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Our goal is to unravel molecular and cellular
mechanisms underlying development of the
hematopoietic and vascular systems. By using an in
vitro differentiation system of murine embryonic
stem cells, we are trying to identify the genetic
program by which the self-renewal capacity as well
as multiple potentials of the hematopoietic stem cell
is established. Our system also makes it possible to
elucidate cell biological functions of angiogenic
growth factors and transcription factors, providing a
clue to how the morphogenic activity of endothelial
cells is regulated by angiogenic stimuli to form a
hierarchically organized vascular architecture.

Embryonic vasculature

Upper left: Schematic diagram of in vitro differentiation of ES cells into the hematopoietic and
vascular lineages. Upper right: A mouse embryo (10.5 dpc) stained with isolectin B4 to reveal blood
vessels. Lower left: Hematopoietic and endothelial differentiation of lateral mesoderm cells derived
from murine ES cells in culture. Lower right: Immunostaining of VE-cadherin and a-smooth muscle
actin in the blood vessel-like structure generated from murine ES cells in 3-D culture.
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Foxol(-/-)~ U A A1 00 245 70 1M T 8 % 1A
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(Tsuji-Tamura, AFEFR),

Foxo1(+/+)

VE-cadherin

VE-cadherin

DAPI

Foxo1(-l-)

VE-cadherin VE-cadherin

DAPI
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I. Development of the hematopoietic stem cell
1. Self-renewal capacity of fetal hematopoietic
progenitor cells

Hematopoietic stem cells (HSCs) are generated
from endothelium and/or surrounding mesenchymal
tissues of the dorsal aorta of mid-gestational mouse
embryos, and then migrate to the fetal liver and
eventually to the bone marrow. Once HSCs settle in
the bone marrow, most of them become quiescent.
HSCs reside in the hematopoietic niche where key
factors regulating the cell cycle of HSCs are
expressed. Thrombopoietin (TPO) derived from
osteoblasts in the hematopoietic niche is required
for quiescence of HSCs.

In contrast to the role of TPO in the bone
marrow niche, TPO promotes the generation and
expansion of HSCs in the fetal stage. We showed
that multi-potent hematopoietic progenitors that
were isolated from the yolk sac and the embryo
proper of pre-liver stage mouse embryos
proliferated without losing the multiple potentials in
a serum-free culture condition containing TPO and
stem cell factor (SCF). In contrast, hematopoietic
progenitors isolated from adult bone marrow could
not be propagated in the same condition, suggesting
that fetal hematopoietic progenitors differentially
respond to TPO+SCF signalling as compared to
adult progenitors, i.e. proliferation rather than cell
cycle arrest (Huang et al., 2009).

In vitro derivation of HSCs from ES cells and
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iPS cells is of particular importance in providing not
only a stable therapeutic HSC source alternative to
the bone marrow transplantation, but also an ideal
experimental model to investigate the molecular
mechanism underlying HSC development. Despite
the fact that almost all kinds of blood cells are able
to be induced in the cultures of ES cells, there has
not been established any physiological culture
method to induce ES cell differentiation into a bona
fide HSC population that is capable of long-term
bone marrow reconstitution of irradiated adult mice.
One of the problems is the fact that most of the
attempts to induce HSCs have adopted the embryoid
body formation of ES cells which mostly mimics
yolk sac hematopoiesis, whereas HSCs are known to
originate from the hemogenic endothelium of the
dorsal aorta. We have established a culture system in
which mouse ES cells differentiate into hemogenic
endothelial cells without forming embryoid bodies,
which might be the most promising cell source for
induction of HSCs from ES cells. We are now trying
to establish an in vitro culture system intended for
the derivation of HSCs from ES cell-derived
hemogenic endothelial cells. The culture system
may utilize several cytokines and extracellular
matrices, but should not be dependent upon forced
expression of a transgene such as HoxB4 which may
obscure the normal physiological processes of HSC
development.

2. Function of c-Myb in hematopoietic stem cells
c-Myb is a transcription factor essential for the
proliferation and differentiation of hematopoietic
progenitor cells. Recently, studies by using c-myb
knockdown or conditional knockout mice showed
that c-Myb regulates function of HSCs. In order to
investigate the role of c-Myb in HSCs, we
established a c-Myb-EGFP reporter mouse line in
which a linker-EGFP reporter was inserted 5’ next to
the stop codon of the c-myb gene so that
¢c-Myb-EGFP chimeric protein is expressed from the
endogenous c-myb locus. Homozygous adult
c-Myb-EGFP mice exhibited normal hematopoiesis
and showed c-Myb-EGFP expression in progenitors
of several hematopoietic lineages. Most of the
long-term HSCs (90-95% of the CD34 c-Kit"
Sca-1" Lin™ cell population in bone marrow) also
expressed c-Myb-EGFP. In order to compare the
hematopoietic reconstituting activity of HSCs that
express different levels of c-Myb protein, the HSC
population was subdivided into c—Myb—EGFP'/dull
and c—Myb—EGFPhigh fractions and transplanted into
irradiated mice. We found that c-Myb-EGFP”®"
cells showed remarkably higher repopulating

activity than (:-Myb—EGFPhigh cells (Sakamoto,
unpublished). These results indicate that the
expression level of c-Myb-EGFP can be utilized as a
prospective indicator of self-renewal activity of
living HSCs. The dormant HSC population is
suggested to express lower level of c-Myb-EGFP
than the homeostatic HSC population which divides
more rapidly.

