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Ascorbic acid, f-glycerophosphate, dexamethasone

Supplement factors

Ascorbic acid, f-glycerophosphate, vitamin D3
BMP-2 or BMP-4

Retinoic acid

Retinoic acid

Culture conditions
Without embryoid body
Embryoid body

Embryoid body
Embryoid body
Embryoid body

Selection markers

Cell types
Mouse ES
Human ES
Mouse ES
Mouse ES
Human iPS

Table 1 continued
Differentiated cell types
Chondrocyte

Osteocyte
Adipocyte
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interest. Another factor affecting the differentiation process
of ES cells is the composition of the culture medium. Culture
media containing fetal bovine serum are often difficult to
reproduce because the combination of factors in serum
varies among serum lots. It is well-known that the TGEf,
BMP, Wnt, and FGF families play important roles in
mesoderm induction in all vertebrates [11]. To exclude the
possibility that undefined factors in serum affect the differ-
entiation, the use of serum-free conditions with supplements
of chemically defined factors should be adopted. So far,
there are several reports that serum-free culture conditions
can induce the differentiation of mesodermal cells from ES
cells using humoral factor supplements (summarized in
Table 1). A serum-free medium containing activin can
induce the development of mesendoderm from ES cells on
collagen I'V-coated dishes, which could potentially give rise
to endoderm and mesoderm [13]. The addition of BMP4 to
serum-free cultures leads to the induction of mesoderm from
ES celis [12]. Culturing with defined media is indispensable
from the viewpoint of clinical applications of pluripotent
stem cells.

However, it is rather difficult to specify the differenti-
ated cells in in vitro culture systems because of the lack of
availability of positional information, unlike for cells in the
embryo. Thus, effective selection markers are required to
define and track the differentiation of a particular cell
lineage in culture, where the differentiation of multiple
lineages occurs simultaneously (Fig. 3). Several cell sur-
face markers or knockin/transgenic reporter strategies have
been utilized to provide information on the various inter-
mediate stages that occur during ES cell differentiation,
and to select the differentiated cells of interest. Tracing the
differentiated cell lineage by marker proteins also provides
new information about: the differentiation pathways. In
fact, the existence of mesendoderm, which can give rise to
both endoderm and mesoderm; was demonstrated using the
Goosecoid (Gsc) gene as a tracing marker [13]. Brachyury
(T), another lineage tracing marker, is expressed through-
out the anterior—posterior region of the primitive streak and
the notochord, and is associated with the appearance of
mesodermal precursor cells [14]. A 500 bp upstream pro-
moter region of the T gene drives GFP expression in the
middle portion of the primitive streak [15], and a combi-
nation of these markers, human CD4 targeted to the Foxa2
and T-gene-induced GFP; could distinguish the cell popu-
lations corresponding to the anterior and posterior regions
of the primitive streak [16], respectively.

Subsequent cell lineages of mesodermal precursor cells
can also: be concentrated using: the following markers.
MIXL1, a homeobox gene involved in early hematopoietic
specification, is another marker of the primitive streak and
is suitable for the isolation of primitive: hematopoietic
precursors [17, 18]. Two cell surface markers;, PDGFRo
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Fig. 1 An overview of mesodermal development in mouse embryos.
The embryos are shown in mid-sagittal section, anterior to the left.
The stages represent the blastocyst (around embryonic day 4.0 (E
4.0)), late blastocyst (E4.5), egg cylinder (E5.0), and early- (ES.5),
mid- (E6.0), and late- (E6.5) stages of gastrulation. The red square
speech balloon shows transverse sections of the embryo  after
gastrulation (upper section is E7.5, lower section is E8.0). ICM inner
cell mass, Epi epiblast, VE visceral endoderm, PS primitive streak,
Am: amnion, NE neuroepithelium; - NT notochord, - PM  paraxial
mesoderm, IM intermediate mesoderm; LM lateral mesoderm

