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Fig. 1. Structural studies of CMESC-derived cardiomyocytes. (A) Phase contrast microscopy of the undifferentiated CMESC (left), and typical cardiomyocyte-containing non-
cystic embryoid body (EB) (center). Immunofluorescent microscopy of cryosections of EBs using anti-a-Actinin and Nkx2.5 antibodies. (B) Double immunofluorescent staining
for Nkx2.5 or GATA4 combined with x-Actinin, MHC, MLC, Tropomyosin or ANP. (C) Transmission electron microscopy of the CMESC-derived cardiomyocytes: striated muscle
fiber (left, black arrow), desmosomal structure (middle, white arrow head) and mitochondria (right, black arrow head). Scale bars: (A) 100 um; (B), 20 um; (C) 0.5 um.

Time course of marker gene expression during cardiomyocyte with pluripotency, visceral endoderm, and early and late cardio-
differentiation myogenesis. Some of the primers used have been described previ-
ously [7,10], and some were designed based on similar murine,

To characterize the differentiation pathway of undifferentiated macaca fascicularis and homo sapiens sequences (Supplementary
CMESC into cardiomyocytes, we performed semi-quantitative RT- Table 1). The pluripotency markers Nanog and octamer-binding
PCR to analyze the expression of various marker genes associated transcription factor 3 (Oct3/4) were expressed at high levels in
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undifferentiated ES cells. Expression levels of both markers gradu-
ally decreased upon differentiation and completely disappeared at
day 15 post-differentiation (Fig. 2A). The early mesendoderm mar-
ker Brachyury was observed from day 3 post-differentiation,
peaked at day 6 post-differentiation, but could not be detected at
day 9 post-differentiation (Fig. 2B). The visceral endoderm marker
alpha-fetoprotein (AFP) was observed from day 3 post-differentia-
tion and peaked at day 9 post-differentiation, but could not be de-
tected at day 15 post-differentiation (Fig. 2C). For the genes
encoding cardiac-related transcription factors, the expression of
the friend of GATA 2 (FOG-2) was first observed from day 3 post-
differentiation, GATA4 and the t-box 20 (Tbx-20) were from day 6
post-differentiation, Thx5 was from day 9 post-differentiation,
and Nkx2.5 was strongly observed at day 15 post-differentiation
(Fig. 2D). For the cardiomyocyte-specific proteins, ANP and the
MLC 2 atrial (MLC2a) were observed first from day 6 post-differen-
tiation, «-MHC and B-MHC were from day 9 post-differentiation,
the MLC 2 ventricular (MLC2v) was from day 12 post-differentia-
tion (Fig. 2E).

Action potential recordings of CMESC-derived cardiomyocytes

We recorded the action potentials of CMESC-derived cardio-
myocytes using glass microelectrodes. Eight-week-old contracting
EBs were selected manually and dispersed into small clumps and
single cells. The dispersed EBs were cultured to confluence for
three days before analysis. The microelectrode was advanced to
the intracellular cytoplasm and the voltage of the bulk solution
and cytoplasm were measured. Rhythmic beating could be de-
tected in the CMESC-derived cardiomyocytes. The action potential
resembled a sinus node, indicating that the CMESC-derived cardio-
myocytes had a relatively shallow resting membrane potential,
slow diastolic depolarization and relatively long action potential
duration (Fig. 3A). The administration of isoproterenol increased
their beating rates (Fig. 3B). The basic cycle length (BCL), action po-
tential duration (APD), dV/dt, action potential amplitude (APA) and
maximum diastolic potential (MDP) were also recorded (Fig. 3C).

days
RT
Nanog
A [ Oct3/4
B C Brachyury
CLCAFP
r FOG-2
GATA4
D | Nkx2.5
Tbx5
L Tbhx20
r ANP
MLC2a
E | mLcav
a-MHC
L B-MHC
B-Actin

Fig. 2. RT-PCR analysis of the CMESC-derived EBs for various immature and card-
iomyocyte-specific proteins. (A) Pluripotency-related genes: Nanog and Oct3/4; (B)
Mesodermal marker gene: Brachyury; (C) Primitive endodermal marker gene: AFP;
(D) cardiomyocyte-precursor and cardiomyocyte marker genes: FOG-2, GATA4. N-
kx2.5, Tbx5, and Tbx20; (E) Cardiomyocyte-associated structural protein genes: ANP,
MLC2a, MLC2v, x-MHC, -MHC, and equal loading control B-actin. Reverse-tran-
scription negative controls were also amplified and loaded in the lane next to the
relevant sample. Abbreviations are listed in Supplementary Table 1.
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Fig. 3. Electrophysiology of CMESC-derived cardiomyocytes. (A) Representative
action potentials of CMESC-derived cardiomyocytes showing spontaneous beating
(left) and the relatively short duration time of the action potential (right). (B) Effect
of isoproterenol (ISP) on the beating rate. (C) Statistical parameters obtained from
12 cardiomyocytes including beating cycle length (BCL), action potential duration
(APD), dV/dt max, action potential amplitude (APA) and maximum diastolic pote-
ntial (MDP).

Proliferative potential of CMESC-derived cardiomyocytes

Since the gestation period of the common marmoset is approx-
imately seven times longer than that of the mouse, we hypothe-
sized that CMESC-derived cardiomyocytes also retain their
proliferative potential for a longer period of time and investigated
this possibility. When EBs were dispersed into small clumps we
observed a relatively long-term proliferation period and noticeable
cell multiplication. From these findings, we expected that CMESC-
derived cardiomyocytes might possess a higher proliferation abil-
ity than mouse-derived ES cells.

First, we performed BrdU incorporation assays on intact EBs at
several time points after differentiation had occurred. The identifi-
cation of DNA synthesizing cardiomyocytes was confirmed by co-
immunofluorescent staining of Nkx2.5 and BrdU. At 6 weeks, intact
EBs initially contained 33% BrdU-positive cardiomyocytes, but this
decreased to less than 1% at 12 weeks (Fig. 4A and B). Next, the dis-
persed cells from EBs at several time points were applied to BrdU
incorporation assays. Average 73% of cardiomyocytes were positive
for BrdU at 5 weeks. This gradually decreased to 30% at 24 weeks,
and 0% at 36 weeks (Fig. 4A and C). Most of the cardiomyocytes
from freshly dispersed EBs 36 weeks after differentiation were
rod-shaped (data not shown). These data indicated that common
marmoset ES cell-derived cardiomyocytes retained their prolifera-
tion potential for an extended period of time.

Discussion

This is the first study to demonstrate that CMESC can differen-
tiate into cardiomyocytes in vitro. We described their overall differ-
entiation mechanism including time-courses for the expression of
various genes during cardiogenesis, and characterized them in
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Fig. 4. Proliferation properties of CMESC-derived cardiomyocytes. (A) Time course BrdU incorporation assay in intact EB (open circle; n = 3) and dispersed condition (closed
circle; n = 3) during weeks 5-36 post-differentiation. Cardiomyocytes were identified by immunofluorescent staining for Nkx2.5. The fractions of BrdU-positive cardiomy-
ocytes were plotted. (B) Typical immunofluorescent staining patterns of Nkx2.5 (left), BrdU (middle) and merged images (right) in the intact EBs 6 weeks after differentiation
(upper panel) and 12 weeks after differentiation (lower panel). (C) Typical immunodetection of Nkx2.5 (left), BrdU (middle) and merged images (right) in the dispersed

condition 6 weeks after differentiation. Scale bars: (B) 100 um; (C) 20 um.

detail by immunofluorescent staining, ultrastructural analysis,
electrophysiology and determining their growth properties.

