302

Review Article Development of in vitro stem cell differentiation systems

Review Article

Development of in vitro differentiation systems
using vertebrate stem cells
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Research on control of in vitro differentiation of stem cells into specific tissues and organs is critical not
only for the realization of regenerative medicine, but also for creating experimental model systems for under-
standing the mechanism of organogenesis. We have been using undifferentiated cells of amphibians to
develop in vitro differentiation systems for various tissues and organs by the treatments with activin and
other inducers under simple culture conditions. We have been also searching for novel genes and proteins
involved in cell differentiation and organ formation by these experimental systems. Recently, by culturing
mouse and human embryonic stem cells (ES cells) in serum-free cultures, we have established highly-
reproducible experimental systems to control cell differentiation. To search for novel factors that function in
nuclear reprogramming of somatic cells, we are using proteomics to analyze protein factors specifically
expressed in undifferentiated cells. In addition to developing techniques for controlling differentiation of stem
cells, these research projects are useful for creating uniform criteria to evaluate various states of cellular
differentiation and to classify various types of cells comprehensively.
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Introduction

Studies on the embryonic development of vertebrate animals
have been advancing at a torrid pace with the advent of molecu-
lar biology methods. In recent years, Yamanaka et al. have suc-
ceeded in generating induced pluripotent stem cells (iPS cells)
from mice and human somatic cells'?, and ushered in the reality

of technologies for generating custom-made stem cells from a

patient's own somatic cells without using human eggs or em-
bryos. Applying basic knowledge of cell differentiation and or-
ganogenesis, the development of techniques to induce specific
cell types from stem cells has further accelerated.

Research in stem cell differentiation with application toward
regenerative medicine is predicated on the following: (1) cells

used must not provoke immunological rejection in the patient
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after transplantation, (2) it is necessary to prevent incorporation
or infection of factors harmful to the patient, such as substances
derived from other species and viruses, and (3) along with cor-
rectly controlling differentiation of specific cell and tissue types,
techniques must be established that ensure safety after transplan-
tation. Techniques to satisfy (1) include the generation of iPS
cells from somatic cells and using somatic stem cells from a
patient's own body. For (2), it is necessary to establish methods
of culture and induction of differentiation in serum-free condi-
tions by using xeno-free and chemically-defined culture media
and inducers. For (3), it is necessary to develop culture systems
that are simple and reproducible to the greatest extent possible.
Also, if even a few undifferentiated cells remain in the differen-
tiated cell populations derived from iPS cells, teratoma may form
in the host body after the transplantation of these cells because
of the high pluripotency of iPS cells. To prevent such unexpected
cell differentiation, it is necessary to develop technologies to
manage the “product quality” of cells. With such technologies,
differentiated cells used in transplantation can be analyzed to
determine if they are really normal tissue cells having identical
quality, and whether the differentiation state of those cells are
reliably controlled.

Because mouse ES cells are easier to culture than human ES
cells and the results of differentiation induction are obtained
quickly, research seeking to control cell differentiation in vitro
has progressed rapidly. Cell differentiation in vitro does not nec-
essarily reflect the same qualities as cells in the embryo during
embryogenesis. However, an in vitro differentiation system us-
ing stem cells can reduce the complex cell-to-cell interactions
during embryogenesis to a relatively simple system. This makes

analysis easier (Fig.1). Also, because analyzing cell differentia-

tion from a developmental biology point of view using different
types of stem cells leads to the elucidation of fundamental mecha-
nisms of cell differentiation, research using stem cells of labora-
tory animals such as mice is significant even as use of human
iPS cells become possible. By using stem cells of vertebrate ani-
mals to identify novel factors involved in cell differentiation and
analyzing their functions in developing embryos, mechanisms
of vertebrate organogenesis can be clarified. We believe that such
an approach, together with quality management as described
above, will be beneficial for accumulating basic knowledge to
ensure the safety of regenerative medicine.

