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mesodermal, and endodermal cells under
specific inductive ex vivo culture conditions,
they hold great therapeutic potential (8–16).
However, their embryonic origin has raised
several ethical concerns (17). 

In postnatal life, stem cells maintain the
integrity and function of organ systems by
replacing the cells that are lost owing to nor-
mal wear and tear, apoptosis, or injury. Stem
cells have been identified in several post-
natal organs. The hematopoietic stem cell
(HSC) is by far the best-characterized post-
natal stem cell (18,19). HSCs provide a con-
stant supply of hematopoietic cells in normal
individuals. Several studies have shown that
single murine HSC can repopulate the
myeloid and lymphoid lineages following
transplantation, and rescue animals from
lethal irradiation (20). In humans, single-cell
transplantation is not possible. However,
retroviral marking studies have shown that
single human HSC can contribute to all
hematopoietic lineages after transplantation
(21). Mesenchymal stem cells (MSCs) that
differentiate to osteoblasts, chondroblasts,
adipocytes, fibroblasts, and skeletal muscle,
have been isolated from bone marrow (BM)
(22–26) and fat tissue (27). MSCs can be cul-
ture-expanded for several passages without
losing differentiation potential. Ring cloning
studies have suggested that such differen-
tiated progeny appear to be derived from
single MSC (26). 

Neural stem cells (NSCs) are present in
postnatal brain, including the olfactory bulb
and the periventricular zone (28,29). Rodent
and human NSC can be expanded ex vivo
for many population doublings when cul-
tured as neurospheres. Single NSCs differ-
entiate in vitro and in vivo into neurons,
astrocytes, and oligodendrocytes, and in
vivo migrate to specific sites of damage (30).

Introduction 

Stem cells are defined by their biological
function. A stem cell is an undifferentiated
cell that self-renews to maintain the stem cell
pool and at the single-cell level differentiates
into more than one mature, functional cell (1).
In addition, when transplanted, a stem cell
should be capable of replacing a damaged
organ or tissue for the lifetime of the recipi-
ent. Some would argue that stem cells should
also be capable of functionally integrating into
nondamaged tissues. Stem cells are critical to
both embryogenesis and postnatal life.

Afertilized egg is considered a totipotent
stem cell, as it gives rise to both intra- and
extraembryonic cells. The inner cell mass of
the preimplantation embryo is considered
pluripotent, as these cells give rise to all
somatic stem cells, progenitors, and mature
cells, as well as germ cells, but not the tro-
phoblast. When removed from the blasto-
cyst and cultured ex vivo, cells from the inner
cell mass are termed embryonic stem (ES)
cells. ES cells were first described for mice,
and more recently for nonhuman primates
and humans (2–7). ES cells spontaneously
differentiate into embryoid bodies, which
contain cells of ectodermal, mesodermal,
and endodermal lineage. When injected
under the skin, in muscle, or under the kid-
ney capsule, ES cells will create teratomas
that again contain differentiated cells from
all three germ layers. Finally, when injected
into a developing blastocyst, ES cells con-
tribute to all tissues of the three germinal
layers as well as the gametes. ES cells have
proven to be a powerful tool for under-
standing the normal development and
pathogenesis of several diseases. Since ES
cells differentiate to relatively homogeneous
populations of differentiated ectodermal,
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Keratinocyte stem cells are present in the bulge zone of the fol-
licular epithelium of the skin and give rise to skin epithelium
and its appendages (31). 

Since terminally differentiated hepatocytes have exten-
sive proliferative potential, they are usually responsible for
liver regeneration (32). However, a population of “oval cells”
that reside in the canals of Herring, are thought to be the stem
cell for hepatocytes and biliary epithelial cells. In response
to severe liver injury in which hepatocytes can no longer pro-
liferate, oval cells proliferate and differentiate into liver and
biliary epithelial cells (33–36), and when cultured ex vivo,
oval cells can be induced to differentiate to these two cell
types (37,38). Stem cells for the different types of gastroin-
testinal epithelial cells lining the gastric, duodenal, jejunal,
ileal, and colonic epithelia reside in the crypts (39). Stem cells
have also been identified for many other tissues, including
retina, and cornea; however, their phenotype is less well
defined. 