Gene expression analyses during cardiogenesis in several spe-
cies including mice [12], humans [13], and rhesus monkeys [10]
are available. The present study enabled us to obtain gene expres-
sion data for the common marmoset monkey. A comparison of
gene expression profiles between the species listed above high-
lights many similarities. The only major difference seems be in
the timing of cardiomyocyte development: 8-14 days in humans;
12 days in the common marmoset; 8 days in the rhesus monkey;
and 6 days in mice. Although minor differences in the expression
timings of the ANP, MLC-2a, MLC-2v and %-MHC genes also exist
during differentiation, we found that the timing of CMESCs was
closest to human ES cells.

We found that the efficiency of cardiac differentiation was the
same when obtained under non-serum conditions using KSR in-
stead of FCS. These observations indicated that CMESCs, unlike hu-
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man [14] or rhesus monkey [10] ES cells, do not require any serum-
derived stimulating factors for mesendoderm induction and cardi-
ogenesis, because KSR does not contain any cytokines or growth
factors. On the other hand, the expression of various marker genes
during cardiogenesis was very similar to that seen in human [14]
and rhesus monkey [10] ES cells, suggesting that CMESCs have a
similar cardiogenic differentiation system to human and rhesus
monkey ES cells. CMESCs might be able to provide differentia-
tion-inducing auto- and/or paracrine factors. Further mechanistic
comparative studies between CMESCs and human and/or rhesus
monkey ES cells will provide further insights into cardiogenic
differentiation.

BrdU incorporation assay indicated that CMESC-derived cardio-
myocytes were capable of long-term proliferation for extended
periods of time. Importantly, CMESC-derived cardiomyocytes were
still able to proliferate 24 weeks after differentiation, but the
ability to proliferate ended at 36 weeks. Considering the gestation
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period of the common marmoset, these findings had a reasonable
explanation.

Much information about human ES cells and their application to
heart regeneration therapy has accumulated [15,16]. Moreover,
mouse and human inducible pluripotent stem cells (iPS cell) have
also been established [17]. In order for heart regeneration therapy
using regenerated cardiomyocytes to become a reality, preclinical
studies using primate ES cell- or iPS cell-derived cardiomyocytes
for transplantation are necessary. The common marmoset monkey
is an ideal primate model for preclinical studies in the field of
regenerative medicine. We believe that this report provides funda-
mental details about CMESC-derived cardiomyocytes that will aid
their use as a primate heart cell-therapy model.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2008.02.141.
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Induced pluripotent stem (iPS) cells have recently been established by transfecting mouse and
human fibroblasts with the transcription factors Oct3/4, Sox2, KIf4 and c-Myc, known to be
expressed at high levels in embryonic stem (ES) cells. These cells have great potential in
regenerative medicine as they have the capacity to differentiate into all three germ layer-
derived cells and are syngeneic. The differentiation of ES cells into cardiomyocytes mimics the
early processes involved in heart development. Recent studies describe the contribution of
various growth factors and corresponding inhibitors to heart development during
embryogenesis. Bone morphogenetic proteins, Wnt protein and Notch signals play critical
roles in heart development in a context- and time-dependent manner. Consistent with ES cells,
the exposure of iPS cells to such growth factors is hypothesized to augment differentiation
into cardiomyocytes. The combination of iPS cells and appropriate developmental signal
information has the potential for providing the foundations for future regenerative medicine.

KeYWORDS: cardiomyocyte ® embryonic stem cell ¢ heart ¢ induced pluripotent stem cell ¢ iPS ® regenerative medicine

Cardiovascular regenerative medicine is pro-
gressing due to the focus of many groups,
including ours, on investigating the mecha-
nisms underlying cardiomyocyte differentia-
tion [1,2). Although significant progress had
been achieved, there is no efficient method for
generating from patients.
Among the many target diseases for regenera-
tive medicine, heart disease is one of the most
important therapeutic targets, owing to the
high morbidity and mortality rates of heart
failure. Heart failure is the outcome of many
cardiac diseases, including ischemic heart dis-
ease, valvular heart disease, congenital heart
disease and cardiomyopathies (dilatated,
hypertrophic and restrictive cardiomyopathy).
The replacement of diseased heart tissue with
healthy cardiomyocytes by cell transplantation
requires a potent stem cell with strong prolifer-
ation capacity and reliable differentiation abil-
ity. Although embryonic stem (ES) cells are
pluripotent with strong proliferative capacity,
ethical considerations make us hesitate in the
establishment of new human ES cells as we

cardiomyocytes

have to destroy early human embryos for the gen-
eration of human ES cells, and ES cells do not
display the autologous genotype of patients (3). To
avoid these problems and to maintain stem cell
characteristics, many studies have focused on cell
fusion and somatic nuclear transplantation but
have not progressed to successful clinical appli-
cation [45]. The generation of murine induced
pluripotent stem (iPS) cells in 2006 and
human iPS cells in 2007 has provided an alter-
native approach to ES cells [6-8). Human iP$S
cells provide a suitable system for application
to cardiovascular regenerative medicine.

iPS cell generation

First, Takahashi ez al. reported that mouse iPS
cells are generated from adult fibroblasts by
gene transfer of the transcription factors
Oct3/4, Sox2, c-Myc and Klf4 (7. After 1 year,
Yanamanaka and Thomson’s groups reported
that human iPS cells are also established from
human somatic cells by four-gene transfer of

Oct3/4, Sox2, c-Myc and Klf4, or Oct3/4,
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Sox2, Nanog and Lin28 (6.8.9). The morphology, growth charac-
teristics and pluripotency of iPS cells is similar to those of ES
cells. Moreover, germ-line competency of iPS cells is demon-
strated using the ¢is element of Nanog as a selection marker [10].
Among the introduced transcription factors, there is a risk of
tumorigenicity by reactivation of the oncogene c-Myc. iPS cells
have been generated from mouse and human fibroblasts with-
out c-Myc and these cells do not develop tumors [11]. After suc-
cessful establishment of iPS cells, many researchers attempred
to clarify the precise characteristics of iPS cells compared with
ES cells. As genetic and epigenetic abnormalities result in mul-
tiple pathogeneses, the genetic and epigenetic status of iP$S cells
is intensely investigated. Global gene expression patterns are
similar, but not identical, between iPS cells and ES cells in
mouse and human studies (67.9,12. Accumulating evidence
showed that epigenetic status of iPS cells is highly similar to
that of ES cells in a view of stem cell marker promoter methyla-
tion status, dynamics of X inactivation in female iPS cells and
global partterning of histone methylation (6.7.9,10.13,14. Mouse
and human iPS cells also differentiate into cardiac myocytes
in vitro and in vive, similar to ES cells [6,7,13.15].

Many advantages of iPS cell have been pointed out. Success-
ful reprogramming of differentiated human somaric cells into
a pluripotent state would allow the creation of patient- and
disease-specific stem cells.

* For transplantation therapies using stem cells, patient-specific
iP§ cells can eliminate the concern of immune rejection;

* The similarities between iPS cells and ES cells have allowed cur-
rent accumulating methods for differentiation of ES cells to be
adapred for the differentiation of iP$S cells into cardiomyocytes
for clinical use [16];

* For drug discovery, human iPS$ cells should make it easier to
generate panels of cell lines that more closely reflect the
genetic diversity of a population.