We have been using the animal cap (undifferentiated cell mass)
derived from amphibian blastula to develop in vitro differentia-
tion systems that efficiently induce a variety of tissues and or-
gans®>. Using knowledge obtained from these experimental sys-
tems, we are further developing in vitro differentiation systems
using mouse and human stem cells. In this paper we outline the
in vitro differentiation systems we developed, and discuss fu-

ture perspectives of research in stem cell differentiation.

In vitro differentiation of amphibian
undifferentiated cells

The animal pole region of the amphibian embryo in the blastula
stage has several layers of cells in a thin-sheet structure. This
region is called the animal cap. If it is cut out and cultured in a
simple saline solution, it differentiates into atypical epidermis.
However, when inducing factors are added, animal cap differen-
tiates into a variety of tissues. Therefore the animal cap is con-
sidered a region of undifferentiated cells. Previously, using the
effects on the differentiation of the animal cap as indicators, we

identified activin as a factor that can induce all types of meso-
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dermal tissues, including the notochord, which is the most dor-
sal mesodermal tissue®”. Furthermore, the mesodermal tissues
induced from the animal caps are dorsalized by the treatments
with higher concentrations of activin (Fig.2). Ventral mesoder-
mal tissues including coelomic epithelium, mesenchymal cells
and blood cells are induced by an activin treatment at the level
of 0.5 ~ Ing/mL; for muscle tissues, 5 ~ 10ng/mL; and for the
notochord, 50 ~ 100ng/mL5®. Activin at a high concentration
of 100ng/mL or greater can differentiate the animal cap into an-
terior endodermal tissue. By the treatments with activin in com-
bination with other inducing factors, we have succeeded in in-
ducing the differentiation of the animal cap into a variety of tis-
sues (Fig.2). As representative examples, we describe below the
in vitro differentiation systems for pronephric (kidney) tissues
and pancreatic tissues using retinoic acid, a derivative of vita-
min A. We also describe the in vitro differentiation systems for
cardiac muscle cells and vascular endothelial cells via dissocia-

tion and reaggregation culture of animal caps.

1) In vitro differentiation of animal cap cells into proneph-
ros and pancreas

When the animal cap of Xenopus laevis was treated with 10ng/
mL activin and 10 M retinoic acid at the same time, it differ-
entiated into pronephric tissue” (Fig.2). Several marker genes of
pronephric tubules and ducts were expressed in this tissue'?, and
it showed histological features of normal pronephros. When an
animal cap with such a treatment was transplanted into a late
neurula embryo with the presumptive pronephros regions ex-
cised, about 20% of the embryos continued normal development,

whereas embryos with the presumptive pronephros regions ex-

cised died'". These results show that the animal cap treated with
activin and retinoic acid at the same time differentiates into nor-
mal pronephros, and it functions normally in vivo after the trans-
plantation.

Furthermore, by treating the animal caps of X. laevis with
100 ~ 400ng/mL of activin for one hour and with 10* M of
retinoic acid five hours later, we were able to specifically induce
pancreatic tissues'>'¥ (Fig.2). Pancreatic markers were expressed
in these tissues. They showed histological features of normal
pancreatic tissues, and both insulin- and glucagon- positive cells
were found in the tissues. These results suggest that the differen-
tiation of the anterior endoderm by a treatment of high concen-
tration of activin is posteriorized by retinoic acid in this pancre-
atic tissue differentiation system. This system may reproduce

the normal development of pancreas.

2) In vitro differentiation of animal cap cells into cardiac
muscle cells and vascular endothelial cells by dissocia-
tion-reaggregation method

Animal caps can be easily dissociated into single cells by cul-
turing in saline solution without Ca2+/Mg2+. These animal cap
cells can be reaggregated in a solution that includes Ca2+/Mg2+.

