEGFR-2 receptor); and endothelial progenitors express CD31, CD 34, VE-Cadherin, vWF, and eNOS.

thelial progenitor cells (EPCs) to ECs [21]. The molecular
mechanisms by which hemodynamic forces regulate ES cell
differentiation to vascular progenitor cells are an intense area
of research for restoring endothelial dysfunction, inducing
angiogenesis, and forming blood vessel networks.

IN VITRO MODEL TO STUDY STEM CELL DIFFER-
ENTIATIONS

Developing new scale-up and cell separation technolo-
gies is critical to address the road blocks in basic stem cell

Shear stress

Biomechanical Biochemical
.
-~ il
Shear stress
Hydrostatic Blood-born
o - pressure mediators
et
@) 1 !
Cyclic strain —
_ - @ - S
e —
Paracrine Autocrine
<= Cyclic strain
! ¥ mediators mediators
Hydrostatic pressure
(e)

(b)

Fig. (2). Schematic diagram of hemodynamic forces acting on endothelial cells (EC) and smooth muscle cells (SMC) in the blood vessel
wall. (a) Fluid shear stress, the tangential frictional force by virtue of blood viscosity, acts on ECs. (b) Cyclic strain exerts a circumferential
stretch on arterial wall in response to cardiac contraction. Hydrostatic pressure acts perpendicularly on ECs. (c) ECs are constantly exposed
to both biomechanical and biochemical stimuli, which modulate endothelial functional phenotype. The biochemical stimuli include hor-
mones, growth factors, cytokines, and bacterial products that can be delivered via the blood or via autocrine or paracrine mechanisms [7].
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Fig. (3). Shear stress and atherosclerosis. (a) Pulsatile versus oscillatory flow profiles at the reattachment point and the medial wall of bifur-
cation. (b) Pulsatile flow (red) occurs at the medial wall, whereas oscillating flow occurs at the reattachment point (blue). (c) The reattach-
ment point is the site at which flow separation and disturbed flow occur. (d) Arterial angiogram shows plaque formation at the sites of flow
separation. (¢) CFD simulation. At the reattachment point, the mean shear stress is known to be near zero [10].

research for clinical applications. Hemodynamic forces en-
visage the application of fluid flow in engineering in vitro
production of differentiated cardiovascular cells. Using a
modified cone-and-plate flow device, Blackman et al. simu-
lated pulsatile shear stress in the common carotid artery and
oscillatory shear stress in the lateral wall or point of flow
separation in the internal carotid artery (Figs. 4a and 4c)
[22]. Using the parallel plate flow system, Yamamoto et al.
subjected the ES cells to laminar shear stress (Figs. 4b and
4d) [21]. The cone-and-plate model facilitated the assess-
ment of embroid bodies (EBs) and bone marrow-derived
endothelial progenitor cells in a confined volume [22]. The
parallel-plate model elucidated new insights into the molecu-
lar mechanisms whereby variations in shear stress parame-
ters influenced the rate and yield of CD31" cells [21].

Numerous bioreactors have been developed in an attempt
for isolation and purification of vascular progenitors. The
precise control of local flow milieu has allowed for assessing
bone marrow-derived EPCs homing onto the vascular endo-
thelial cells [21]. The incorporation of feedback control sys-
tem to regulate both biochemical and biomechanical parame-
ters have provided insights into new scale-up and cell separa-
tion technologies. However, the focus remains to enrich the
yield and rate CD31" cell population that are capable of LDL
uptake and tube-like formation in Matrigel [18, 21].

BONE MARROW-DERIVED HEMATOPOIETIC
STEM CELLS

Bone marrow cells contribute to the pathogenesis of vas-
cular diseases in models of postangioplasty restenosis, graft
vasculopathy, and hyperlipidemia-induced atherosclerosis
[23]. It was suggested that bone marrow cells or hema-
topoietic stem cells (HSCs) may have the potential to give
rise to vascular progenitor cells that home in on the damaged
vessels and differentiate them into smooth muscle cells or
endothelial cells [23]. During this process, incorporated bone
marrow-derived EPCs are exposed to shear stress. Thus,
fluid shear stress and local flow patterns may influence reen-
dothelialization via EPC homing, proliferation, and differen-
tiation. However, the yield of isolated EPCs remains low and
the underlying mechanism remains unknown.