As there are many genetic disorders in the heart, such as
familial dilated cardiomyopathy, familiar arrhythmia and con-
genital heart diseases, we need to examine development,
pathogenesis and physiologic characteristics of the heredi-
tarily diseased human cardiac myocyte. This is one of the
potent merits of using iPS cells, as it is difficult to obrain
many living diseased cardiomyocytes from patients for the
drug screening and for several analyses.

However, it is important to understand that before the cells
can be used in the clinic, further extensive work is required to
determine whether human iPS cells are fully safe for clinical
usage and human iPS cell-derived cardiomyocytes are truly
identical with normal cardiomyocytes.

ES cells

Mouse ES cells were first established by Evans er a/ in 1981,
and the proliferative capacity and pluripotency of these cells led
to the establishment of early developmental model systems and

the generation of genetically modified mice, including knock-
out mice (3. When implanted under the skin in vivo, ES cells
readily form teratoma. They can differentiate into a variety of
tissues in cell culture dishes in the absence of differentiation
inhibitors, such as leukemia inhibitory factor or mouse embry-
onic fibroblast. In the mid-1990s, ES cell research slowly pro-
gressed to the use of experimental animals as iz vivo models for
cell-transplantation therapy (2. Human ES cells were estab-
lished by Thomson et a/. in 1998 and rapidly attracted atten-
tion as a source of cells for regenerative therapy [17]. The devel-
opment of ES cells for regeneration therapy has two main
disadvantages. First, ethical considerations make us hesitate in
the generation of new human ES cells as they are derived from
preimplantation human embryos (3). Second, ES cells do not
show the autologous genotype of patients. To maintain stem
cell characteristics and to avoid ethical issues many studies
focused on cell fusion and somatic nuclear transplantation that
succeeded at a preliminary level in animal experiments [4,5,18).
These findings raised the advantage of using somatic cells
from patients to produce unique ES cell lines. Subsequent
research focused on investigating the mechanisms underlying
the control of ES cell differentiation to allow establishment of
cell-replacement therapy. Many problems for the clinical
application of such technology remain unsolved.

Differentiation of cardiomyocytes from ES cells
The differentiation of mouse ES cells into cardiomyocytes
in vitro was first demonstrated in 1985 and it was established
that such differentiation occurred at a constant rate as in other
cell types 191. Research into the use of ES cells in cell replace-
ment therapy was initiated after the mid-1990s. In 1996, Field
et al. reported that the stable transfection of ES cells with the
aminoglycoside phosphotransferase gene under the control of
the a-cardiac myosin heavy chain promoter succeeded in
purifying cardiomyocytes after differentiation in vitro [20]. This
study provided the impetus for the use of ES cells in the clinical
setting. The development of methods for differentiating ES
cells into cardiomyocytes more selectively and efficiently using
a variety of factors progressed steadily in the late 1990s (21).
Many methods for the differentiation of ES cells into cardio-
myocytes are reported. The differentiation of ES cells mimics
normal embryonic development thereby providing essential
information on developmental processes, including heart devel-
opment. It is generally accepted that the humoral factors essen-
tial for cardiomyogenesis iz vivo would stimulate ES cells to
differentiate into cardiomyocytes in vitro. Information from
genetically modified mice displaying cardiac abnormalities has
provided information on essential factors in embryonic heart
development. Cardiac anomalies occur in mice lacking the
receptor for retinoic acid (RA) — a vitamin A derivative — or
when vitamin A is deficient during development, implicating
this factor in cardiac differentiation and development (22-24).
Furthermore, RA induces the differentiation of cardiomyocytes
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from embryonal carcinoma cells in vitro, in a time- and concen-
tration-dependent manner consistent with normal develop-
ment (25). Based on these findings, Wobus er al succeeded in
increasing the efficiency of cardiomyocyte induction by expos-
ing ES cells to RA under strictly controlled conditions with
respect to concentration and timing [26. This study also
showed that the differential induction of ventricular muscle was
greater than other cardiomyocyte populations (26]. A later study
demonstrated expression of nitric oxide (NO) synthase in the
heart during mouse development and the promotion of cardio-
myocyte development by NO, which thereby led to the use of
NO donors or inhibitors for the differentiation of ES cells into
cardiomyocytes (27). Takahashi ez al. screened various compounds
and showed that ascorbic acid promotes the induction of cardio-
myocyte differentiation (28] Studies on the differentiation of ES
cells into cardiomyocytes using known growth factors and chem-
ical compounds are reviewed by Boheler ez al., Sachinidis ez al.
and Heng et al. (29-31).

The differentiation of ES cells into any cell lineage partly
depends on the regulatory mechanisms underlying normal early
development. Although several signaling proteins, including
bone morphogenetic proteins (BMPs) (32-351, Wnts [36-38),
Notch (39,40 and FGFs (41 are involved in heart development,
litele is known on the exact regulatory signals that mediate the
differentiation of ES cells into cardiomyocytes. In mouse
embryos, cardiac progenitor cells appear at embryonic day (E)
7.0, and the cardiac crescent is formed by E7.5, indicating that
the growth factors expressed in these regions or in surrounding
areas at the relevant developmental stage would be important
for efficient cardiomyocyte induction.

Bone morphogenetic protein signal

The BMP family is the largest subfamily of the TGF-B super-
family. During embryonic development, specific BMPs are
expressed prior to cardioblast formation and during heart
organogenesis from the epiblast stage, and are involved in a
broad range of developmental events including cell proliferation,
differentiation, migration and apoptosis during progression of
development (42-45). At least six BMPs (BMP-2, -4, -5, -6, -7 and
-10) are expressed in the heart and have independent and redun-
dant functions (46-49). Experiments on genetically modified mice
demonstrate the importance of BMP signaling in heart morpho-
genesis after the mid-gestational stage. BMPs are expressed in the
lateral plate mesoderm, including the anterior lateral plate (car-
diogenic mesoderm), and the essential role of these signaling fac-
tors is demonstrated by the appearance of heart defects in early-
stage embryos as a result of gene targeting of BMP-2 (33.47.
Application of BMP-2-soaked beads iz vivo induces the ectopic
expression of cardiac transcription factors, and the administra-
tion of soluble BMP-2 or -4 to explant cultures induces full car-
diac differentiation in chick stage 5-7 anterior medial meso-
derm, which would not normally be cardiogenic (s0. A BMP
positive role was also shown using pluripotent mouse embryonic

carcinoma cells (P19CLG), which were able to differentiate into
cardiac myocyte in vitro [51.52). Noggin, a potent BMP antago-
nist, which was stably transfected into P19CLG, inhibited differ-
entiation into cardiac myocyte; BMP signal downstream mole-
cules salvaged their cardiac differentiation. However, there is a
report that BMP-2 and -4 suppress cardiomyocyte differentia-
tion in early-stage chick embryo explants, which suggests that
BMPs inhibit cardiomyocyte development before and around
gastrulation (53). Together, these findings show that BMPs play a
critical and dynamic role in the induction of cardiomyocytes in
heart development. In the vertebrate nervous system, Noggin
and other BMP inhibitors (Chordin and Follistatin) are
involved in neural differentiation and patterning during embry-
onic development and in adult neurogenesis in a context-
dependent fashion (54,55). We showed that the BMP antagonist
Noggin was expressed transiently at high levels in the heart-
forming area in whole-mount in situ hybridization and pro-
moted the cardiac differentiation from mouse ES cells (1]. This
expression pattern was also observed in early embryos of chick
and Xenopus, suggesting a conserved mechanism in heart devel-
opment (56,57. Based on analogy to the CNS, the context-
dependent differential action of BMPs in cardiomyocyte induc-
tion may be explained by the local action of Noggin and other
BMP inhibitors. Our recent report also showed that short-term
BMP treatment and BMP inhibition by Noggin promorted car-
diac myocyte differentiation from human ES cells and long-
term BMP treatment resulted in trophoblast differentiation (s8).
There are many reports in which BMPs and other TGFf family
proteins had a strong positive role in cardiac myocyte differenti-
ation from ES cells, and BMPs certainly have a positive role in
cardiomyocyte differentiation (59-611. Taken together, the tempo-
ral and spatial regulation of BMPs and BMP antagonists reveal a
critical involvement in the differentiation of cardiomyocytes
during heart development.