By using this “dissociation-reaggregation” method, we disso-

ciated five animal caps of X. laevis, treated them with 100ng/

mL of activin for 5 hours, reaggregated them as a cell mass and

cultured for a few days. We found that more than 60% of the cell

masses prepared by this method differentiated into beating car-
diac tissue' (Fig.2). Cardiac differentiation markers were ex-
pressed in these tissues, and they showed histological features

of normal cardiac tissues. When the presumptive heart region of
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a host embryo was excised and the reaggregated animal cap cell
mass prepared by this method was transplanted into the region,
the host embryo developed normally with a normal heart. When
the cell mass was transplanted into an ectopic region of normal
host embryo, an embryo with two hearts was developed, and
this embryo grew into an adult frog with two hearts after meta-
morphosis. These results suggest that this cardiac tissue differ-
entiation system reproduces the cardiogenesis in normal embry-
onic development. By using several methods including this sys-
tem, we have succeeded in identifying novel factors involved in
cardiac development. In recent years, we identified XHAPLN3
and found that it is needed to maintain the hyaluronan matrix
during cardiogenesis, and it is also necessary for cardiac devel-
opment'®,

In addition, we developed an in vitro differentiation system
for vascular endothelial cells by the improvement of above-men-
tioned method. When animal caps were dissociated, treated with
0.4 ng/mL of activin and with 100ng/mL of angiopoietin-2 si-
multaneously for one hour, reaggregated and cultured for three
days, vascular endothelial cells were differentiated in these cell
masses'” (Fig.2). Using this system, we identified and analyzed

factors related to the formation of blood vessels'®!?).

In vitro differentiation of mouse and
human embryonic stem cells

In research on differentiation induction using stem cells, vari-
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ous unknown factors in the serum in culture medium may have
effects on cellular differentiation. Because the composition of
serums differs depending on the lot, such an uncertain element
may lower the reproducibility of the experiment. Also, because
experiments using amphibian animal cap use a simple saline so-
lution as culture medium, when we apply the results of such ex-
periments to mammalian ES cells, we believe it is critical to use
a serum-free culturing system to develop highly reproducible
differentiation systems (Fig.1). Therefore, we first identified con-
ditions for inducing differentiation under conventional culture
conditions. We then sought to apply these conditions to serum-
free culturing systems by using commercially available serum-
replacement products such as Knockout Serum Replacement
(KSR, Invitrogen, CA, USA) or using chemically defined serum-
free medium (ESF medium) developed by Furue et al.**?). Here
we describe the in vitro differentiation systems that we devel-
oped for cardiac muscle cells, ciliated cells, and pancreatic cells

using mouse and human ES cells (Fig.3).

1) Induction of cardiac differentiation of mouse ES cells
We established a culture system for the differentiation of mouse
ES cells into cardiac muscle cells by applying retinoic acid un-
der a serum-free condition to embryoid body that has been cul-
tured in serum-containing medium. In this system, we used reti-
noic acid derivatives that specifically activate (or antagonize)

either one of two types of retinoic acid receptors (RAR and RXR).

embryoid body + activn

ES cells formation

subculture ———
Conventional culture
with feeder cells (MEFs)
in DMEM (10~15% FBS)

Suspension culture
in DMEM (15% KSR)
for 4 days

ES cells

Adaptation to

serum-free culture

subculture ———
Serum-free culture

+ retinoic acid

Suspension culture
in DMEM (15% KSR)
for 2 days

G

differentiation
Pancreatic tissue
» exocrine cells
= exocrine duct

* beta cells
+ intestinal tract

culture on gelatin
in DMEM (10% KSR)
for over a week

+ Wnt-3a

‘ Mesendodermal cells
(positive for brachyury and foxa2)

i..» pancreatic cells

Monolayer culture
on gelatin in ESF medium  on laminin in ESF medium
for 3 days

Fig.3 In vitro differentiation protocol of mouse embryonic stem cells into pancreatic tissue
and mesendodermal cells in serum-free cultures

Pancreatic tissues as functional units in organ-like form are differentiated in the above method. Abbreviations:

DMEM, Dulbecco's modified eagle medium; FBS, fetal bovine serum; MEF, mouse embryonic fibroblast;