Differentiation l I Discrimination I

Fig. 3 Schematic diagram of the differentiation and concentration of
mesodermal cells from ES cells. ES cells are differentiated by three
types of culturing methods as shown in Fig. 2 (Differentiation).
Differentiated cells are distinguished using miesodermal marker gene
promoter-driven fluorescent proteins such as: Brachyury, Goosecoid,
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Fig. 2 Schematic diagram of the culturing methods used for ES cell
differentiation. Culturing methods used for ES cell differentiation into
mesodermal cell lineages are generally categorized into three types: [
formation of embryo-like aggregates of ES cells by culturing on low-
attachment dishes; I7 culture on feeder cells, such as OP9 stromal
cells; and [T culture on plates coated with a defined matrix, such as
collagen IV

(platelet-derived growth factor receptor a) and VEGFR-2
(vascular endothelial growth factor receptor 2), can be used
to dissect the early processes of divergence in mesodermal
differentiation. PDGFRo is one of the receptors expressed
in paraxial mesoderm during mouse embryogenesis and an
antibody: specific for it can recognize paraxial mesoderm
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and MIXL1, or fluorescently labeled antibodies. against mesoderm
surface markers, such as PDGFRa and VEGER-2 (Discrimination),
separated using flow cytometry (Separation), and cultured with
differentiated mesodermal cell-specific media (Amplification)
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cells at late primitive streak stages [19, 20]. VEGFR-2 is an
indicator of the development of lateral mesoderm [21], and
can be utilized to isolate lateral mesoderm cells with the
potential to be hematopoietic precursors [22], or vascular
progenitors of endothelial cells [23]. Mouse ES cells cul-
tured on collagen-IV-coated dishes differentiate into
PDGFRo+/VEGFR-2+ immature mesodermal precursors,
which give rise to two populations: VEGFR-2+/
PDGFRo— single-positive (VSP) population, which
potentiates endothelial and hematopoietic differentiation,
and a VEGFR-2—/PDGFRa+ single-positive (PSP) popu-
lation, which dominantly expresses lineage markers for
myocytes, osteocytes, and chondrocytes [24]. The combi-
nation of each culture method and mesodermal marker has
the potential to minimize these disadvantages and improve
differentiation efficiency (Fig. 3). In the following sec-
tions, we describe recent progress in the differentiation of
each type of mesodermal tissue cell from ES cells.

3.2 Hematopoietic cells

The vast majority of clinical organ transplantations are
blood cell transplants, including bone marrow transplan-
tation. However, we have not yet succeeded in adequately
maintaining and proliferating hematopoietic stem cells
in vitro, while there are many difficulties in undertaking
allogeneic transplantation. The induction of hematopoietic
cells from ES cells represents the longest studied differ-
entiation pathway. To date, a number of experimental trials
have been conducted to evaluate the feasibility of pro-
ducing hematopoietic lineage cells from mouse and human
ES cells [25-27). Most of them- have required either
embryoid body formation or coculture with stromal cells,
with the addition of cytokines, such as interleukins, CSF, or
both. On the other hand; ES cells cultured ona collagen IV
coated two-dimensional plane could differentiate into
hematopoietic lineage cells, demonstrating that neither the
three-dimensional structure in' the embryoid body nor fee-
der cells are required for this process [10].