Unlike stem cells, progenitor cells are committed to one
lineage. Satellite cells are thought to be the progenitor for
skeletal myoblasts (40). They form myotubes in vitro and con-
tribute to skeletal muscle fibers in response to muscle dam-
age in vivo (40). Similarly, angioblasts are progenitors for
endothelial cells (41–43). 

For years it was thought that ES cells were the only pluripo-
tent cells and that somatic stem cells found in postnatal life
have a differentiation potential that is limited to a single organ
system, owing to number of specification and commitment
steps during development. For instance, HSCs that are a part
of the splanchnic mesoderm, differentiate to the myeloid and
lymphoid hematopoietic lineages, but not to cell types outside
the hematopoietic system, in the mesoderm, or other germ
layers. This traditionally held view of stem cell differentiation,
linear and irreversible lineage restriction, has been challenged
by several recent reports, which suggests that stem cells resid-
ing in one postnatal organ can differentiate to cells of an entirely
different organ system and therefore, have much wider dif-
ferentiation potential—or are much more plastic—than pre-
viously thought. This phenomenon of presumed wider
differentiation potential of postnatal stem cells has been termed
“stem cell plasticity” (1,44–50). 

Although such a great potential has caused significant
excitement in the scientific and nonscientific communities,
the reports have also been viewed with skepticism. This arises
from several factors, including the low levels of transdiffer-
entiation observed, the fact that some studies could not be
repeated, and most of all, the fact that this phenomenon
would contradict the dogma that somatic stem cells have
been lineage primed and committed early during develop-
ment. Several theories have been proposed to explain the
apparent plasticity of postnatal stem cells, most of which can
be supported with scientific observations. The topic of stem
cell plasticity has recently been reviewed extensively
(1,44–50). 

In this review article we will focus on one population of
recently discovered stem cells, termed multipotent adult pro-
genitor cells (MAPCs) that are cultured in vitro from postna-
tal marrow and differentiate to most somatic tissues in vitro
and in vivo (51–58). MAPCs have remarkable similarities with,
and important differences from, the ES cell and their presence

in postnatal tissues challenges the traditionally held view of
linear and irreversible lineage restriction of stem cell differ-
entiation.

Isolation and Culture of MAPCs
MAPCs have been isolated from several rodent tissues (56)

and human BM (53–55,58). Human MAPCs are isolated from
the mononuclear cell fraction of a small quantity (15–20 mL)
of BM by culturing in fibronectin (FN)-coated culture plates at
a density of (1–3) × 103 cells/cm2 with 2% fetal calf serum, epi-
dermal growth factor (EGF), platelet-derived growth factor
(PDGF), insulin-transferrin-selenium, linoleic acid–bovine
serum albumin, dexamethasone, and ascorbic acid (58). For
mouse and rat MAPC, unfractionated BM is initially plated in
FN-coated vessels in a culture medium similar to that used for
human MAPC with the addition of leukemia inhibitory factor
(LIF) (56,57). The requirement of LIF for mouse and rat MAPC
is analogous to the requirement of murine ES cells. CD45 and
TER119 (mouse analog of GlyA) depletion is done 21 d after
BM mononuclear cells are plated, and the depleted cells are
then plated at 10 cells/well of a 96-well plate. Once adherent
clusters of cells appear, MAPCs are expanded by trypsiniza-
tion and replating at 1 : 2 dilutions at 0.2 × 103 cells/cm2. Like
other stem cell cultures, certain lots of sera do not support
MAPC growth. 

Using these techniques, MAPCs can be isolated from
(1/10)–(1/5) of human donors (age range >2–55); however,
isolation is much more readily accomplished when done from
BM of young individuals (<18 yr). MAPCs can be isolated from
50% of mice (age range 3 d to 8 wk). Again, isolation is more
frequently successful when done from younger animals.
Human MAPCs have a normal karyotype. Rat MAPCs usu-
ally have a normal karyotype, although karyotypic abnor-
malities are seen when cells that are expanded for >100–200
cell doublings. In contrast, the karyotype of mouse MAPCs is
more unstable, and aneuploidy and tetraploidy may be seen
even early in culture. This is dependent on the type of sera
used, and appears to decrease when cultures are maintained
at 5% rather than 20% O2. Human MAPCs do not express mark-
ers for hematopoietic cells such as CD34 and CD45,  and express
low levels of VCAM, CD44, MHC class-I, and endoglin, which
are characteristic of MSCs that differentiate only into mes-
enchymal lineages (58,59). 