LIF, leukemia inhibitory factor; KSR, Knockout Serum Replacement. (ESF medium is a chemically defined

serum-free medium developed by Furue et al.)
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When an RXR-specific agonist (PA024) was added, differentia-
tion of cardiac muscle cells was enhanced?. On the other hand,
differentiation of cardiac muscle cells was inhibited by the addi-
tion of RXR-specific antagonist (PA452). These results suggest
that RXR-mediated signaling have crucial role in the effects of
retinoic acid signaling on the differentiation of cardiac muscle
cells. Because we used serum-containing medium to prepare
embryoid bodies from mouse ES cells in this cardiac differentia-
tion method, we next sought to establish a differentiation system
for cardiac muscle cells under a totally serum-free condition to
completely remove the effects of serum. We were able to induce
the differentiation of cardiac muscle cells at a higher rate than
before by dissociating mouse ES cells, treating cells with BMP-
4, and culturing reaggregated cell mass on culture dishes in
Glasgow Minimum Essential Medium supplemented with 5%
KSR for one week. Using this method to search for an appropri-
ate surface marker, we found that N-cadherin is a more specific
marker for cardiomyocyte progenitors than flk-1, which is a gen-
erally-used marker for cardiovascular progenitor cells. This shows
that N-cadherin may potentially be a new cardiac muscle cell
marker?. We are now searching for an appropriate condition to
induce the differentiation of human ES cells into cardiac muscle
cells at a higher rate by the improvement of these serum-free

culture methods.

2) Induction of ciliated cell differentiation of mouse ES cells

By using attachment culture in a KSR-based medium, we found
a condition that lead to efficient differentiation of mouse ES
cells into ciliated cells®®. The cilia of these ciliated cells had a
9+2 microtubule configuration, and these cells expressed differ-
entiation markers of respiratory epithelial cells. Histological
analysis showed that mucous cells were also differentiated in
this method, and these ciliated cells and mucous cells formed a
cell layer, which is similar to respiratory epithelium. We also
found increased expression of gene markers for Clara cells by
the addition of BMP-4 in this differentiation system. Clara cells
are found in the respiratory epithelium on the side close to the
alveoli. Because BMP signaling is known to regulate proximal-
distal differentiation of respiratory organs in embryonic devel-
opment, this differentiation system may simulate the develop-

ment of respiratory organs.

3) Induction of pancreatic differentiation of mouse ES cells
We established a culture system for the differentiation of mouse
ES cells into pancreatic tissue by applying activin and retinoic

acid under a serum-free condition to embryoid body that has

been cultured in serum-containing medium (Fig.3). By cultur-
ing on the gelatin-coated dishes in KSR-based medium for a week
after the treatments with activin and retinoic acid for two days,
embryoid bodies differentiated into intestine-like structures,
which were surrounded by smooth muscles. These intestine-like
structures showed spontaneous contraction that resembled
smooth-muscle peristalsis. About 10-12 days after the treatments
with activin and retinoic acid, over 20% of these structures formed
a tissue that contained dark-colored spots. Histological analysis
showed that these tissues contained pancreatic exocrine cells,
pancreatic endocrine cells (insulin-producing cells) and pancre-
atic duct structures adjoining the intestine-like structure. Because
pancreas is formed from the foregut during embryonic develop-
ment, this differentiation system may reproduce the development
of the pancreas. Also, we discovered that when 0.1 1M retinoic
acid is used in this system, differentiation of exocrine cells is
promoted with 10ng/mL of activin and differentiation of insu-
lin-producing cells is promoted with 25 ng/mL of activin®. This
pancreatic differentiation system has the advantage of being able
to induce the differentiation of pancreatic tissues as functional
units in organ-like form.