EMBRYONIC STEM CELLS-DERIVED VASCULAR
PROGENITOR CELLS

Human ES cells have been isolated to form stable pluri-
potent cell lines that are capable of unlimited proliferation
under specific culture conditions. Human ES cells aggregate
into clusters of cells or embroid bodies (EBs) that differenti-
ate into multiple tissue lineages (Fig. 1) [24-26]. These cells
also appear to be weakly immunogenic, expressing moderate
amounts of major histocompatibility complex (MHC) class I
without MHC class II protein [27]. Multiple markers have
been used to characterize the vascular-endothelial differen-
tiation capabilities of human ES cells (Fig. 1). Expression of
vascular endothelial cadherin (VE-cad), platelet endothelial
cell adhesion molecule-1 (PECAM-1), CD34, and Flk-1
(human part JDR, vascular endothelial growth factor recep-
tor 2) and the ability to take up Dil-labeled acetylated low-
density lipoprotein (Dil-Ac-LDL) have been used as markers
for identifying endothelial precursors [28]. Mature ECs were
identified by selective staining for von Willebrand factor
(vWF), endothelial nitric oxide synthase (eNOS), and E-
selectin proteins [29, 30]. Current road blocks in vascular
stem cell research remain to develop new scale-up and cell
separation technologies to deliver vascular progenitor cell
population in high purity and stability with full retention of
function.

ENGINEERING ES CELL DIFFERENTIATION TO
VPCS

Two main approaches have been used for purifying pro-
genitor ECs from human ES cells under static in vitro condi-
tions: (1) supplementing feeder layers for specific cell-
surface molecules; and (2) selecting EBs for specific cell-
surface molecules. The former used endothelial progenitors
derived from EBs, undifferentiated hESC’s grown on various
feeder layers from bone marrow stromal cells (S17 cell line)
or mouse yolk-sac ECs (C166 cell line) [29]. After 17 days,
undifferentiated human ES cells differentiated into an early
hematopoietic subpopulation of CD34'CD31°CD45  cells,
with 50% of the CD34" cells coexpressing PECAM-1 [29].
Under pituitary extract and vascular endothelial growth fac-
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Fig. (4). (a) Schematic diagram of the embryonic cells (ES) in a dynamic model. The cone-and-plate flow device was modified to optimize
ES cells exposure to well-defined shear stress and confluent vascular progenitor monolayers were analyzed for endothelial cell markers. (b)
Schematic diagram of the modified parallel plate model that was mounted on an inverted microscope. Confluent ES monolayers were moni-
tored in response to specific shear stress patterns. (¢) Representative hemodynamic flow profiles generated by the cone-and plate-system.
Pulsatile shear stress is denoted in blue and oscillatory shear stress in red. (d) In the parallel-plate system, unidirectional laminar shear stress
is denoted in dark blue, pulsatile shear stress at a high slew rate (d1/dt) is denoted in red, low slew rate in green, and oscillatory shear stress

in brown. Diagrams are not drawn to scale.

tor (VEGF), these cells became attached and spindled-
shaped, strongly expressing PECAM-1, VE-cad, and capable
of Dil-Ac-LDL uptake. The latter approach is based on iso-
lating EBs by fluorescence-activated cell sorting (FACS) of
PECAM-1" cells that express mature endothelial protein
vWF in addition to expression of CD34, Flk-1, and VE-cad,
and being capable of Dil-Ac-LDL uptake [31]. After 7 to 12
days of differentiation, human EBs developed into adhesive
and non-adhesive cells. Some adhesive cells were found to
express PECAM-1 (50%) and VE-cad (11%), whereas CD45
cells (a marker for hematopoeitic progenitor cells) were not
capable of taking of Dil-Ac-LDL [32]. Seeding these cells on
Matrigel and supplementing with large amount of VEGF (50
tg/mL) resulted in a typical tubelike arrangement of elon-
gated ECs within the matrix [33].