Which population: in ES-cell-derived - mesoderm -can
give rise to hematopoietic lineage cells? The fact that the
VEGFR2+ population  that emerges after mouse ES cell
differentiation generates hematopoietic lineage cells dem-
onstrates that mouse ES cells can: differentiate into hema-
topoietic cells through the lateral mesoderm-like cells [28].
Biomarkers can be useful to further elucidate the process of
the differentiation of hematopoietic lineage cells from ES
cells with a combination of other factors. For example, it
was demonstrated in an ES cell culture system that the
appropriate timing of the expression of SCL, an essential
molecule for the early development of hematopoietic sys-
tems, is required for definitive hematopoietic precursor cell
differentiation [28]. Recent reports show that the selective
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differentiation of mouse ES cells into hematopoietic pro-
genitor cells is achieved by stepwise treatments with
serum-free media containing Wnt/BMP/activin or Bmp4/
activin/bFGF/VEGF, although stable and efficient hema-
topoietic engraftment of the cells has not been demon-
strated [29, 30]. Moreover, the induction and identification
of hematopoietic stem cells is still difficult without genetic
manipulation. Several homeotic selector genes are
expressed in definitive hematopoietic stem cells and have
been studied as they are candidate genes for hematopoiesis
regulation. One of these genes, HoxB4, enhances hemato-
poietic repopulation without interfering with hematopoietic
differentiation when the gene is overexpressed in adult
bone marrow [31]. Ectopic expression of HoxB4 in mouse
differentiated ES cells enhances its contribution to multi-
lineage hematopoietic cell engraftment, suggesting that
HoxB4 expression confers “stemness” potential on ES-
cell-derived hematopoietic cells [32]. However, a number
of trials are yet to demonstrate the engraftment of multi-
lineage hematopoietic cells from human ES cells, which
may be due to immune-mediated rejection [33].

Several recent studies have focused on the enucleated
terminally differentiated - hematopoietic cells, such as
erythrocytes and megakaryocytes, which are advantageous
owing to the absence of tumorigenicity by X-ray irradia-
tion. Enucleated and functionally matured erythrocytes are
generated from human ES cells by coculturing with mouse
fetal-liver-derived stromal cells [34]. Human ES cells
cultured with VEGF on stromal cells, such as 10T1/2 or
OP-9, formed sac-like structures containing hematopoietic
progenitors;” and gave rise to mature megakaryocytes,
which have the ability to release platelets [35]. In addition,
lymphoid lineage cells could be induced from mouse and
human ES'cells by coculturing with OP9 cells in medium
containing lymphoid cytokines [6, 36]. These findings open
the possibility for clinical applications of terminally dif-
ferentiated, functional hematopoietic cells induced from
human ES cells.-More details: of: the. differentiation of
hematopoietic cells are provided in another article in this
issue by Sakamoto.

3.3 Endothelial cells

It ‘has been clearly demonstrated that hematopoietic cells
are generated from vascular endothelial cells using in vitro
ES cell differentiation culture systems [10]. In fact,
according to recent reports, the generation of hematopoi-
etic cells from aorta endothelial cells was confirmed
in vivo [37, 38]. Moreover, ES cells have made it possible
to demonstrate the derivation of both endothelial ceils and
hematopoietic cells from a single cell [39]. This enabled
the identification of the aorta as an intraembryonic site for
hematopoietic cell production-[40]. Thus, it is important
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that endothelial cells are correctly induced from ES cells
for the differentiation of hematopoietic cells. As is the case
for other tissue cells, EB formation had been utilized to
differentiate ES cells into endothelial precursor cells and
develop vascular-like structures, although it was difficult to
trace the vascular differentiation process at the cellular
level [41, 42]. Two-dimensional culture and the use of
some cell surface markers could solve these difficulties and
improve the efficiency and accuracy of the differentiation
process. By detailed analysis of the process of embryonic
vasculogenesis, the majority of vascular tissues and blood
cells are considered to be derived from a common pro-
genitor cell of the lateral mesoderm because the VEGFR2
knockout mouse, known as a marker of lateral mesoderm,
failed to develop hematopoietic and endothelial cells [43].
Indeed, VEGFR2 is a cue for concentrating the vascular
lineage cells from in vitro differentiated mouse ES cells
without using EB formation. The VEGFR2+ cell popula-
tion could be directed to differentiate into endothelial cells
by VEGF and mural cells by PDGF-BB under serum-free
culture conditions, and form vessel-like structures in a
three-dimensional culture containing serum and VEGF
[23]. However, from the point of view of regenerative
medical applications, the differentiation stages of vascular
lineage cells might be critical for the effective engraftment
of the transplanted cells into the recipient, because differ-
entiated vascular progenitor cells, a mixture of endothelial
cells and mural cells, contribute to neovasculogenesis in
adult tissues more effectively than VEGFR2+ E-cadherin
mesoderm-like cells [44]. A recent report demonstrates that
the mixture of endothelial cells and mural cells differen-
tiated from human ES cells contributes to vascular regen-
eration in recipient mice, suggesting that the reconstituted
vascular. structures may have potential as a source of
therapeutic vascular regeneration [45].