Whnt signal

Similar to BMP signaling, the Wnt signaling pathway also has
an important role in tissue development. The Wnt pathway
regulates cell adhesion, morphology, proliferation, migration
and structural remodeling (62-64). The major components of this
network are the Wnrt ligands, which bind to Frizzled receptors
at the cell surface. The Wnt ligands comprise over 17 members,
with some activating the canonical pathway and others activat-
ing the noncanonical pathway (65). In the canonical Wnt path-
way, activation of Wnt signaling downregulates the intracellular
degradation of B-catenin, allowing translocation to the nucleus
and transcription factor activation in conjunction with the
cotranscription factors Lefs and Tcfs. The noncanonical Wnt
pathway has no role in B-catenin degradation but can activate c-
Jun N-terminal kinase (JNK) and other signaling pathways.
Wt signaling was initially implicated as an inhibitor of cardio-
myocyte induction (36-38. The Wnt inhibitors Crescent and
Dkk-1 are expressed in the anterior endoderm during chick

Www.expert-reviews.com

124

805




Yuasa & Fukuda

Fibroblast

" pscell

Cell transplantatlon _
therapy ™

Cardiomyocyte

Drug screening, analysis of cardiac diseases

Figure 1. Cardiac regenerative medicine using iPS cells. Human fibroblasts are
obtained from adult tissues. Human fibroblasts dedlfferentlate into iPS cells by gene
transfer. Cardiomyocytes were differentiated from iPS cells. iPS cell-derived cardiac myocytes
were used for cell transplantatlon therapy, drug screenmg and ana!ysus of cardiac diseases.

iPS: Induced plunpotent stem.

gastrulation and induce formation of beating heart muscle,
while ectopic Wnt signals repress heart formation from ante-
rior mesoderm #n vitro and in vivo (36,66). The forced expres-
sion of either Wnt3A or Wnt8, known canonical Wnt path-
way stimulators, promotes the development of primitive
erythrocytes from the precardiac region. These findings suggest
that inhibition of Wnt signaling by Dkk-1 and Crescent pro-
motes heart formation in the anterior lateral mesoderm,
whereas active Wnt signaling in the posterior lateral mesoderm
promotes blood development.

In recent contrasting reports, Wnt members promote the
differentiation of cardiomyocyte from ES cells. In the chick
embryo, Wntl1 is expressed in the early mesoderm in a pat-
tern overlapping with the precardiac regions and exogenous
Wntll can promote cardiac differentiation in noncardio-
genic tissue (67,68). Subsequent loss- and gain-of-function
experiments reveal that Wntl1 is required for heart forma-
tion in Xenopus embryos and is sufficient to induce a con-
tractile phenotype in embryonic explants via noncanonical
Wnt signaling, which involves protein kinase C and JNK
(69). Treatment of the mouse embryonic carcinoma stem cell
line P19 with murine Wntl1 triggers cardiogenesis, suggest-
ing that the function of Wntl1 in heart development is con-
served in higher vertebrates (69]. Exogenous Wntl1 also promotes

the differentiation of murine ES cells into
cardiomyocytes (70]. Together, these results
indicate that cardiac development requires
noncanonical Wnt signal transduction.

Involvement of the canonical Wnt path-
way in mammalian cardiac myogenesis was
examined by inducing the differentiation of
P19CL6 into spontaneous beating cardio-
myocytes with 1% dimethylsulfoxide
(DMSO) (25.71. DMSO induces the expres-
sion of Wnt3A and Wnt8A in the P19CL6
cells, ~which subsequently activates
Wnt/B-catenin  signaling and  thereby
induces cardiac myogenesis [71). The Wnt
antagonist — secreted frizzled-related protein
(SFRP) — inhibited early stages of cardiomy-
ogenesis from P19CLG6 by Wnt3 transcrip-
tion regulation in a stage-specific manner,
preventing mesoderm specification and
maintaining the cells in the undifferentiated
state [72]. Evidence for the requirement of
canonical Wnt signaling in heart develop-
ment iz vivo was provided by investigations
of B-catenin conditional heart specific null
mice (73,74]. Investigations into ES cell dif-
ferentiation revealed that Sox17 regulated
by canonical Wnt pathway is essential for
the specification of cardiac mesoderm and a
biphasic effect of canonical Wnt signaling
on cardiomyocyte development (75-77). Acti-
vation of the canonical Wnt signaling pathway in the early phase
during embryoid body (EB) formation enhances the differentia-
tion of ES cells into cardiomyocytes. By comparison, activation of
the canonical Wnt pathway in the late phase after EB formation
inhibits the differentiation of ES cells into cardiomyocytes (76). The
nuclear protein Chibby inhibits B-catenin signaling and has a key
role in forming cardiomyocytes from ES cells after the onset of
Brachyury-positive mesendoderm progenitors. (78]. These findings
suggest that Wnt/B-catenin signaling is activated at the inception
of mammalian cardiac myogenesis and is indispensable for cardiac
differentiation #n vitro and in vivo.

Gene transfer
Oct3/4, Sox2,
Kif4, c-Myc

Diﬁefenfiation

Notch pathway

The Notch pathway is involved in differentiation and lineage deci-
sions in fetal and postnatal development and in self-renewing
organs (79,80]. The transmembrane Notch receptor is activated at
the cell surface by members of the Jagged and Delta ligand fami-
lies. There are four types of mouse and human Notch receptor
(Notch1-4) and five ligands (Jaggedl, Jagged2, Delra-like-1,
Delta-like-3 and Delta-like-4) (81,82. Notch signaling is trans-
mitted through ligand-receptor interactions from neighboring
cells. After activation, the recepror undergoes proteolytic cleavage
by y-secretase, releasing the Notch intracellular domain, which in
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turn translocartes into the nucleus and trimerizes with the tran-
scription-factor recombination signal sequence binding protein
(RBP)-J-k to convert it from a transcriptional repressor to an acti-
vator (83]. The lack of RBP-J-k expression in ES cells enhances
cardiomyogenesis, whereas expression of RBP-J-k in RBP-J-k defi-
cient ES cells restores repression of the cardiogenic pathway (s3).
Differentiation of ES cells into cardiomyocytes is also favored by
inactivation of the Notchl receptor, whereas endogenous Notch
signaling promotes differentiation of ES cells into the neuronal
lineage (s4]. These findings suggest that Notch signaling via
RBP-J-x is a negative regulator of cardiomyocyte induction. Sub-
sequent studies have shown that Notch signaling is essential for
cardiac development [85-87). Further characterization of Notch
signaling in cardiac development is required to progress the
potential of cardiac regenerative medicine (Ficure 1).