Recently, a novel method was developed to induce selec-
tive differentiation of ES cells into both vascular endothelial
cells and mural cells (pericytes and vascular smooth muscle
cells) [34, 35]. In this method, undifferentiated ES cells were
cultured on type IV collagen-coated dishes, and VEGF re-
ceptor 2 (VEGF-R2) and Flk-1-positive (Flk-17) cells were
purified by flow cytometry sorting. The addition of VEGF to
the cultures promoted endothelial differentiation, whereas
mural cells were induced by platelet-derived growth factor
(PDGF)-BB. The vascular cells derived from Flk1" cells or-
ganized into vessel-like structures in 3-D culture and con-
tributed to the developing vasculature in vivo [36]. Bai et al.
chose CD34 as a marker to isolate human ES cell-derived
endothelial progenitor cells [37]. CD34" cells are not ex-
pressed in undifferentiated human ES cells that expressed

VEGFR2 and CD133. CD34" population was increased to
approximately 10% at around day 12-15 from human ES
cells by changing the differentiation medium of the mouse
embryonic fibroblast (MEF) feeder cells to a serum free-
medium in the presence of VEGF, FGF-2, and BMP-4 [31,
38, 39]. The isolated CD34" progenitor cells by MACS col-
umn gave rise to cells with endothelial morphology and ex-
pressed endothelial cell markers CD31, VE-cad, and vWF in
endothelial cell culture medium [38, 39]. Collaborative re-
search will likely advance the vascular biology community
to engineer rapid isolation of pure and stable vascular pro-
genitors (CD31, VE-cad, and vWF cell population) with full
retention of function.

SHEAR STRESS AND ES CELL COMMITMENT TO
VPCS

Proliferation and differentiation of ES cells are promoted
not only by "chemical stimuli" such as VEGF, PDGF, and
TGF-f [34, 35, 40, 41], but also by fluid shear stress. Lami-
nar shear stress at 10 dyn/cm’ activated transcription from
VEGF-R2 promoter [42]. Furthermore, shear stress at 1.5 to
10.0 dyn/cm” increased the cell density of mouse Flk-1" or
VEGF-R2" cells [35]. Cell cycle analysis demonstrated that
shear stress decreased a larger percentage of the cells in the
Gy and G phase and increased the percentage of cells in the
S and G,-M phases in comparison with Flk-1" ES cells cul-
tured under static conditions. Shear stress also increased the
expression of the vascular endothelial cell-specific markers
Flk-1, Flt-1, VE-cad, and PECAM-1, but it had no effect on
expression of the mural cell marker smooth muscle a-actin,
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blood cell marker CD3, or the epithelial cell marker keratin
[18].

Zheng et al. reported that exposing ES cell-derived ECs
(defined as stem cell antigen-1-positive or Sca-1+) to shear
stress at 12 dyne/cm® for 4 days increased the proliferation
by ~70% [43]. RT-PCR analysis revealed that withdrawal of
LIF and culture on collagen IV-coated slides increased
mRNA expression of PECAM-1 (CD31), prominin 1
(CD133), VE-cad(CD144), Flt-1, and Flk-1 in Sca-1" pro-
genitor cells [43]. Moreover, shear stress was implicated in
up-regulation of the transcription factor myocyte enhancer
factor-2 (MEF-2C) in ES cells. MEF-2C is highly important
for cardiovascular development. Formation of MEF-2C-
Smad4/CBP complexes was observed in shear stress-treated
ES cells, recapitulating some events occurring during ES cell
differentiation into cardiovascular precursors [42, 44, 45].
These findings indicate that shear stress selectively promotes
the differentiation of Flk-17 ES cells into the endothelial cell
lineage to form tubular network significantly faster than the
static controls [35].

SHEAR STRESS AND EPIGENETIC MODIFICATION
OF HISTONES

During embryonal organogenesis, chromatin remodeling
plays an important role in regulating differentiation [46].
Shear stress promotes decondensation of chromatin to allow
gene transcription. Epigenetic modification of histones plays
an important role in chromatin condensation/decondensation
[42]. Histones can be acetylated, phosphorylated, and methy-
lated by distinct classes of enzymes, namely histone acetyl-
transferases (HATs), histone deacetylase (HADACs), and
histone methyltransferases.

Shear stress regulates gene expression by inducing epi-
genetic modification of histones and influences cell differen-
tiation in mouse ES cells. Zeng et al. showed that laminar
flow activated histone deacetylase 3 (HDACS3) through the
Flk-1-PI3K-Akt pathway and that HDAC3-mediated p53
deacetylation and p21 activation were crucial for shear stress
and VEFG-induced EC differentiation [43]. Illi et a/. found
that histone H3 phphorylation on serine 10 (S10) occurred
within 30 minutes of shear stress exposure at 10 dyn/cm?
[42]. Hence, fluid shear stress plays an important role in en-
riching and accelerating ES-derived vascular progenitor
cells.