3.4 Cardiac cells

Clarifying the mechanisms of cardiac-muscle differentia-
tion improves the understanding of the pathogenesis: of
congenital heart diseases,: such: as cardiac anomaly. It is
well-kniown that beating cardiomyocytes are easily devel-
oped during EB formation of mouse ES cells [5], but ter-
minally differentiated cardiomyocytes stop proliferating
and thus the EB has a very low proportion of the differ-
entiated cardiomyocytes in the cell.mass:[46]. As: previ-
ously described in Sects. 3.2 and 3.3, cardiomyocytes
could also . be enriched by the combination of a two-
dimensional culture and cell surface marker selection. By
differentiating mouse ES cells with ‘collagen-IV-coated
culture dishes and selection of the VEGFR2+ E-cadherin-
population - corresponding - to. - lateral - mesoderm,  the
proportion -of - differentiated - cardiomyocytes - could - be
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increased 2- to 3-fold compared with EB formation [47].
Although the VEGFR2+ E-cadherin-population contains
not only cardiomyocyte progenitors but also vasculogenic
progenitors, additional selection by CXCR4 effectively
concentrates the cardiomyocyte progenitors. As another
strategy for amplification of cardiac progenitor cells from
ES cells, it was also reported that the Ist14/Nkx2.5+/
VEGFR2+4 population, differentiated by EB formation,
could be a multipotent cardiovascular progenitor that can
give rise to cardiac myocytes, smooth muscle cells, and
endothelial cells [48]. Several humoral factors are also
reported to modify the efficiency of cardiomyocyte dif-
ferentiation. Treatment of the VEGFR24 E-cadherin-
population with a BMP inhibitor, noggin, suppressed the
induction of cardiomyocyte progenitor cells [47]. On the
other hand, another group reported that temporal- and
phase-restricted treatment with noggin was an effective
way of inducing cardiomyocyte differentiation of mouse
ES cells [49]. Wnt proteins were also reported as biphasic
factors that enhance or inhibit cardiomyocyte differentia-
tion of ES cells, depending on the phase of the differenti-
ation process [50]. According to a recent report, treatment
with an Src family kinase inhibitor, PP2, or the expression
of a dominant negative focal adhesion kinase increased ES
cell cardiomyocyte differentiation, suggesting that adhe-
sion signaling in ES cells may control cardiomyocyte dif-
ferentiation [51]. Thus, it will be possible to increase the
efficiency of the cardiomyocyte differentiation of ES cells
using defined humoral factors and several cell signaling
inhibitors at each stage of differentiation.

3.5 Osteocytes, chondrocytes, adipocytes, and
myocytes

Osteocytes, chondrocytes,- adipocytes, and. myocytes are
other . mesodermal = descendants, which organize the
assembly of supportive tissues of somatic cells and are well
characterized as derivatives of mesenchymal stem cells
(MSCs). Regeneration of the supportive tissues, such as
bone, cartilage; and skeletal. muscle;-is indispensable. for
the treatment of age-related and intractable tissue
degeneration.