Next, we sought to increase the differentiation efficiency of
endodermal cells because the pancreas is endodermal in origin.
We tried to improve conditions for the differentiation using a
serum-free monolayer culture®®. It is known that in the develop-
ment of mammals, definitive endoderm and mesoderm share a
common precursor cell population, called the mesendoderm.
Using the expression of mesendodermal markers, including
brachyury, goosecoid and foxa2, as indicators, we searched for
conditions that induce the differentiation of cells expressing
these markers with high efficiency. We found that when mouse
ES cells were cultured on laminin-coated dishes as a monolayer
in ESF medium?*?" supplemented with 50ng/mL of Wnt-3a for
3-6 days, the expression of these markers increased significantly
(Fig.3). We also found that this result of mesendodermal cell
differentiation by Wnt-3a is mediated through Wnt canonical
pathway. The similar result was found using human ES cells®®.
Currently, we are searching for conditions that induce the differ-
entiation of insulin-producing cells from human ES cells and
iPS cells with high efficiency by improvement of this differen-

tiation system using chemically defined serum-free medium.

Future perspectives of research in stem
cell differentiation
Future research in stem cells can be roughly divided into the

following two major directions: a) elucidating the mechanisms



Inflammation and Regeneration

Vol.29 No.5 NOVEMBER 2009 307

*Oct3/4, Sox2, Kif4, etc.
*small chemical molecules

iPS cells somatic cells
L=y =Ty —wd

L) J\/L
‘?ﬁ%&% nuclear reprogramming [t iy

@e®
e Sl =)
e

somatic stem cells

somatic stem cell lines

iPS cell lines sMSC #1, #2, #3 ~~ #n

#1, %2, 43 —, #n ASC #1, #2, #3 -~ #n elc,

Patient

AR

Fig.4 Selection of suitable stem cell

Selection of suitable cell lines

{  Differences among stem cell lines

+ differentiation capacity
- differentiation tendency
H * responsiveness to inducing factors, etc.  :

Epigenetic chromatin
modification
e L el aa Standardization
differentiation markers

RNAs, Proteins, etc.

for clinical application

Uniform
criteria to
define cell

states

lines derived from patients

through the standardization of

stem cells
Uniform criteria or standards to define cell
states and to evaluate cell differentiation are
needed for the selection of suitable stem cell
lines. These criteria are also useful for con-
trolling precisely the differentiation of stem
cells.

of differentiation of stem cells into somatic cells and how to
control them, and b) understanding the mechanisms of nuclear
reprogramming of somatic cells and how to control them.

The goal of research described in this review paper was prima-
rily a), but we also conducted research in the area of b). Using
proteome analysis we attempted to analyze and identify novel
protein factors that are specifically expressed in ES cells in their
undifferentiated state*”. Especially in recent years, we selectively
purify proteins expressed on the surface of cell membranes by
biotinylation, and analyze them using methods such as a newly
developed highly efficient peptide separation method® and 2-
dimensional fluorescence difference gel electrophoresis (2-D
DIGE). We have identified 30 new membrane proteins that are
specifically expressed in undifferentiated ES cells®. Addition-
ally, from the analysis of extracted chromatin fractions of ES
cells, we have identified dozens of chromatin binding proteins,
and we are analyzing their function. We believe that by under-
standing the mechanism of nuclear reprogramming from the re-
search described here, we can develop technologies that dramati-
cally raise the efficiency of somatic cell reprogramming.

From 2008 to 2009, several new methods for iPS cell genera-
tion were reported. These include methods to temporarily ex-
press reprogramming factors (Yamanaka factors, etc.) without
genomic integration using plasmid vectors®® and adenovirus
vectors®” and methods to introduce reprogramming factor pro-
teins directly into somatic cells using poly-arginine chain, a
membrane-permeable peptide®>*®. These are new techniques to

overcome the disadvantage of iPS cells generated by using

retrovirus vector or lentivirus vector. In addition, studies on the
screening of small chemical molecules to identify novel mol-
ecule that can enhance somatic cell reprogramming have been
flourishing. For example, Huangfu et al. have succeeded in the
generation of iPS cells from human adult fibroblast by a combi-
nation of the treatment with valproic acid (VPA, a histone
deacetylase inhibitor) and the introduction of only two factors,
Oct3/4 and Sox23. In the future, combining the search and analy-
sis of novel reprogramming factors and improving the methods
of iPS generation as described above may lead to techniques
that make it possible to generate clinically safe human iPS cells
simply by adding small chemical molecules to culture media.
Such a goal can be said to be the ultimate goal of research b)
described above.