VASCULAR PROGENITOR CELLS AND IMPLICA-
TION FOR CARDIOVASCULAR MEDICINE

ES cells are advantageous for cell transplantation to re-
pair damaged ischemic tissues and restore endothelial dys-
function by virtue of their high proliferation capacity and
pluripotency. ES cells undergo spontaneous in vitro differen-
tiation, leading to the formation of cardiovascular precursors
among other cell types [5, 29, 47]. This process normally
occurs in several days. However, exposure to shear stress
accelerates the onset of cell expressing cardiovascular mark-
ers that become detectable after 24 hour of flow exposure.
However, challenges remain to address the restorative capac-
ity, survival, engraftment, and tumorigenicity of human ES
cell-derived endothelial cells. While a vast majority of re-
search concerning EC differentiation from ES cells is de-

Current Cardiology Reviews, 2008, Vol. 4, No. 4 273

rived from experiments involving growth factors and hy-
poxia environment [42], novel applications of local biome-
chanical milieu has provided an entry point to engineer arti-
ficial vessels to repair damaged vessels and to form vessel
networks.

SUMMARY

Generation of endothelial cells from human ES cells not
only provides a ready cell resource for potential clinical ap-
plications, but also paves an excellent avenue to study vascu-
logenesis and angiongenesis events in the human system.
The endothelial progenitors isolated from human ES cells
have various phenotypes because of varying derivation pro-
tocols and the supplementation of growth factors; even more
importantly, they were isolated at different stages of devel-
opment [29]. Critical questions remain to address the road
blocks in basic stem cell research for clinical applications:
(1) understanding the kinetics of ES cell differentiation into
VPCs, (2) the molecular mechanisms whereby shear stress
induce ES differentiation to VPCs, (3) stability and function
of ES cell-derived VPCs in formation of durable blood ves-
sels. The recent California Institute for Regenerative Medi-
cine Tools and Technologies Awards (RFA08-02) have gar-
nered momentum to develop a scale-up and cell purification
system that will interface delivery of purified progenitors
with molecular imaging to track stem cell function in the
injured tissue function. The recent NHLBI Progenitor Cell
Biology Consortium Planning Awards (RFA-HL-08-012)
has further synergized multi-disciplinary efforts to identify
and characterize progenitor cell lineages, to direct the differ-
entiation of stem and progenitor cells to the desired cell
fates, and to develop new strategies to address the unique
challenges presented by the transplantation of these cells.
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EPC = Endothelial progenitor cell

ES cells = Embryonic stem cells

EB = Embryonic body

ECs = Endothelial cells

VPC = Vascular prognitor cells

HSC = Hematopoietic progenitor cells
REFERENCES

1] Ross R. Atherosclerosis is an inflammatory disease. Am Heart J

1999; 138: S419-20.

2] Bain G, Kitchens D, Yao M, Huettner JE, Gottlieb DI. Embryonic
stem cells express neuronal properties. Dev Biol 1995; 168: 342-
57.

[3] Kramer J, Hegert C, Guan K, Wobus AM, Muller PK, Rohwedel J.
Embryonic stem cell-derived chondrogenic differentiation: activa-
tion by BMP-2 and BMP-4. Mech Dev 2000; 92: 193-205.

[4] Rohwedel J, Maltsev V, Bober E, Arnold HH, Hescheler J, Wobus
AM. Muscle cell differentiation of embryonic stem cells reflects
myogenesis in vivo: developmentally regulated expression of myo-
genic determination genes and functional expression of ionic cur-
rents. Dev Biol 1994; 164: 87-101.



274 Current Cardiology Reviews, 2008, Vol. 4, No. 4

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

(20]

[21]

[22]

(23]

[24]

[25]

[26]

Vittet D, Prandini MH, Berthier R, et a/. Embryonic stem cells
differentiate to endothelial cells through successive maturation
steps. Blood 1996; 88: 3424-31.

Ku DN. Blood Flow in Arteries. Annu Rev Fluid Mech 1997; 29:
399-434.

Gimbrone MA, Jr, Topper JN. In: Chein KR Ed, Molecular basis of
cardiovascular disease. Philadephia, WB Saunders Co. 2003, 1.
Davies PF, Dewey CF, Jr, Bussolari SR, Gordon EJ, Gimbrone
MA, Jr. Influence of hemodynamic forces on vascular endothelial
function. studies of shear stress and pinocytosis in bovine aortic
cells. J Clin Invest 1984; 73: 1121-9.