Differentiation: of human: ES: cells into osteocytes: has
been developed into an efficient culturing system without
using embryoid-body formation [52, 53]. In vifro osteocyte
differentiation of :mouse ES:cells has been developed to
produce ‘mineralized ostéoblasts [54]. Chondrogenic dif-
ferentiation of ES cells was also accomplished by supple-
mentation- with growth factors of the TGF family: [55].
Although' several methods have been developed to induce
the differentiated ‘cells of ‘each supportive tissue from' ES
cells, it is difficult: to: reconstitute the supportive tissue
structure with the: terminally differentiated: cells correctly
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because the mechanism is a complex process accomplished
by a combination of specialized cells, for example, osteo-
blast and osteoclast cell-coordinated formation of bones.
However, this could be overcome by exploiting some
selective markers that recognize the progenitor cells of
interest and transplanting the pre-terminally differentiated
cells. The PDGFRa+ population from ES-cell-derived
mesodermal progenitors can differentiate not only into
chondrocytes and osteocytes, but also into muscle satellite
cells that are thought to be a candidate for contributing to
adult skeletal muscle regeneration {56, 57]. Indeed, sorting
of the PDGFRu-positive and VEGFR2-negative popula-
tion, a combination of selection markers corresponding to
the paraxial mesodermal cells, concentrated skeletal mus-
cle progenitors efficiently from mouse ES cells and were
functionally engrafted into muscular dystrophic mice [57,
58]. Adipocytes, similar to muscle and bone cells, are
generally thought to be derived from MSCs. The efficient
differentiation of ES cells into adipocytes was established
by retinoic acid treatment during embryoid body formation
[59]. However, it was reported that retinoic acid-treated
mouse ES cells caused a reduction in the level of several
mesodermal markers [60]. It is still unclear whether adi-
pocytes only originate from mesoderm because Soxl-
positive neuroepithelial cells from mouse embryos can give
rise to MSCs and adipocytes [61]. As another factor trig-
gering adipogenesis, mechanical stimulus on cell mem-
branes might also influence adipose differentiation because
the adipocyte-osteocyte fate of MSCs is found to be reg-
ulated via RhoA-ROCK signaling [62]. In addition, one of
the Rho GTPase regulators, p190-B RhoGAP, is known to
be able to switch the adipocyte-myocyte fate of mouse
embryonic fibroblasts [63]. It might be possible that a
common progenitor derived from ES cells can switch the
cell fate from adipocyte to osteocyte or myocyte, although
it will be necessary: to clarify the precise origin of adipo-
cytes and carry out lineage-tracing analysis to confirm this.

4 Generation of mesodermat cells from iPS cells

Exploitation of induced pluripotent stem (iPS) cells rep-
resents recent exciting progress - in: the direct reprogram-
ming- of ‘adult somatic- cells. Four: transcription factors,
Oct3/4, Sox2, Klf4, and c-Myc, could transform terminally
differentiated mouse: fibroblasts into’ pluripotent cells, so-
called iPS: cells, that resemble: ES cells: in morphology,
growth patterns, and gene expression [64]. Several repotts
confirmed  the: applicability -of thisinnovative method to
various ' cell sources ‘and. species,for example, - mouse
hepatocytes: and gastric epithelial cells [65]; human: fibro-
blasts' [66, 67], and human peripheral blood cells [68].
Reports concerned with the induction of mesodermal tissue
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cells from iPS cells are being published in rapid succes-
sion: these include those from studies on cardiomyocytes
[69, 70], vascular endothelial cells [71], and dendritic cells
and macrophages [72] derived from mouse iPS cells;
cardiomyocytes [73], adipocytes [74], and vascular endo-
thelial and hematopoietic cells {75] derived from human
iPS cells. The differentiation of mesoderm lineage cells
from iPS cells seems to proceed in a similar way to that
from ES cells. For example, cardiovascular cells and vas-
cular endothelial cells are derived from the VEGFR2+
population in differentiated iPS cell cultures, and the time
course and efficiency of the differentiation were found to
be comparable to those of mouse ES cells [69, 71]. Some
problems for the usage of iPS cells have been identified,
such as a high frequency of tumor formation in mice [76],
perhaps caused by the expression of ¢-Myc, and chromo-
somal damage introduced by random viral vector integra-
tion. Although it was reported that none of the mice
transplanted with iPS-derived hematopoietic progenitor
cells showed any evidence of tumor formation in a sickle
cell anemia model [77], the possibility still remains that
iPS-derived mesodermal cells may develop into malignant
tumors, as was reported following transplantations of ES-
derived mesodermal precursor cells [57] and hematopoietic
precursor cells [78]. As mentioned above, the number of
reports concerning the differentiation of mesoderm-derived
descendants from human iPS cells is increasing. However,
it is still unclear whether mesoderm cells can be induced
from iPS cells. These problems might be resolved by
improvements. to the preparation procedures, such as
omission of c-Myc or gene transfer with non-viral vectors
[79-81].. By using adult mouse neural stem cells as the
source, the exogenous introduction of Oct3/4 is sufficient
to generate iPS cells' [82]. Moreover, recent reports- have
raised the possibility of the preparation of human iPS cells
suitable for medical applications. Supplementing culture
media with some chemical compounds, inhibitors of
chromatin-modifying enzymes, could increase the effi-
ciency of iPS cell generation {83, 84]. In the future; it may
be possible to replace all transcription factors with:chem-
ical compounds ‘and: to: produce  iPS- cells: without ‘gene
transfer, although the safety of the human iPS cells that are
produced remains to be seen.

