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Abstract The pluripotency of embryonic stem cells has
been well demonstrated by a vast variety of studies
showing the induction of differentiation into desired cell
types that have the potential to be used not only in basic
studies but also in medical applications. The induction of
mesodermal cells, especially blood cells, from embryonic
stem cells is notable from the point of view of transplan-
tation, and the methods for this induction have improved
over the last few years, with more defined culture condi-
tions in place. Concurrently, the generation of induced
pluripotent stem cells from somatic cells opens the possi-
bility of autologous transplantation. In fact, there are a
growing number of reports demonstrating that several
mesodermal cells can be differentiated from induced plu-
ripotent stem. cells using the same methods used for
embryonic - stem cells.. This review summarizes recent
advances in the differentiation of mesodermal cells from
embryonic stem cells and induced pluripotent stem- cells.
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1 Introduction

Embryonic stem (ES) cells originate from the inner cell
mass (ICM), the internal cell component of the blastocyst,
and are pluripotent cell lines with the ability to self-renew,
infinitely proliferate, and the potential to broadly differen-
tiate into many cell types, including mesodermal cells and
their descendants [1, 2]. Besides the sustained growth and
pluripotency, the efficient homologous recombination in ES
cells provides a useful system for genetic manipulation by
creating gene-targeted mice. As ES cells have been shown
to differentiate into various lineages under appropriate
culture conditions in vitro, ES cells are also available as an
experimental tool to elucidate the molecular mechanisms of
embryonic development and differentiation. Moreover, the
establishment of human ES cells has facilitated their utili-
zation . in -research ' for- regenerative - therapies [3]. The
advantages of using ES cells are as follows: (1) although the
number of cells'in the mouse ICM or adult tissue stem cells
is too limited for direct analysis, ES cells are capable of
proliferating and providing enough cells for this; (2) ES
cells can-also be manipulated genetically in vitro, and are
available to generate chimeric mice, allowing the analysis
of the function of a gene of interest in vivo. However, there
are several disadvantages of using ES cells. Some canonical
methods of differentiation tend to suffer. from  contamina-
tion by irrelevant cells because of the difficulties of sepa-
rating--the cells of ' interest, - which - complicates - any
subsequent analysis. As shown in transplantation: experi-
ments, ES cells produce. teratomas: in recipient mice and
insufficient removal of undifferentiated ES cells may lead to
tumorigenesis, ‘one of the major obstacles for the applica-
tion of the differentiated cells in regenerative medicine. To
solve these problems, it is necessary to introduce some steps
to concentrate the intermediate: precursor/progenitor - cells
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using cell surface markers and to simplify the differentia-
tion procedure using serum-free media or avoiding cocul-
ture with other cells if possible. For the last decade,
researchers have been developing methods to differentiate
ES cells into their preferred tissues, including mesoderm
(summarized in Table 1). From the point of view of clinical
demand for therapeutic transplantations, hematopoietic
cells are the most notable descendants of mesodermal cells.
Understanding the properties of the stem/progenitor cells
and fine-tuning their culture conditions are indispensable
for the precise induction of the descendant cells of interest.
The establishment of secure and safe methods of manipu-
lation of ES cells into terminally differentiated cells will
lead to clinical applications, such as regenerative treatment.
This review summarizes the recent advances in the
manipulation of ES cells into mesodermal tissues.

2 Mesoderm development in vivo

On the basic of the biological mechanisms observed in
normal embryogenesis, a variety of ES cell differentiation
processes have been developed in vitro. To control the dif-
ferentiation of ES cells into mesodermal tissues, it is
important to precisely refer to the in vivo process of meso-
dermal tissue development. In mammalian embryogenesis,
the ICM gives rise to the primitive endoderm and epiblast,
which is the source of the three primary germ layers during
gastrulation (Fig. 1). The formation of the germ layers, and
their subsequent fates, are determined through a process
dependent upon spatial and temporal regulatory control. The
primitive streak, one of the first signs of gastrulation, is a key
structural- marker to discriminate- mesodermal precursor
cells [4). The cells at the anterior region of the primitive
streak form the anterior- mesendoderm; a bipotential cell
population that has the capacity to generate definitive
endoderm or axial mesoderm. At the mid- to: late-streak
stage, the mesoderm emerging from the primitive streak
enters: between the endoderm and-ectoderm to form the
paraxial, intermediate, and lateral mesoderm in order of their
proximity to the primitive streak. The mesodermal precursor
populations give rise to the following: the prechordal plate
and notochord (from axial mesoderm);: somites,  which
develop into:muscles; bones; and cartilage (from paraxial
mesoderm); kidneys, gonads; and their respective duct sys-
tems (from intermediate mesoderm); and heatt, blood ves-
sels; and blood: cells (from lateral mesoderm). In: addition,
the epiblast forms the extraembryonic mesoderm outside of
the embryo, which gives rise to the endothelial and hema-
topoietic cells of the yolk sac vasculature. However, to
reproduce this complicated biological process by simple
experimental procedures is clearly difficult. It requires the
dissection of the process into elementary steps-using vatious
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biological markers and the compiling of each step in the
correct order. Section 3 explains how to induce and analyze
the differentiation of ES cells into cells corresponding to
mesodermal cells or tissues of interest on culture dishes.

3 In vitro differentiation of mesodermal cells
3.1 General consideration

Commonly used protocols for ES cell differentiation are
categorized into three types according to the method of
culturing: embryoid-body (EB) formation [5], culture on
feeder cells [6], and simple monolayer culture on extra-
cellular-matrix-coated dishes (Fig. 2). EB formation is the
most popular method whereby three-dimensional cell
aggregates are formed and undergo a developmental process
corresponding to the events of early embryogenesis, in
which the cells lose their pluripotency and differentiate into
ectoderm, endoderm, and mesoderm. However, the muiti-
plicity of differentiated cell lineages complicates subsequent
analysis, and the heterogeneous size of the cell aggregates
tends to cause non-uniform differentiation processes due to
differences in extracellular adhesion and intercellular sig-
naling by the cells of interest. It is therefore difficult to
contro!l and direct ES cells into mesodermal cells using
exogenous signals. To overcome these disadvantages,
investigators have developed two-dimensional culture
methods. Coculture with feeder cells allows the selective
induction of the cell lineage of interest. The induction of the
hematopoietic cell lineage from ES cells is achieved by
coculturing with stromal cell lines [7]. The modification of
the feeder cells enables the elimination of unnecessary cell
lineages, such as the use of stromal cell line OP9 to avoid
macrophage ' proliferation, for example [8].-Furthermore,
ST2 stromal cells; dérived from bone marrow cells, have the
potential to support osteoclastogenesis from hematopoietic
cells, thus a sequential coculture of mouse ES cells with OP9
cells followed by ST2 cells could efficiently introduce
osteoclasts [9]. However, the feeder culture system is tech-
nically complicated because the condition of the feeder cells
tends to affect the reproducibility of the differentiation. By
using a simple monolayer culture, the inducible cell lineage
is more selective than the feeder culture, and it is easier to
control and observe the differentiation process, and to col-
lect the differentiated cells. Another advantage of mono-
layer culture is the flexibility and selectivity of culture dish
matrix components. Collagen IV is capable of directing ES
cell differentiation into mesoderm lineages, including
hematopoietic, endothelial, and smooth muscle cells [10].
Although each cell monolayer could be uniformly treated
with the same culture conditions, lots of trials are needed to
establish the defined culture conditions for the cell types of
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