Human MAPCs have undergone >100 population doublings
(PDs) and rodent MAPCs have undergone 200 PDs. Telomere
length of human MAPC is 3–5 kb longer than telomeres of con-
trol lymphocytes, and human or rodent MAPC telomeres do
not shorten over time in culture (57,58). MAPCs express low
levels of mRNA for transcription factors/receptors important
for maintaining ES cells undifferentiated, including Oct 4, Rex-
1, and Nanog (57,58). In addition, mouse MAPCs express
SSEA1, an antigen found on murine ES cells (57). These find-
ings suggest that MAPCs derived from adult BM share genetic
and surface markers with ES cells and like ES cells, MAPCs do
not senesce in culture.

It is imperative that cell density is tightly controlled in
MAPC culture, as too high a density is associated with acqui-
sition of high levels of CD44, HLA-DR, and HLA class-I sur-
face expression and loss of multilineage differentiation
potential, whereas too low a density results in decreased
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proliferation rate and eventual cell death. These stringent cul-
ture requirements and handling techniques are still obstacles
in the automation of MAPC production.

In Vitro Differentiation of MAPC
Upon withdrawal of LIF or contact with feeders, ES cells

spontaneously differentiate into embryoid bodies, contain-
ing most somatic cell types (5–7,60). At least for some cell
types, application of specific ex vivo culture conditions can
induce relatively homogeneous populations of cells (4,9–11,
13–16,61). Akin to the embryoid bodies, under specific ex vivo
culture conditions that mimic the in vivo microenvironment
of a given tissue, human and rodent MAPC can be induced
to differentiate into several somatic cell types of endodermal,
mesodermal, and ectodermal origin (52,54,55,57,58) .
Retroviral gene marking studies have proven that a single
MAPC gives rise to cells of all three embryonic layers (57,58).
In vitro functional studies have been done on several cell
types of MAPC origin to prove their functionality (52,54,
55,58).

For in vitro differentiation, MAPCs are replated at a higher
density, (1–10) × 104 cells/cm2, in serum-free medium with-
out the mitogens used for MAPC expansions (EGF, PDGF, or
LIF), but supplemented with growth factors or cytokines
required for differentiation to the desired cell type
(52,54,55,57,58). Table 1 summarizes the ex vivo culture con-
ditions used for MAPC differentiation to various cell types
and their characterization.

MAPCs Differentiate into Functional
Mesodermal Cells

During embryogenesis the mesoderm divides into limb-bud
and visceral mesoderm. The former gives rise to bone, carti-
lage, fat, fibroblasts, skeletal muscle, and BM stroma, and the
latter to the cardiovascular and hematopoietic systems. MSCs
can only differentiate into cells of the limb-bud, but not the vis-
ceral, mesodermal origin (26). Like MSCs, MAPCs differenti-
ate to osteoblasts, chondroblasts, adipocytes, BM stroma, and
skeletal myoblasts, based on morphologic appearance,
immunohistochemistry, and Western blot for tissue-specific
antigens, and wherever applicable, tissue-specific chemical
stains (Table 1) (58). 

Unlike MSCs, MAPCs also differentiate to endothelium,
which is derived from visceral mesoderm. Hemangioblasts
(VEGF+, Flk1low, AC133low) are bipotent stem cells that are
precursors of HSCs and endothelial progenitor cells (VE-
cadherin+, CD31+, cKIT+, CD34+, Flk1low, AC133low) and are
found in the aorto-gonad-mesonephros region and fetal liver
(62–64). Commitment of the hemangioblast to the endothe-
lial lineage is characterized by the sequential expression of
VE-cadherin, CD31, and shortly afterwards CD34 (65,66).
Whether hemangioblasts persist in adult life is not known.
In vitro, ES cells differentiate first to hemangioblasts in the
presence of VEGF, and subsequently into endothelium and
HSCs (64,67). In vitro, MAPCs cultured with VEGF differen-
tiate into CD34+, VE-cadherin+, Flk1+ cells, a phenotype con-
sistent with endothelial progenitor cells, and subsequently
into cells that have endothelial morphology and express
endothelial markers—von Willebrand factor (vWF), CD31,
CD36, CD62-P, ZO-1, β-catenin, and γ-catenin (55,58). MAPC-