5 Future perspectives

Most mesodermal tissues, such-as blood, bone, and carti-
lage, - are structurally - more- uniform than-ectoderm-:or
endoderm-derived - tissues, that “is, in vitro-reconstituted
mesodermal tissues might be: in the vanguard of clinical
regenerative treatment using manipulated pluripotent stem
cells."Analysis of the mesodermal differentiation process of
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ES cells will provide advantages, not only for clinical
applications, but also for the study of mesoderm develop-
ment. If in vitro differentiation of ES cells precisely reca-
pitulates in vivo embryogenesis, the molecular mechanisms
observed in in vitro culture systems can be fed back to
in vivo embryonic development.

Human ES cells have huge potential for regenerative
medicine, but both ethical controversies and immunological
rejection are major obstacles to the use of human ES cells as
a source of clinical treatment [85]. iPS cells would avoid the
problems of immunological identity as they would be
developed from the autologous somatic cells of the reci-
pient. The establishment of iPS cells from human terminally
differentiated cells might lead to individualized therapy
instead of the use of human ES cells. In fact, it was
experimentally demonstrated that iPS cells are a suitable
source for the treatment of sickle cell anemia [77] or
hemophilia [86] in a mouse model. Nonetheless, as most of
the methods of differentiation applied to iPS cells are based
on the culture and differentiation procedures of ES cells, it
is indispensable to clarify the differentiation process of ES
cells in detail. The issue of tumorigenicity will remain
regardless of which pluripotent cells are used as a source. It
is important to introduce differentiation at a high efficiency
and to completely exclude tumorigenic undifferentiated
cells. To achieve this, more fundamental studies are
required to dissect the intermediate processes producing the
differentiated cells of interest and to explore unknown cell
surface markers for concentration of target cells. Indeed, the
importance of effective selection of a specific cell lineage
was confirmed by the success of functional engraftment of
skeletal muscle. cells derived from mouse ES cells into
muscular dystrophic mice [58]. Another improvement to be
achieved is to optimize the differentiation culture condi-
tions and chemically. define the molecular components
indispensable for differentiation. Sequential treatment with
several small molecules can differentiate mouse and human
ES cells into pancreatic progenitors at a higher efficiency
than conventional: procedures based on TGFf family
members [87, 88], although this was assessed under low-
serum conditions: The ultimate goal of ES cell manipulation
is to mimic the process of differentiated cell specification
under chemically defined conditions and to generate a
specific. type of mature cell at high- purity, safety, and
reproducibility in vitro. Precise manipulation of mesoder-
mal cell development from ES cells may lead to the iden-
tification of mesodermal stem cells and the development of
methods for their maintenance. If mesodermal stem cells
can be maintained in vitro, it will help our understanding of
the molecular mechanisms of self-renewal ‘and multipo-
tency. On the basis of our findings, we might then be able to
induce mesodermal stem cells from somatic cells: Thus, we
can avoid the unnecessary risk of transformation by using
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pluripotent cells and take advantage of the induced
“mesodermal” stem cells for clinical applications.
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