Conclusions

During development of the many organ systems, there is no sin-
gle growth factor that acts throughout the entire process of
induction. Individual factors, such as BMP, Wnt and Notch, can
exert opposite actions in different developmental processes (88.89].
The in-context use of growth factor combinations will allow the
specific differentiation of cardiomyocytes from ES cells. In 2001,
human ES cells were induced to differentiate into cardio-
myocytes with cardiac-specific structural and functional proper-
ties (90]. The same group revealed that transplanted human ES
cell-derived cardiomyocytes can act as a pacemaker in porcine
ventricles in which a complete atrioventricular block was artifi-
cially generated (91]. In this study, human ES cell-derived cardio-
myocytes made successful electrical connections with recipient
cardiomyocytes. These studies demonstrate that research into the
use of ES cells for regenerative medicine has progressed rapidly in
recent years. Further development of iPS cell technology will
allow the knowledge gained from ES cell studies to be applied to

regenerative cardiovascular medicine.

Expert commentary

Cardiac regenerative medicine is one of the most fascinating areas
of clinical medicine. Bone marrow stem cells (hematopoietic stem
cells and mesenchymal stem cells), skeletal muscle stem cells,
endothelial progeniror cells, adipose tissue-derived stem cells and
cardiac resident stem cells have been investigated for potential in

2 Fukuda K, Yuasa S. Stem cells as a source of 4

regenerative cardiomyocytes. Cirr. Res. 98(8),
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SUMMARY

Although recent reports have described multipotent,
self-renewing, neural crest-derived stem cells
(NCSCs), the NCSCs in various adult rodent tissues
have not been well characterized or compared.
Here we identified NCSCs in the bone marrow (BM),
dorsal root ganglia, and whisker pad and prospec-
tively isolated them from adult transgenic mice
encoding neural crest-specific P0-Cre/Floxed-EGFP
and Wnt1-Cre/Floxed-EGFP. Cultured EGFP-posi-
tive cells formed neurosphere-like structures that
expressed NCSC genes and could differentiate into
neurons, glial cells, and myofibroblasts, but the
frequency of the cell types was tissue source depen-
dent. Interestingly, we observed NCSCs in the aorta-
gonad-mesonephros region, circulating blood, and
liver at the embryonic stage, suggesting that NCSCs
migrate through the bloodstream to the BM and
providing an explanation for how neural cells are
generated from the BM. The identification of NCSCs
in accessible adult tissue provides a new potential
source for autologous cell therapy after nerve injury
or disease.

INTRODUCTION

The neural crest is a transient embryonic tissue that originates at
the neural folds during vertebrate development. Neural crest
cells delaminate from the dorsal neural tube and migrate to var-
ious locations, where they differentiate into a vast range of cells,
including neurons and glial cells of the autonomic and enteric
nervous systems, smooth muscle cells of the heart and great
vessels, and bone and cartilage cells of the face (Le Douarin
and Kalcheim, 1999).

From the embryonic period through adulthood, neural crest cells
are generated by neural crest-derived stem cells (NCSCs), which
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are self-renewing and multipotent, with the potential to differentiate
into neurons, glial cells, and myofibroblasts (Morrison et al., 1999;
Shah et al., 1996). NCSCs have been isolated from the embryonic
sciatic nerve (Morrison et al., 1999) and boundary cap (BC) (Hjerl-
ing-Leffler et al., 2005) and the gut (Kruger et al., 2002), skin (Fer-
nandes et al., 2004; Sieber-Blum et al., 2004; Wong et al., 2006),
heart (Tomita etal., 2005), and cornea (Yoshida etal., 2006) of adult
rodents. These reports demonstrate the presence of NCSCs in
these tissues and suggest their existence in other adult tissues.

Several types of stem cells have been identified in adult
tissues. For example, several groups have described multipotent
stem cells in the bone marrow (BM), but the developmental origin
and differentiation potential of these cells are unknown (D'Ippo-
lito et al., 2004; Jiang et al., 2002; Ross et al., 2006). These stem
cells are reported to generate neural cells and smooth muscle
cells, which are known to originate from neural crest cells.
Such observations led us to investigate whether some newly
identified stem cells might be NCSCs. We examined this hypoth-
esis by investigating various tissues of double-transgenic mice
encoding Protein-0 (P0) and Wnt1 promoter-Cre/Floxed-EGFP,
in which neural crest-derived cells express EGFP (Danielian
et al., 1998; Kawamoto et al., 2000; Yamauchi et al., 1999).

Here, we prospectively isolated and compared neural crest-
derived stem and progenitor cells from the BM of the lower
extremities, dorsal root ganglia (DRG), and whisker pad (WP) of
adult PO and Wnt1 promoter-Cre/Floxed-EGFP mice. This is
the first report identifying NCSCs in the BM of adult rodents.
The existence of NCSCs was confirmed in all three tissues,
and distinct differences among the NCSCs were revealed by
comparing their proliferation capacity, differentiation potential,
and gene expression profiles.

RESULTS

Distribution of EGFP-Positive Neural Crest-Lineage
Cells in Embryonic and Adult PO and
Wnt1-Cre/Floxed-EGFP Mice

To examine the distribution of neural crest-derived cells
in various tissues, we performed histological analyses of
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PO-Cre/Floxed-EGFP mouse embryos and adults. PO was origi-
nally identified as a Schwann cell-specific myelin protein (Lemke
et al., 1988), but it is also expressed by migrating neural crest
cells during the early embryonic period in chicks (Bhattacharyya
et al., 1991). In this transgenic mouse, the transient activation of
the PO promoter induces Cre-mediated recombination, indelibly
tagging neural crest-derived cells with EGFP expression
(Kawamoto et al., 2000; Yamauchi et al., 1999). At E10.5,
EGFP was observed in the pharyngeal arches, periocular region,
and front nasal region, which contain neural crest-derived cells
(Figure 1A) (Yamauchi et al., 1999). Anti-GFP immunostaining of
E10.5 embryos revealed EGFP-positive (EGFP*) cells in the
DRG, outflow tract of the aorta, optic mesenchyme, gut, and tri-
geminal ganglia (Figures 1B-1F). In adult mice, EGFP"* cells were
observed in the DRG, dermal papilla of whisker follicles, and BM
of the tibia (Figures 1G-1l). As a negative control, we examined
anti-GFP staining in single transgenic PO-Cre mice without the
Floxed-EGFP reporter and detected no EGFP* cells (data not
shown), confirming the validity of the anti-GFP staining. Immuno-
histochemistry was also performed on various tissues from adult
Wnt1-Cre/Floxed-EGFP mice, confirming the presence of EGFP*
cells in the DRG, dermal papilla, and BM (see Figure S1 available
online). These observations suggest that EGFP* neural crest-
derived cells migrate to and survive in various adult tissues.
Since neural crest-derived cells have not been previously
reported in the BM, we analyzed the distribution of EGFP" cells
in the BM of PO-Cre/Floxed-EGFP mice by immunohistochemis-
try. It is unlikely that EGFP expression was induced by the
ectopic expression of PO, since we did not detect PO protein in
the BM (Figure S2). In the BM of PO-Cre/Floxed-EGFP mice,
EGFP* cells were detected along blood vessels, especially the
vasculature located near the inner surface of the bone cortex
(Figures 2A-2C). In whole-mount specimens, these EGFP" cells
were positive for both PECAM-1 and SMA, markers for endothe-
lial cells and smooth muscle cells (Figures 2E-2L), and quantita-
tive analysis revealed that 3.85% and 6.23% of the EGFP" cells
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Figure 1. Expression Pattern of EGFP in
PO-Cre/Floxed-EGFP Mice at E10.5 and the
Adult Stage

(A) Whole-body observation of direct EGFP fluo-
rescence in E10.5 mice.

(B-F) Anti-GFP immunostaining of E10.5 mice re-
vealed EGFP* cells in the DRG (B), outflow tract
of the heart (C), optic mesenchyme (D), gut (E).
and trigeminal ganglion (F).