Recent research trends with goal a) above also show great activ-
ity in approaches to induce cell differentiation by the treatments
with small chemical molecules. For example, using human ES
cells, Chen et al. carried out large-scale screening of small chemi-
cal molecules that promote the differentiation of pancreatic in-
sulin-producing cells, and identified (-)-indolactam V339 Tt is
anticipated that advancement of research that searches for such
new chemical compounds will make it possible to develop tech-
niques for inducing the differentiation of every cells and tissues
of adult human body by using chemical compounds.

Regardless of whether the goal of research is a) or b), when
using human ES cells and iPS cells, the differences such as dif-
ferentiation capacity or tendency among various cell lines must

be thoroughly considered®”. For clinical applications, the most
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suitable cell line must be selected from several iPS cell lines that
are generated from somatic cells taken from the patient's own
body. The differences in the quality among various stem cell
lines make it difficult to determine the conditions for inducing
differentiation of stem cells. It is also necessary to determine
whether the reproducibility of an experiment depends on the cell
line. We believe that from here on, when it comes to the use of a
variety of stem cell types, it is necessary to create uniform crite-
ria to evaluate various states of cellular differentiation and to
classify various types of cells comprehensively. These criteria
or standards will be established based on, for example, state of
chromatin modifications, patterns of genomic methylation, ex-
pression of various differentiation markers and so on. In other
words, a “standardization of stem cells” is required (Fig.4).
With such standardization, we can obtain a powerful tool for
comprehensively understanding the mechanism of embryonic de-
velopment.

Comparing the results of research using amphibian and mam-
malian cells and studying shared signal pathways and shared
activities of specific genes and proteins not only elucidate com-
mon mechanisms of organogenesis in vertebrates, but with the
standardization of stem cells, it is an approach of upmost impor-
tance for building a knowledge base that supports advancement

of regenerative medicine.

Acknowledgments

The authors acknowledge the financial assistance provided by Grants-
in-Aid for Scientific Research from the Ministry of Education, Science,
Sports, Culture and Technology of Japan.

References

1) Takahashi K, Yamanaka S: Induction of pluripotent stem
cells from mouse embryonic and adult fibroblast cultures
by defined factors. Cell, 126: 663-676, 2006.

2) Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T,
Tomoda K, Yamanaka S: Induction of pluripotent stem cells
from adult human fibroblasts by defined factors. Cell, 131:
861-872, 2007.

3) Ariizumi T, Asashima M: In vitro induction systems for
analyses of amphibian organogenesis and body patterning.
Int J Dev Biol, 45: 273-279, 2001.

4) Okabayashi K, Asashima M: Tissue generation from am-
phibian animal caps. Curr Opin Genet Dev, 13: 502-507,
2003.

5) Asashima M, Ito Y, Chan T, Michiue T, Nakanishi M, Suzuki
K, Hitachi K, Okabayashi K, Kondow A, Ariizumi T: In

vitro organogenesis from undifferentiated cells in Xenopus.
Dev Dyn, 238: 1309-1320, 2009.

6) Asashima M, Shimada K, Nakano H, Kinoshita K, Ueno N:
Mesoderm induction by activin A (EDF) in Xenopus early
embryo. Cell Differ Dev, 27(suppl): 53, 1989.

7) Asashima M, Nakano H, Shimada K, Kinoshita K, Ishii K,
Shibai H, Ueno N: Mesodermal induction in early amphib-
ian embryos by Activin-A (Erythroid-Differentiation Factor)
. Roux's Arch Dev Biol, 198: 330-335, 1990.

8) Ariizumi T, Sawamura K, Uchiyama H, Asashima M: Dose
and time-dependent mesoderm induction and outgrowth for-
mation by activin A in Xenopus laevis. Int J Dev Biol, 35:
407-414, 1991.