derived endothelial cells function in vitro as mature endothe-
lial cells: upregulate VEGF, Flk1, Tie1, Tek1 receptor expres-
sion in response to hypoxia; upregulate expression of
HLA-antigens and the cell adhesion ligands, VCAM, CD62E,
CD62P in response to inflammatory cytokines, such as IL-1β;
release vWF in response to histamine; take up low-density
lipoproteins and form “vascular tubes” when plated on
Matrigel or extracellular matrix (55). Furthermore, MAPC-
derived endothelial cells contribute to neoangiogenesis in
vivo in the setting of tumor angiogenesis and wound heal-
ing (55). As MAPCs also differentiate into other mesodermal
and nonmesodermal lineages, these data indicate that MAPCs
maybe the precursor of hemangioblast. However, initial
attempts to in vitro differentiate MAPC to the hematopoietic
lineage have failed. However, as undifferentiated mouse
MAPCs engraft in mouse BM and undergo multilineage
hematopoietic differentiation in vivo (discussed below),
MAPCs appear to have the inherent ability to generate
hematopoietic cells.

MAPC In Vitro Differentiate into Functional
Endodermal Cells

As has been shown for ES cells, we have shown that a
postnatal mouse, rat, and human MAPC can differentiate in
vitro into an endodermal cell type with hepatocyte pheno-
type and function (54). Culture conditions were determined
essentially by testing a number of cytokines and substrates
known to play a role in liver formation in vivo, including
several fibroblast growth factors, TGFα, hepatocyte growth
factor (HGF), and oncostatin-M, as well as collagen, laminin,
FN, or Matrigel (54). When human or rodent MAPCs are cul-
tured on Matrigel with FGF-4 and HGF, differentiation into
epithelioid cells that express HNF-3β, GATA4, cytokeratin
19 (CK19), transthyretin, and α-fetoprotein by d 7; and CK18,
HNF-4, and HNF-1α by d 14–28 is seen (54). Furthermore,
the MAPC-derived hepatocytelike cells also acquire func-
tional characteristics of hepatocytes: they secreted urea and
albumin, have phenobarbital-inducible cytochrome p450,
take up LDL, and store glycogen (54). Whether MAPCs first
differentiate into oval cells, which then give rise to hepato-
cytes is unknown. The ability of undifferentiated MAPCs or
MAPC-derived hepatocytelike cells to rescue animals with
liver failure is under investigation.

MAPCs In Vitro Differentiate into Functional
Neuroectodermal Cells

We also have evidence that MAPCs differentiate into ecto-
derm, represented by neuroectodermal cells (51–53,57). When
MAPC are cultured in FN-coated wells without PDGF and
EGF, but with bFGF a cytokine known to be important for NSC
proliferation, cells with morphologic and phenotypic charac-
teristics of astrocytes, oligodendrocytes, and neurons are
induced, that express Otx2, Otx1 Pax2, Pax5, and nestin mRNA
(52,57). Upon addition of FGF-8 and sonic hedgehog from d 7
to 14, and then brain-derived neurotrophic factor (BDNF), a
more mature phenotype with expression of markers of
dopamine-containing neurons (dopadecarboxylase and tyro-
sine hydroxylase positive), serotonin-containing neurons and
γ-aminobutyric acid (GABA)-containing neurons is observed.
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MAPC-derived neuron-like cells become polarized, as Tau and
MAP2 are expressed in axonal and somatodendritic compart-
ments, respectively (52,57). Furthermore, when MAPCs are
cocultured with astrocytes under neuronal differentiation con-
ditions, the MAPC-derived neurons acquire functional sodium-
gated voltage channels (52).