(G-) In 8-week-old adult mice, EGFP* cells were
detected in the DRG (G), dermal papilla in the
whisker follicle (arrow in [H]), and BM of the tibia
(1). Scale bars, 1 mm in (A) and 50 um in (B)l).

in the BM were positive for PECAM-1 and
SMA, respectively. The contribution of
EGFP"* cells to the vascular endothelial
structure was also confirmed by flow-
cytometric analysis (Figure 2D) and
whole-mount immunohistochemistry with
other vascular markers (Figures 2M-2X).
Although a portion of vascular smooth
muscle cells are known to be derived from the neural crest, neu-
ral crest-derived cells have not been reported in the vascular
endothelium in previous studies (Etchevers et al., 2001; Joseph
et al.,, 2004). To corroborate our observations, we examined
the BM in adult Wnt1-Cre/Floxed-EGFP mice. Although a similar
number of EGFP* cells was observed, the EGFP™ cells did not
express endothelial cell or smooth muscle cell markers (Figures
S1C and S1D). Thus, our detailed analyses using two lines of
transgenic mice demonstrated the presence of neural crest-
derived cells in the BM, but their contribution to blood vessel
formation remains unclear.

NCSCs Migrate from the Trunk Dorsal Neural Tube

to the Aorta-Gonad-Mesonephros Region and Circulate
in the Blood during Embryonic Development

To elucidate the migration route of EGFP* cells from the trunk
dorsal neural tube to the BM, we focused on the aorta-gonad-
mesonephros (AGM) region in PO and Wnt1-Cre/Floxed-EGFP
mice. During development, the first adult-type hematopoietic
stem cells (HSCs) are generated at E10.5 in the AGM region
and migrate via the blood stream to the BM in the late embryonic
period (Medvinsky and Dzierzak, 1996; Muller et al., 1994). Mes-
enchymal stem cells (MSCs) are also generated in the AGM
region at E11.0, migrate in the blood stream, and are found in
the neonatal BM (Mendes et al., 2005). We therefore hypothe-
sized that neural crest-derived cells take a similar route to the
BM, migrating from the dorsal neural tube to the AGM region,
from which they then travel through the blood stream to the
BM. Anti-GFP immunostaining revealed EGFP* cells migrating
from the trunk dorsal neural tube to the AGM region in E11.0
PO-Cre/Floxed-EGFP mice (Figure 3A). These EGFP* cells
were 100% positive for p75 and 50.6% positive for Sox10,
both known as NCSC markers (Paratore et al., 2001; Stemple
and Anderson, 1992) (Figures 3B and 3C), suggesting that a por-
tion of the EGFP* cells in the AGM region were NCSCs. At E12.5,
most of the EGFP* cells were positive for tyrosine hydroxylase

Cell Stem Cell 2, 392-403, April 2008 ©2008 Elsevier Inc. 393
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(TH), a marker of catecholaminergic neurons that make up the
para-aortic plexus (Figure 3D), raising the possibility that
EGFP* Sox10~ cells at E11.0 were neuroblasts that differenti-
ated into TH* neurons at E12.5. However, the small number of
TH™ EGFP* cells that invaded the aorta were positive for p75
and Sox10 (Figures 3E-3H), suggesting that the cells entering
the blood vessel were NCSCs. None of the EGFP* cells at the
periphery of aorta were positive for GFAP (Figure 3l), ruling out
the possibility that the EGFP* cells are newly arrived Schwann
cells that are migrating along the vasculature. EGFP* p75* cells
were also observed in peripheral blood at E12.5 by immunohis-
tochemistry (Figures 3J and 3K}, and flow-cytometric analysis of
the blood taken from E13.5 to E15.5 mice detected EGFP” cells
(Figure 3L). In E14.5 mice, immunohistochemistry revealed
EGFP* Sox10* cells in the fetal liver (Figures 3M and 3N). After
E18.5, no EGFP* cells were detected in the circulating blood
{Figure 3L). Similar results were observed in the AGM region, pe-
ripheral blood, and fetal liver in Wnt1-Cre/Floxed-EGFP mice
(Figure S3). These observations suggest that NCSCs migrate in
the blood to the BM via the AGM region, specifically during
E12.5-E15.5, similar to HSCs.

Sphere-Forming Capability of Neural Crest-Derived

Cells from Aduit Mice

To compare neural crest-derived cells from the DRG, WP, and BM,
cells from these tissues were collected from postnatal 2-, 4-, 8-,
and 13-week-old PO-Cre/Floxed-EGFP mice, and their EGFP
expression was analyzed by flow cytometry. The frequency of
EGFP* cells from each source was highest at 2 weeks of age
and decreased over time (Figures 4A and 4B). The same result
was observed in Wnt1-Cre/Floxed-EGFP mice (Figure S4A). Inter-
estingly, the number of EGFP* cells collected from the BM
increased when the bones were treated with collagenase. Since
collagenase releases BM cells that adhere tightly to the bone
(Funk et al., 1994), this suggests that the neural crest-derived cells
observed histologically were tightly associated with the BM
surface.

The formation of neurosphere-like spheres from neural crest-
derived tissue has been reported (Fernandes et al,, 2004; To-
mita et al., 2005; Yoshida et al., 2006) using culture procedures
similar to neurosphere-culture protocols for cells of the central
nervous system (CNS) (Reynolds and Weiss, 1992). To confirm
the capability of neural crest-derived cells to proliferate and
form spheres, EGFP* and EGFP~ cells from the DRG, WP,
and BM of 8-week-old PO-Cre/Floxed-EGFP mice were col-
lected by flow cytometry and cultured at a density of 5 x 102
cells/ml (Hulspas et al., 1997) in serum-free sphere-forming

medium containing human epidermal growth factor (EGF), hu-
man fibroblast growth factor 2 (FGF2), and B27. The EGFP*
cells proliferated to form spheres that were morphologically
similar to CNS neurospheres after 14 days (Figure 4C). When
cultured at the same density, the highest number of spheres
was formed from cells derived from the DRG and the lowest
from the BM (Figure 4D). Cultured EGFP~ cells derived from
the DRG and BM did not form spheres, but those from the
WP did, albeit at a much lower frequency than the EGFP* cells
(Figure 4D). Sphere-forming capacity and tissue-specific
sphere-forming efficacy in cells from adult Wnt1-Cre/Floxed-
EGFP mice were similar to those from PO-Cre/Floxed-EGFP
mice {Figures S4B and S4C). These results indicate that neural
crest-derived cells capable of proliferating into spheres exist in
the adult DRG and BM in addition to the WP, which has been
previously reported.