9) Moriya N, Uchiyama H, Aasashima M: Induction of pro-
nephric tubules by activin and retinoic acid in presumptive
ectoderm of Xenopus laevis. Dev Growth Differ, 35: 123-
128, 1993.

10) Osafune K, Nishinakamura R, Komazaki S, Asashima M:
In vitro induction of the pronephric duct in Xenopus ex-
plants. Dev Growth Differ, 44: 161-167, 2002.

11) Chan TC, Ariizumi T, Asashima M: A model system for
organ engineering: Transplantation of in vitro induced em-
bryonic kidney. Naturwissenschaften, 86: 224-227, 1999.

12) Moriya N, Komazaki S, Takahashi S, Yokota C, Asashima
M: In vitro pancreas formation from Xenopus ectoderm
treated with activin and retinoic acid. Dev Growth Differ,
42: 593-602, 2000.

13) Sogame A, Hayata T, Asashima M: Screening for novel pan-
creatic genes from in vitro-induced pancreas in Xenopus.
Dev Growth Differ, 45: 143-152, 2003.

14) Kuroda H, Sakumoto H, Kinoshita K, Asashima M: Changes
in the adhesive properties of dissociated and reaggregated
Xenopus laevis embryo cells. Dev Growth Differ, 41: 283-
291, 1999.

15) Ariizumi T, Kinoshita M, Yokota C, Takano K, Fukuda K,
Moriyama N, Malacinski GM, Asashima M: Amphibian in
vitro heart induction: a simple and reliable model for the
study of vertebrate cardiac development. Int J Dev Biol, 47:
405-410, 2003.

16)Ito Y, Seno S, Nakamura H, Fukui A, Asashima M:
XHAPLN3 plays a key role in cardiogenesis by maintain-
ing the hyaluronan matrix around heart anlage. Dev Biol,
319: 34-45, 2008.

17) Nagamine K, Furue M, Fukui A, Asashima M: Induction of
cells expressing vascular endothelium markers from undif-

ferentiated Xenopus presumptive ectoderm by co-treatment



Inflammation and Regeneration Vol.29 No.5

with activin and angiopoietin-2. Zoolog Sci, 22: 755-761,
2005.

18) Nagamine K, Furue M, Fukui A, Matsuda A, Hori T,
Asashima M: Blood cell and vessel formation following
transplantation of activin-treated explants in Xenopus. Biol
Pharm Bull, 30: 1856-1859, 2007.

19) Suzuki K, Takahashi S, Haramoto Y, Onuma Y, Nagamine
K, Okabayashi K, Hashizume K, Iwanaka T, Asashima M:
XRASGRP2 is essential for blood vessel formation during
Xenopus development. Int J Dev Biol, (in press) 2009.

20) Furue M, Okamoto T, Hayashi Y, Okochi H, Fujimoto M,
Myoishi Y, Abe T, Ohnuma K, Sato GH, Asashima M, Sato
JD: Leukemia inhibitory factor as an anti-apoptotic mito-
gen for pluripotent mouse embryonic stem cells in a serum-
free medium without feeder cells. In vitro Cell Dev Biol
Anim, 41: 19-28, 2005.

21) Hayashi Y, Furue MK, Okamoto T, Ohnuma K, Myoishi Y,
Fukuhara Y, Abe T, Sato JD, Hata R, Asashima M: Integrins
regulate mouse embryonic stem cell self-renewal. Stem
Cells, 25: 3005-3015, 2007.

22) Honda M, Hamazaki TS, Komazaki S, Kagechika H, Shudo
K, Asashima M: RXR agonist enhances the differentiation
of cardiomyocytes derived from embryonic stem cells in
serum-free conditions. Biochem Biophys Res Commun, 333:
1334-1340, 2005.

23)Honda M, Kurisaki A, Ohnuma K, Okochi H, Hamazaki
TS, Asashima M. N-cadherin is a useful marker for the pro-
genitor of cardiomyocytes differentiated from mouse ES
cells in serum-free condition. Biochem Biophys Res
Commun, 351: 877-882, 2006.