I1. Development of the vascular system
1. Endothelial commitment of mesodermal cells
We have demonstrated that murine ES cells
differentiate into Flk-1-expressing lateral
mesodermal cells when cultured on a layer of OP9
stromal cell line. The Flk-1" mesodermal cells,
which can be purified by FACS and further cultured
on OP9 cell layer, continue to differentiate into
several cell lineages including vascular endothelial
cells that express VE-cadherin. While the
lineage-specific markers such as Flk-1 and
VE-cadherin can be detected by using specific
antibodies thereby providing means to isolate
desired cell populations, expression of reporter
genes under the control of a lineage-specific
promoter/ enhancer is another useful method
especially for real-time monitoring of the process of
cell differentiation.

A 44bp element (F10-44) of an endothelial-
specific transcriptional enhancer of the Mef2c gene
was shown to direct expression of lacZ reporter
specifically to the developing vascular endothelium
of the mouse embryo. The element consists of a
FOX:ETS motif that is present in many known
endothelial-specific enhancers. As F10-44 also
directed reporter expression in the blood islands of
the yolk sac, we reasoned it might be active from
early endothelial precursor stage. Indeed, by
introducing EGFP reporter gene that was connected
to F10-44 enhancer element into ES cells, we
demonstrated that the enhancer element is first
activated in a subset of lateral mesoderm, of which
differentiation potential becomes restricted to the
endothelial and smooth muscle cell lineages. As
smooth muscle cells derived from Flk-1" EGFP"
cells did not retain the expression of EGFP, the
F10-44 activity persists specifically in the
endothelial cell lineage. Taking advantage of high
visibility of EGFP fluorescence in living cells, the
F10-44 enhancer element provides means of
tracking  differentiation processes from the
development of endothelial precursor cells to the
formation of endothelial sheet-like structures in
culture (Tsuji-Tamura et al., 2011).
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2. Regulation of endothelial cell morphology by
Foxo transcription factor during angiogenesis

Mouse embryos deficient in the Foxol gene die
around E11 due to defects in the branchial arches
and remarkably impaired vascular development.
Foxol is a member of the Foxo subfamily of
forkhead box transcription factors that are
considered as key regulators of energy metabolism
and lifespan, yet the role of Foxol in vascular
development is not understood. We have been
analyzing cellular phenotypes of endothelial cell
colonies derived in vitro from wild type and
Foxol(-/-) ES cells. In the absence of exogenous
factors excepting those secreted by OP9 cells,
endothelial cells of both genotypes formed
monostratal colonies consisting of rough-edged flat
cells. While addition of VEGF or TGF-f in the
culture induced elongation and overlapping of
endothelial cells in wild type colonies, the same
treatment resulted in an abnormal morphological
response of Foxol(-/-) endothelial cells, which is
characterized by a lack of cell -elongation
(Matsukawa et al., 2009). By using a 3-D culture of
ES cell-derived vascular progenitor cells, we
demonstrated that Foxol(-/-) endothelial cells
accumulated speckles of cytoplasmic F-actin and
thick bundles of microtubules, and formed only
short sprouts instead of a long capillary-like
structure which was observed in the culture of wild
type cells (Park et al., 2009). Thus, the failure of
proper morphological response of endothelial cells
to angiogenic stimuli likely accounts for the
compromised angiogenesis in the Foxol(-/-)
embryos, although underlying molecular mechanism
is still elusive.

Identification of Foxol target genes that are
responsible for the morphological regulation is of
critical importance. We performed DNA microarray
analysis to compare gene expression profiles of the
endothelial cells derived from wild-type and
Foxol(-/-) ES cells cultured in the presence or
absence of VEGF. Among a total of 25,392 genes,
we identified 21 or 54 genes of which expression
was elevated or decreased, respectively, specifically
in wild type endothelial cells stimulated with VEGF.
In vitro functional screening of the candidate genes
is currently underway. We identified a gene that
encodes a regulatory subunit of a protein
phosphatase, of which forced expression is able to
rescue the morphological response of Foxol(-/-)
endothelial cells (Tsuji-Tamura, unpublished). Once
a target gene of Foxol that is responsible for the
regulation of endothelial cell morphology is
identified, expression of the candidate gene should

be genetically manipulated in the Foxol(-/-)
embryos to examine whether or not it restores the
abnormal angiogenesis caused by Foxo[-deficiency,
which will finally testify to the importance of
Foxol-dependent morphological regulation of
endothelial cells in vascular development.

3. Association between endothelial cells and
smooth muscle cells

Correct association and interaction between
endothelial cells and smooth muscle cells is known
to be essential for wvascular maturation. The
capillary-like structure generated in vitro from wild
type ES cell-derived vascular progenitor cells is
thoroughly covered by vascular smooth muscle cells.
In contrast, no such coverage of smooth muscle
cells was observed along the short endothelial cell
bundles generated from Foxol(-/-) vascular
progenitor cells (Park et al., 2009). Yet, smooth
muscle cells were abundantly detected in the culture
of Foxol(-/-) vascular progenitor cells, indicating
that differentiation of smooth muscle cells was not
affected by the absence of Foxol. These results
suggested that Foxol is essential for either the
migration of smooth muscle cells or the physical
interaction between smooth muscle cells and
endothelial cells. However, functional Foxol
appears to be required heteronomously in
endothelial cells, as endothelial cell-specific rescue
of Foxol expression restored the endothelial-smooth
muscle cell interaction as well as the endothelial cell
elongation  (Tsuji-Tamura, unpublished). We
hypothesize from the above observations that Foxol
is involved in the recruitment of mural cells to
nascent blood vessels, thereby regulating not only
angiogenesis but also the process of vascular
maturation.
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