Spheres Derived from Each Adult Tissue Contain
Multipotent NCSCs

Previous reports have characterized NCSCs by their ability to
self-renew and their capacity for multiineage differentiation
(multipatency) into neurons, glial cells, and myofibroblasts
(Morrison et al., 1999; Shah et al., 1996). To evaluate the differ-
entiation potential of EGFP* spheres generated from sorted
EGFP* cells, we cultured EGFP* spheres from the three tissue
sources of adult PO-Cre/Floxed-EGFP mice for 10 days in 10%
serum-containing differentiation medium. The differentiated
cells were identified by triple immunostaining: neurons by B-lil
tubulin, glial cells by gtial fibrillary acidic protein (GFAP), and
myofibroblasts by SMA. EGFP™* spheres from all three sources
demonstrated trilineage differentiation potential (Figure 5A), but
the differentiation preference differed depending on the tissue
source {Table 1). Most of the DRG-derived spheres showed trili-
neage differentiation potential (NGM, 74.6%), but the frequency
was significantly lower in the WP- and BM-derived spheres
(NGM, 7.3% and 3.3%, respectively). The WP-derived spheres
displayed a bilineage differentiation tendency into neurons and
myofibroblasts (NM, 91.6%), while most BM-derived spheres
differentiated into myofibroblasts (M, 64.6%), suggesting that
EGFP”* cells derived from the WP and BM are mostly lineage-
restricted progenitors, with only a small percentage possessing
multilineage differentiation potential. In addition, when EGFP*
DRG-derived spheres were cultured in differentiation medium
containing 5-bromo-2’-deoxyuridine (BrdU) (Figure 5B), all three
resulting cell types (N, M, and G) were positive for BrdU.
Therefore, these three cell types from DRG-derived spheres
probably originated from mitotic precursor cells within the

Figure 2. EGFP"* Cells Contribute to Vascular Endothelial and Smooth Muscle Cells in the BM of PO-Cre/Floxed-EGFP Mice

(A-C) EGFP"* cells were detected along vasculature in the tibia.

(D} Representative EGFP- and PECAM - t -gated flow-cytometric analysis chart. To prevent the contamination of macrophages, CD45" cells were removed before

analysis.

(E-L) Triple immunchistochemistry for GFP, PECAM-1, and SMA in whole-mount specimens, Note the abundant EGFP* cells around the inner surface of the bone
cortex (outer surface indicated by dotted lines). (I-L}) High-magnification views of the boxed areas in (E}{H), respectively. Note the EGFP* endothelial cells

(arrowheads) and smooth muscle cells (arrows).

(M-P) Triple immunohistochemistry for GFP, PECAM- 1, and PDGFRp, a marker for pericytes and smooth muscle cells. The arrowhead indicates EGFP* PECAM-1*

endothelial cells.

{Q-T) EGFP* cells were also positive for VE-cadherin, a marker for endothelial cells {arrowheads).
{(U-X} In triple-transgenic mice encoding PO-Cre/Floxed-EGFP/FIt1'*°?, EGFP* cells were positive for PECAM-1 and B-gal (arrowheads). Fit1 is expressed in
endothelial and hematopoietic cells. Scale bars, 50 um in (A}~{C), 200 um in (E}-{H}, and 20 pm in {}~{X).
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Figure 3. Histological Analyses of the AGM Region and Flow-Cytometric Analyses of Peripheral Blood in PO-Cre/Floxed-EGFP Mice

(A) AtE11.0, EGFP" cells detected by anti-GFP antibodies were seen migrating from the dorsal neural tube into the AGM region. The region enclosed in a dashed
line with an asterisk indicates the aorta.

(B and C) Double immunohistochemistry of the AGM region revealed that EGFP* cells were positive for p75 (B) and partially colocalized with Sox10 (C), indicating
that EGFP* cells in the embryonic AGM region expressed NCSC markers.

(D-F) At E12.5, most EGFP* cells had differentiated into TH-positive catecholaminergic neurons (D), but some EGFP* TH  cells invaded the aorta (arrows in [E]
and [F])
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Cells Derived from the DRG, WP, and BM in Adult PO-Cre/

(A) Representative EGFP-gated flow-cytometric analysis charts of cells from the DRG, WP, and BM of postnatal 2-, 4-, 8-, and 13-week-old mice. In the BM, the

number of collected EGFP" cells increased with collagenase treatment.

(B) The number of collected EGFP* cells from all three sources decreased with age (mean + SEM, n = 3 per group).

(C) Phase-contrast and direct EGFP-fluorescent images showing spheres formed from EGFP" cells after 14 days in culture. Scale bar, 50 ym.

(D) The percentage of sphere-forming cells found in each tissue source was assessed by culturing EGFP* and EGFP  cells from each source at a cell density of
5 x 10° cells/ml and counting the number of spheres formed (mean + SEM; n = 3 per group; “*p < 0.01; 1, no sphere observed). The highest percentage of sphere-
forming cells was observed in the DRG, and the WP was the only source with EGFP ™ cells capable of forming spheres.

spheres and did not represent contamination of postmitotic cells
from the original tissue.

Recentreports have questioned the validity of ““clonal density”
cultures (Jessberger et al., 2007; Singec et al., 2006), demon-
strating that CNS neurospheres are motile structures that can
fuse even at cellular concentrations previously regarded as
“clonal” (Hulspas et al., 1997). To assess the possible effects
of sphere fusion in our culture protocol, we examined the
differentiation of spheres cultured in medium containing 0.8%
methylcellulose (Figures S5A-S5C). This method, which we pre-
viously reported (Yoshida et al., 2006), effectively prevents
sphere fusion, resulting in spheres that are more than 90%
clonal. Differentiation studies of these clonal spheres yielded
results similar to those shown in Table 1 (Figure S5D), indicating

that the influence of sphere fusion was quite limited. Results from
adult Wnt1-Cre/Floxed-EGFP mice corroborated data from adult
PO-Cre/Floxed-EGFP mice, revealing the formation of clonal
spheres from the DRG, WP, and BM that possessed a similar
differentiation preference (Figures S4B-S4E).

To assess the self-renewal capacity of the EGFP™ spheres,
secondary sphere-forming assays were conducted. EGFP*
spheres derived from each tissue source of P0O-Cre/Floxed-
EGFP mice were independently placed into one well of
a 96-well plate, dissociated into single cells, and cultured in
sphere-forming medium. The frequency of secondary sphere
formation was highest in cells derived from the DRG
(Figure 5C), confirming that, of these three sources, the DRG
contains the highest frequency of NCSCs.

(G-1) At E12.5, most EGFP" cells at the periphery of the aorta were positive for p75 and Sox10 but negative for GFAP.
(J and K) EGFP* p75” cells were observed in the peripheral blood of E12.5 mice (boxed area in [J] magnified in (K]).
(L) EGFP-gated flow-cytometric analysis charts of embryonic and postnatal blood cells. EGFP* cells were detected from E13.5 and E15.5, but not at E18.5 or after

birth. Transverse axis indicates forward scatter (FSC).

(Mand N)AtE14.5 EGFP* cells were observed in the liver. Some were positive for Sox10, indicating that NCSCs exist in the liver. Scale bars, 100 um in (A)—F), (J),

and (M); 50 um in (G}(l), and (N); and 20 um in (K).
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Expression Pattern of Neural Crest-Associated Genes
Differs among Tissue Sources

To characterize the mRNA expression profile of neural crest cells
derived from each tissue, cells from the adult PO-Cre/Floxed-
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BM

Figure 5. Differentiation and Secondary
Sphere-Forming Capacity of EGFP"*
Spheres Derived from the DRG, WP, and
BM in Adult PO-Cre/Floxed-EGFP Mice

(A) EGFP* spheres formed from each tissue
source differentiated into neurons, glial cells, and
myofibroblasts. Scale bars, 50 um.

(B) DRG-derived spheres were cultured in medium
containing BrdU. Cells double positive for BrdU
and each cell-type-specific marker were ob-
served. Scale bar, 25 um.

(C) When these spheres were dissociated, the
DRG-derived cells formed the greatest number
of secondary spheres, indicating their high capac-
ity for self-renewal (mean + SEM; n = 3 per group;
‘p < 0.05).