Pluripotency of MAPCs in Blastocyst
When an ES cell is injected into a developing blastocyst, it

contributes to all tissues of all the three germinal layers as well
as the gametes. Similarly, when 1 or 10–12 mouse MAPCs are
injected in a developing mouse blastocyst, the transplanted
MAPC contributes to most, if not all, somatic tissues of the
born chimeric mice (51,57). Contribution of MAPC to the
gametes has not been studied extensively to reach a conclusion.

This experiment clearly proves the pluripotency of MAPCs
akin to the ES cells. No other known stem cell has been shown
to have pluripotency in the blastocyst.

In Vivo Differentiation Potential of MAPC
ES cells form teratomas when injected in postnatal mice,

intravenously or under the kidney capsule (4). When 106 mouse
MAPCs are intravenously injected in NOD-SCID mice, MAPCs
engraft, take cues from the local tissue microenvironment, and
in vivo differentiate into multiple hematopoietic lineages,
epithelial cells of the gut, lung, and liver, and endothelium
(57). The pattern of MAPC engraftment is consistent with that
expected for the tissue-specific stem cell. For example, in the
spleen the MAPC-derived hematopoietic cells form clusters,
similar to the hematopoietic colony-forming unit. In the liver

Table 1
In vitro differentiation of MAPC

Cell type Inductive factors Antigen expression Functionality

Osteoblast β-glycerophosphate, dexame- Osteopontin, (1) Calcium phosphate  production 
thasone, ascorbic acid bone sialoprotein, (Von Kossa staining)

osteonectin (2) Alkaline phosphatase production

Chondroblast TGF-β1 Collagen I and II (1) Micromass formation
(2) Extracellular proteoglycan 

secretion (toluidine blue staining)

Adipocyte Insulin PPAR-γ Intracellular lipid storage (oil 
red staining)

Skeletal myoblast 5-azacytidine MYO-D, myogenin, 
fast-twitch myosin, 
sarcomeric actin

Endothelium VEGF vWF, CD31, CD36, (1) Hypoxia-induced 
CD62-P, ZO-1, β-catenin, upregulation of VEGF,
γ-catenin Flk1, Tie1, Tek1

(2) IL-1β induced upregulation of 
HLA-I & II, VCAM, ECAM, CD62E

(3) Histamine-induced release of vWF 
(4) LDL uptake
(5) Vascular tube formation on matrigel 

or extracellular matrix
(6) Tumor and wound neoangiogenesis

Hepatocyte FGF-4, HGF CK18, HNF-4 and (1) Urea and albumin 
HNF-1β, albumin secretion

(2) Phenobarbital-inducible 
cytochrome p450

(3) LDL uptake
(4) Glycogen storage 

Neuron, Oligodendrocyte Basic FGF, FGF-8,  NF-200, DDC, TH,
astrocyte BDNF serotonin, GABA GALC

GFAP (1) Polarization of neurons with 
expression of Tau in the axonal 
and MAP2 in the somatodendritic 
compartments

(2) Acquisition of sodium channels 
and action potentials in neurons 
when cocultured with astrocytes

Under specific in vitro culture conditions, MAPCs differentiate into cell types of mesodermal, endodermal, and ectodermal, origin.
Differentiation to each lineage has been confirmed by morphological appearance, immunohistochemistry and, Western blot for tissue-specific anti-
gens, and wherever applicable, in vitro and in vivo functional studies.
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MAPC-derived hepatocytes form cords and in the intestine
they form surfaces of adjacent villi—similar to the pattern of
liver regeneration from oval cells and that of the intestine from
the epithelial stem cells. The degree of engraftment in undam-
aged organs varies from 2–9% and can be further enhanced in
radiation-sensitive tissues—such as the hematopoietic system
and gastrointestinal tract, by sublethal irradiation (57). No
engraftment is seen in tissues with a relatively low rate of cell
turnover, such as the skeletal or cardiac muscle or in the brain.
MAPCs contributed to neoangiogenesis of host-derived B-cell
lymphoma that developed in a MAPC-transplanted NOD-
SCID mouse (57). Serial transplantation of BM from a first
MAPC recipient in subsequent sublethally irradiated mice
again yields cells that contribute to blood and endodermal
epithelia (57). As levels of engraftment are low, we currently
do not have proof that the MAPC-derived cells are functional
in vivo. Studies are underway to investigate the therapeutic
potential of MAPCs in several disease models. In a rat model
of stroke, rat MAPC injected in the cerebral ventricle improved
neurological deficits (53). However, no MAPC-derived neu-
rons were found in the brain (53). It is hypothesized that MAPC
may release neurotrophic factors that enhance recovery of
native neurons.