24) Nishimura Y, Hamazaki TS, Komazaki S, Kamimura S,
Okochi H, Asashima M: Ciliated cells differentiated from
mouse embryonic Stem cells. Stem Cells, 24: 1381-1388,
2006.

25) Nakanishi M, Hamazaki TS, Komazaki S, Okochi H,
Asashima M: Pancreatic tissue formation from murine em-
bryonic stem cells in vitro. Differentiation, 75: 1-11, 2007.

26) Nakanishi M, Kurisaki A, Hayashi Y, Warashina M, Ishiura
S, Kusuda-Furue M, Asashima M: Directed induction of
anterior and posterior primitive streak by Wnt from embry-
onic stem cells cultured in a chemically defined serum-free
medium. FASEB J, 23: 114-122, 2009.

27) Kurisaki A, Hamazaki TS, Okabayashi K, Iida T, Nishine
T, Chonan R, Kido H, Tsunasawa S, Nishimura O, Asashima

M, Sugino H: Chromatin-related proteins in pluripotent

NOVEMBER 2009 309

mouse embryonic stem cells are downregulated after removal
of leukemia inhibitory factor. Biochem Biophys Res
Commun, 335: 667-675, 2005.

28) Intoh A, Kurisaki A, Fukuda H, Asashima M: Separation
with zwitterionic hydrophilic interaction liquid chromatog-
raphy improves protein identification by matrix-assisted la-
ser desorption/ionization-based proteomic analysis. Biomed
Chromatogr, 23: 607-614, 2009.

29) Intoh A, Kurisaki A, Yamanaka Y, Hirano H, Fukuda H,
Sugino H, Asashima M: Proteomic analysis of membrane
proteins expressed specifically in pluripotent murine em-
bryonic stem cells. Proteomics, 9: 126-137, 2009.

30) Okita K, Nakagawa M, Hyenjong H, Ichisaka T, Yamanaka
S: Generation of mouse induced pluripotent stem cells with-
out viral vectors. Science, 322: 949-953, 2008.

31) Stadtfeld M, Nagaya M, Utikal J, Weir G, Hochedlinger K:
Induced pluripotent stem cells generated without viral inte-
gration. Science, 322: 945-949, 2008.

32)Zhou H, Wu S, Joo JY, Zhu S, Han DW, Lin T, Trauger S,
Bien G, Yao S, Zhu Y, Siuzdak G, Scholer HR, Duan L,
Ding S: Generation of induced pluripotent stem cells using
recombinant proteins. Cell Stem Cell, 4: 381-384, 2009.

33)Kim D, Kim CH, Moon JI, Chung YG, Chang MY, Han
BS, Ko S, Yang E, Cha KY, Lanza R, Kim KS: Generation
of human induced pluripotent stem cells by direct delivery
of reprogramming proteins. Cell Stem Cell, 4: 472-476,
2009.

34) Huangfu D, Osafune K, Maehr R, Guo W, Eijkelenboom
A, Chen S, Muhlestein W, Melton DA: Induction of pluri-
potent stem cells from primary human fibroblasts with only
Oct4 and Sox2. Nat Biotechnol, 26: 1269-1275, 2008.

35)Chen S, Borowiak M, Fox JL, Maehr R, Osafune K,
Davidow L, Lam K, Peng LF, Schreiber SL, Rubin LL,
Melton DA: A small molecule that directs differentiation of
human ESCs into the pancreatic lineage. Nat Chem Biol, 5:
258-265, 2009.

36) Borowiak M, Maehr R, Chen S, Chen AE, Tang W, Fox JL,
Schreiber SL, Melton DA: Small molecules efficiently di-
rect endodermal differentiation of mouse and human em-
bryonic stem cells. Cell Stem Cell, 4: 348-358, 2009.

37) Osafune K, Caron L, Borowiak M, Martinez RJ, Fitz-Gerald
CS, Sato Y, Cowan CA, Chien KR, Melton DA: Marked
differences in differentiation propensity among human em-
bryonic stem cell lines. Nat Biotechnol, 26: 313-315, 2008.