EGFP mice were analyzed by semiquan-
titative RT-PCR for various markers, es-
pecially neural crest-associated genes
(Figure 6A). The following were prepared
from each adult tissue source: noncul-
tured EGFP~ and EGFP* cells, cultured
spheres, and cells differentiated from
spheres. The noncultured cells showed
varying tissue-source-dependent gene
expression patterns. EGFP* cells from
the DRG strongly expressed the known
NCSC markers Sox10 and p75. Although
their expression of the neural crest
markers Snail, Slug, Twist, Sox9, and
Pax3 was lower or undetectable com-
pared to EGFP~ cells, most of these
markers were expressed after culture.
The expression of neural crest-associ-
ated genes was quite similar in EGFP*
and EGFP~ cells from the WP, whereas
in the BM, their expression was
significantly higher in EGFP* cells com-
pared to EGFP™ cells.

For the EGFP™ spheres, although the
expression frequencies of neural crest-
associated genes differed, the spheres
from all three tissues generally expressed
most of the neural crest-associated
genes. By comparison, CNS neuro-
spheres derived from the E14.5 striatum
did not express the neural crest-associ-
ated genes Snail, Slug, Twist, p75, or
Pax3. They expressed sox9 and sox10
as expected, since these genes are also
deeply involved in development of the
CNS (Stolt et al., 2003, 2004). Nkx6.1 is
a well-known marker expressed in the

ventral half of the neural tube during early development (Jensen
etal., 1996). EGFP* cells and spheres did not express Nkx6.1, in
contrast to its strong expression in embryonic stem cell-derived
neurospheres ventralized by the sonic hedgehog protein (Shh)
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Table 1. Differentiation Potential of Spheres Derived from DRG, WP, and BM of Adult PO-Cre/Floxed-EGFP Mice

Frequency of Sphere Types (Percent + SD)

NGM NM NG GM N M "G Others
DRG 746 +1.0 21.8+3.6 23+3.2 0 1.0+0.2 0 0 0
WP 7.3+3.6 91.6 £ 3.1 0 0 0 1€ 0 0
BM 33+04 156+ 0.8 05+0.8 0.8+07 7.3+85 646+ 117 0.7+1.2 73+26

EGFP" spheres formed from clonal density cultures of each tissue source were differentiated and subjected to triple immunostaining. The differenti-
ation potential of 100 spheres from each tissue source was individually examined, and each sphere's ability to differentiate into each cell type was
determined: N, neurons; G, glial cells; M, myofibroblasts (mean + SD, n = 3 per group). Spheres derived from the DRG showed a significantly higher
frequency of trilineage differentiation potential (N + G + M) than the spheres from other sources (p < 0.05 by Kruskal-Willis test). Of the spheres derived

from the BM, 7.3% were negative for all three lineage markers.

(Y.O. and H.O., unpublished data). These results indirectly sug-
gest that the examined cells did not have ventral identities and
do not conflict with the fact that they are developmentally de-
rived from the dorsal neural tube, where neural crest cells origi-
nate.

EGFP* Cells of the DRG Strongly Express NCSC Markers
in Adult PO-Cre/Floxed-EGFP Mice

To quantify the expression of the NCSC markers Sox70 and p75
in fresh noncultured EGFP* cells and in spheres cultured for 2
weeks, we performed real-time PCR (Figure 6B). Sox70 and
P75 expression was higher in both the noncultured cells and cul-
tured spheres from the DRG compared with those from the WP
and BM, suggesting that there is a higher proportion of NCSCs
in the DRG. However, since these genes are also expressed in
specific neurons and glial cells (Kaplan and Miller, 2000; Paratore
et al., 2001), we examined the expression levels of Nestin and
Musashi1. Although they are used as markers for undifferentiated
cells in the CNS (Lendahl et al., 1990; Sakakibara et al., 1996),
they are also expressed in neural crest-derived sphere initiating
cells from the heart (Tomita et al., 2005), cornea (Yoshida et al.,
2006) and gut (R. Hotta, S.S., and H.O., unpublished data). Since
it has been suggested that Nestin and Musashi1 expression may
reflect an undifferentiated state (Tomita et al., 2005), their high
expression in spheres generated from the DRG also suggests
that the DRG contains the highest proportion of NCSCs, and their
increased expression after culture suggests that these NCSCs
proliferate in culture when spheres are formed.

DISCUSSION

In the present study, by using the double-transgenic mouse
strains PO and Wnt1-Cre/Floxed-EGFP, we examined multiple
tissues and organs to map the presence of neural crest-derived
cells. We discovered the existence of multipotent NCSCs in the
BM and DRG of adult rodents along with the previously reported
facial WP. However, analysis of these cells revealed interesting
differences that were specific to the tissue source. Careful con-
sideration of these differences will be necessary if these cells are
to be recruited for cell transplantation treatments.

Our histological analysis of adult PO and Wnt1-Cre/Floxed-
EGFP mice revealed EGFP"* cells in the BM (Figure 1 and
Figure S1). Using flow cytometry, we collected EGFP* BM cells
that proliferated to form spheres (Figure 4). Although the
frequency was low, compared with the other tissue sources,
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multipotent NCSCs were present in the BM. Clonal spheres
with a trilineage differentiation potential into neurons, glial cells,
and myofibroblasts were observed, and dissociated cells from
these spheres formed secondary spheres (Figure 5, Figures S4
and S5). The presence of NCSCs in the BM is also supported
by a recent report using the same PO-Cre reporter mice to dem-
onstrate that a portion of MSCs in the BM of the lower extremities
are of neural crest lineage (Takashima et al., 2007). Furthermore,
we have unpublished data showing that NCSCs contribute to
produce a subpopulation of MSCs in the BM. At the embryonic
stage, NCSCs differentiate into many types of neural crest
lineage cells, most of which are marked with EGFP in PO and
Wnt1-Cre/Floxed-EGFP mice. We prospectively isolated
EGFP* MSCs from the BM of PO and Wnt1-Cre mice using
flow cytometry and identified that EGFP* MSCs could generate
osteocytes, chondrocytes, and adipocytes (S.M. and Y.M,,
unpublished data). Together with Nishikawa's report, these find-
ings show that a certain population of MSCs in the BM originates
from multipotent NCSCs.

Since a previous report indicated that Wnt1 is expressed in the
BM of adult rodents (Almeida et al., 2005), we cannot rule out the
possibility that the EGFP* labeling in the BM of adult Wnt1-Cre/
Floxed-EGFP mice was due to the ongoing expression of Wnt1 in
the adult BM rather than reflecting a history of Wnt1 expression
in the embryonic neural crest lineage. However, we found that
the sphere-forming potential and differentiation tendency of
EGFP* cells from the BM of Wnt1-Cre/Floxed-EGFP mice were
similar to those from PO-Cre/Floxed-EGFP mice (Figure S4), sug-
gesting the presence of NCSCs among the EGFP* cells in the
BM of adult Wnt1-Cre/Floxed-EGFP mice. The BM stem cells
reported in other studies differentiated into neurons and glial
cells in vitro and in vivo and also in transplantation experiments
(Fernandez et al., 2004; Jiang et al., 2002). Although transdiffer-
entiation or dedifferentiation has been suggested to explain this
phenomenon, our results demonstrating the presence of NCSCs
in the BM indicate that this differentiation potential may reflect
that of NCSCs of the BM. It will be interesting to clarify the rela-
tionship between the NCSCs described in the present study and
the BM-derived stem cells that are reported to generate neural
cells in vitro (Kohyama et al., 2001).

Hematopoiesis is initiated in the yolk sac at the embryonic
stage and is successively transferred to the AGM region, fetal
liver, and BM with time (Dzierzak and Speck, 2008). Using two in-
dependent Cre lines, we detected NCSCs in the AGM region, fe-
tal liver, and BM during a time frame that coincided with the
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