Ando J, Korenaga R, Kamiya A. Flow-induced endothelial gene
regulation, London: harwood, 1999; 111-26.

Zarins CK, Giddens DP, Bharadvaj BK, Sottiurai VS, Mabon RF.
Carotid bifurcation of plaque localization with flow velocity pro-
files and wall shear stress. Circ Res 1983; 53: 502-514.

Ku DN, Giddens DP, Zarins CK, Glagov S. Pulsatile flow and
atherosclerosis in the human carotid bifurcation. Positive correla-
tion between plaque location and low oscillating shear stress. Arte-
riosclerosis 1985; 5: 293-302.

De Keulenaer GW, Chappell DC, Ishizaka N, Nerem RM, Alexan-
der RW, Griendling KK. Oscillatory and steady laminar shear
stress differentially affect human endothelial redox state: role of a
superoxide-producing NADH oxidase. Circ Res 1998; 82: 1094-
101.

Hwang J, Ing M, Saha A, et al. Pulsatile vs. oscillatory shear stress
regulates nadph oxidase system: implication for native LDL oxida-
tion. Circ Res 2003; 93: 1225-1232.

Hwang J, Saha A, Boo YC, et al. Oscillatory shear stress stimulates
endothelial production of O2- from p47phox-dependent NAD(P)H
oxidases, leading to monocyte adhesion. J Biol Chem 2003; 278:
47291-8.

Evans MJ, Kaufman MH. Establishment in culture of pluripotential
cells from mouse embryos. Nature 1981; 292: 154-6.

Hove JR, Koster RW, Forouhar AS, Acevedo-Bolton G, Fraser SE,
Gharib M. Intracardiac fluid forces are an essential epigenetic fac-
tor for embryonic cardiogenesis. Nature 2003; 421: 172-7.

Shiratori H, Nonaka S, Saijoh Y, Hamada H. Determination of left-
right patterning of the mouse embryo by artificial nodal flow. Na-
ture 2002; 418: 96-99.

Yamamoto K, Sokabe T, Watabe T, et al. Fluid shear stress induces
differentiation of Flk-1-positive embryonic stem cells into vascular
endothelial cells. Am J Physiol Heart Circ Physiol 2005; 288:
H1915-24.

Huang H, Nakayama Y, Qin K, ef al. Differentiation from embry-
onic stem cells to vascular wall cells under pulsatile flow loading. J
Artif Organs 2005; 8: 110-8.

Wang H, Yan S, Chai H, ef al. Shear stress induces endothelial
transdifferentiation from mouse smooth muscle cells. Biochem
Biophys Res Commun 2006; 346: 860-5.

Yamamoto K, Takahashi T, Asahara T, ef al. Proliferation, differ-
entiation, and tube formation by endothelial progenitor cells in re-
sponse to shear stress. ] Appl Physiol 2003; 95: 2081-8.

Blackman BR, Garcia-Cardena G, Gimbrone MA, Jr. A new model
to evaluate differential responses of endothelial cells to simulated
arterial shear stress waveforms. J Biomech Eng 2002; 124: 397-
407.

Sata M, Saiura , Kunisato A, et al. Hematopoietic stem cells differ-
entiate into vascular cells that participate in the pathogenesis of
atherosclerosis. Nat Med 2002; 8: 403-9.

Chadwick K, Wang L, Li L, et al. Cytokines and BMP-4 promote
hematopoietic differentiation of human embryonic stem cells.
Blood 2003; 102: 906-15.

Thomson JA, Itskovitz-Eldor J, Shapiro SS, ef al. Embryonic stem
cell lines derived from human blastocysts. Science 1998; 282:
1145-7.

Reubinoff BE, Itsykson P, Turetsky T, et al. Neural progenitors
from human embryonic stem cells. Nat Biotechnol 2001; 19: 1134-
40.

Received: 09 March, 2008

Revised: 02 June, 2008 Accepted: 02 June, 2008

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Hsiai and Wu

Drukker M, Katchman H, Katz G, et al. Human embryonic stem
cells and their differentiated derivatives are less susceptible to im-
mune rejection than adult cells. Stem Cells 2006; 24: 221-9.