Possible Explanations for Existence of MAPC 
These data indicate remarkable similarities between MAPC,

an adult-derived stem cell, and the ES cell. MAPCs require cul-
ture conditions reminiscent of ES cells, express at least some
of the genetic markers of ES cells (Oct 4, Rex-1, Nanog, SSEA-
1), have extensive proliferation and clonal multilineage dif-
ferentiation potential, and contribute to most organs when
injected in a blastocyst. However, unlike ES cells, MAPCs
engraft and differentiate into tissue-specific cells in response
to organ-specific cues. In addition, differences exist in the in
vitro differentiation ability of MAPC and ES cells. For instance,
ES cells almost by default differentiate to cardiomyoblasts in
vitro, whereas such differentiation has yet to be shown for
MAPC. Despite these differences, MAPCs, like ES cells, appear
to be clonal stem cells that continue to have pluripotent somatic
differentiation ability, and which can be obtained from post-
natal rodents and humans. At this time, we do not know the
mechanism that underlies this observation, and can still only
speculate. 

It is unlikely that the observation is owing to transforma-
tion, as the MAPC populations used for all published studies
were cytogenetically normal, and no tumor formation was seen
in any of the immunodeficient mice that have received MAPC
intravenously. 

Cell fusion has recently been suggested as an explanation
for stem cell plasticity. In two studies somatic cells could be
induced to fuse with ES cells in vitro, generating tetraploid
cells with E-like characteristics (68,69). Single, euploid MAPCs,
never cocultured with tissue-specific cells or ES cells, differ-
entiate into cells of the three germ layers (57). Thus, the in vitro
behavior of MAPCs cannot be attributed to cell fusion.
Although no definitive studies were done in vivo to exclude
the possibility that cell fusion is responsible for the differenti-
ation in multiple tissues, the high frequency with which
chimerism was observed and the balanced chimerism differs
from what was shown by Ying et al. (68). Finally, the speed

and robustness with which engraftment and tissue-specific
differentiation is seen in animals without need for selectable
pressure (57), also argues against the idea that MAPC engraft-
ment and differentiation in postnatal animals is caused by
fusion. However, studies in which MAPCs from Z/EG mice
are transplanted in β-actin Cre mice will be needed to formally
exclude that fusion might explain the results seen in vivo. 

A third possibility is that MAPCs are a result of dediffer-
entiation and genetic reprogramming under specific in vitro
culture conditions, similar to what occurs in the “cloning
process.” Tang et al. have shown that in serum-free cultures,
oligodendrocyte precursors purified from postnatal rat optic
nerve acquire NSC like phenotype that proliferate long-term,
maintain high telomerase activity, and intact p53- and Rb-
dependent cell cycle checkpoint responses; serum or genotoxic
drugs induce them to acquire a differentiated phenotype (70).
These studies would suggest that dedifferentiation from an
oligodendrocyte commited cell to a more primitive NSC is pos-
sible. Other studies have shown that purified adult rat hepatic
oval cells, which are capable of differentiation to hepatocytes
and bile duct epithelium, can transdifferentiate into pancre-
atic endocrine hormone-producing cells when cultured in a
high-glucose environment (71) and pancreatic cells can be con-
verted into hepatocytes by treatment with a synthetic gluco-
corticoid, dexamethasone (72), suggesting that lineage switch
within a single germ layer may be possible. Finally, studies
from the Prockop group have suggested that when early pas-
sage human MSCs are cultured under serum-free medium
without cytokines or other supplements for 2–4 wk, they pro-
liferate, like MAPC, without shortening of telomeres and start
expressing Oct 4 and several other genes characteristically
expressed in embryonic cells (73). It is therefore possible that
the culture conditions in MAPC cultures are responsible for
causing dedifferentiation of a lineage committed stem cell that
resides in BM, and also muscle and brain in mouse and rat, to
become more pluripotent. If that were the case, MAPCs should
be considered a “culture artifact,” without an in vivo equiva-
lent cell. Studies are ongoing to determine if cells with a phe-
notype similar to MAPC, whether based on cell surface markers
or transcription factors, exist in vivo.