Li Z, Suzuki Y, Huang M, et al. Comparison of reporter gene and
iron particle labeling for tracking fate of human embryonic stem
cells and differentiated endothelial cells in living subjects. Stem
Cells 2008; 26(4): 864-73.

Levenberg S, Zoldan J, Basevitch Y, Langer R. Endothelial poten-
tial of human embryonic stem cells. Blood 2007; 110: 806-14.
Kaufman DS, Hanson ET, Lewis RL, Auerbach R, Thomson JA.
Hematopoietic colony-forming cells derived from human embry-
onic stem cells. Proc Natl Acad Sci USA 2001; 98: 10716-21.
Levenberg S, Golub JS, Amit M, Itskovitz-Eldor J, Langer R. En-
dothelial cells derived from human embryonic stem cells. Proc Natl
Acad Sci USA 2002; 99: 4391-6.

Zambidis ET, Peault B, Park TS, Bunz F, Civin CI. Hematopoietic
differentiation of human embryonic stem cells progresses through
sequential hematoendothelial, primitive, and definitive stages re-
sembling human yolk sac development. Blood 2005; 106: 860-70.
Gerecht-Nir S, Ziskind A, Cohen S, Itskovitz-Eldor J. Human
embryonic stem cells as an model for human vascular development
and the induction of vascular differentiation. Lab Invest 2003; 83:
1811-20.

Hirashima M, Kataoka H, Nishikawa S, Matsuyoshi N. Maturation
of embryonic stem cells into endothelial cells in an model of vascu-
logenesis. Blood 1999; 93: 1253-63.

Yamashita J, Itoh H, Hirashima M, ez al. Flkl-positive cells de-
rived from embryonic stem cells serve as vascular progenitors. Na-
ture 2000; 408: 92-6.

Yurugi-Kobayashi T, Itoh H, Yamashita J, et al. Effective contribu-
tion of transplanted vascular progenitor cells derived from embry-
onic stem cells to adult neovascularization in proper differentiation
stage. Blood 2003; 101: 2675-8.

Bai H, Wang ZZ. Directing human embryonic stem cells to gener-
ate vascular progenitor cells. Gene Ther 2008; 15: 89-95.

Chen T, Bai H, Shao Y, et al. Stromal cell-derived factor-1/CXCR4
signaling modifies the capillary-like organization of human embry-
onic stem cell-derived endothelium. Stem Cells 2007; 25: 392-401.
Wang ZZ, Au P, Chen T, et al. Endothelial cells derived from
human embryonic stem cells form durable blood vessels in vivo.
Nat Biotechnol 2007; 25: 317-8.

Gualandris A, Annes JP, Arese M, Noguera I, Jurukovski V, Rifkin
DB. The latent transforming growth factor-beta-binding protein-1
promotes differentiation of embryonic stem cells into endothelium.
Mol Biol Cell 2007; 25: 392-401.

Watabe T, Nishihara A, Mishima K, et al. TGF-beta receptor
kinase inhibitor enhances growth and integrity of embryonic stem
cell-derived endothelial cells. J Cell Biol 2003; 163: 1303-11.

I1li B, Scopece A, Nanni S, ef al. Epigenetic histone modification
and cardiovascular lineage programming in mouse embryonic stem
cells exposed to laminar shear stress. Circ Res 2005; 96: 501-8.
Zeng L, Xiao Q, Margariti A, et al. HDAC3 is crucial in shear- and
VEGF-induced stem cell differentiation toward endothelial cells. J
Cell Biol 2006; 174: 1059-69.

Lin Q, Lu J, Yanagisawa H, er al. Requirement of the MADS-box
transcription factor MEF2C for vascular development. Develop-
ment 1998; 125: 4565-74.

Lin Q, Schwarz J, Bucana C, Olson EN. Control of mouse cardiac
morphogenesis and myogenesis by transcription factor MEF2C.
Science 1997; 276: 1404-7.

lIezzi S, Cossu G, Nervi C, Sartorelli V, Puri PL. Stage-specific
modulation of skeletal myogenesis by inhibitors of nuclear deacety-
lases. Proc Natl Acad Sci USA 2002; 99: 7757-62.

Heng BC, Haider H, Sim EK, Cao T, Ng SC. Strategies for direct-
ing the differentiation of stem cells into the cardiomyogenic line-
age. Cardiovasc Res 2004; 62: 34-42.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