A final possibility is that MAPCs are not a culture artifact
but exist as remnant pluripotent stem cells even after birth in
multiple organs. Others also have isolated multipotent stem
cells in several postnatal organs, under culture conditions dis-
tinct from those used for MAPCs. Skin-derived precursors
(SKPs) are multipotent stem cells isolated from dermis of juve-
nile and adult rodent skin and human scalp. Clones of indi-
vidual SKPs can proliferate and differentiate in culture to
produce neuroectodermal and mesodermal progeny, viz. neu-
rons, glia, smooth muscle cells, and adipocytes (74).
Mesoangioblasts are a specific population of mesodermal stem
cells that are associated with the wall of fetal and postnatal ves-
sels (75), can be grown extensively in culture (>50 passages),
and are able to differentiate into most mesodermal cell types;
most notably, they are able to home to damaged tissue muscle
and participate in muscle regeneration (76). Mesoangioblasts
express angioblast markers such as Sca-1, Flk-1, and CD34, as
well as genes typical of the mesoderm, including receptors and
signaling molecules for classical mesoderm inducers, such as
BMP, Wnt, and Notch, and may be derived from a primitive
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angioblast (77). All these observations suggest that not strictly
lineage committed stem cells may persist in postnatal life.
Compared to MAPCs, the differentiation potential of SKPs and
mesoangioblasts is somewhat more limited. Whether MAPC,
SKPs, and mesangioblasts may therefore represent different
steps along a continuum of more pluripotent stem cells is not
known. How pluripotent stem cells can persist after birth in
multiple organs remains under investigation. Mammalian
development requires commitment of cells to restricted line-
ages, which requires epigenetic regulation of chromatin struc-
ture. DNA methylation and histone modification are known to
be important epigenetic determinants of gene transcription. In
preimplantation development, the mouse embryo undergoes
active and passive genomic demethylation (78,79). This is
restored at the time of implantation by the combined action of
de novoand maintenance DNAmethyltransferases (Dnmts). Dnmt
–/–ES cells exhibit severe global DNA hypomethylation and
histone hyperacetylation (80,81). The majority of Dnmt –/–ES
cells within the culture are partially or completely blocked in
their ability to initiate differentiation, remaining viable while
retaining the stem cell characteristics of alkaline phosphatase
and Oct 4 expression (80,81). Restoration of DNA methylation
levels rescues these defects (80,81). Whether DNAhypomethy-
lation and histone hyperacetylation in a population of ES cells
results in their quiescent persistence through adult life and cer-
tain in vitro culture conditions, or in vivo events initiate dif-
ferentiation of these pluripotent cells by restoring the epigenetic
changes is not known at present. 

MAPC Applications and Future Directions
Irrespective of their origin, MAPCs hold a great promise.

Their postnatal origin, relative easy accessibility in the BM,
high proliferation potential, high transduction rates, multi-
lineage in vitro differentiation potential and in vivo engraft-
ment, and differentiation that is enhanced by tissue injury,
make MAPC an attractive therapeutic tool. Similar to ES cells,
allogeneic MAPCs may be used to correct degenerative or con-
genital diseases. MAPCs differentiate into hematopoietic cells
in vivo and can thus be used to establish hematopoietic
chimerism, which should make such an allogeneic cell ther-
apy approach feasible. In contrast to ES cells, MAPCs can be
selected from autologous BM and used undifferentiated or
after genetic manipulation in local or systemic therapies.
Furthermore, absence of teratoma formation when undiffer-
entiated MAPCs are infused should allow the use of undif-
ferentiated MAPC to treat systemic diseases, such as inherited
enzyme deficiencies or muscular dystrophy. MAPCs also pro-
vide a potentially valuable tool to study developmental biol-
ogy and for drug discovery. 
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